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Affiliation:	ITPA,	JMU	Würzburg	

Title	of	project:	New	routes	to	strong	correlation	in	5d	oxides			

Description	of	project 
Many	iridium	oxides	host	topological	electrons	with	competing	spin-orbit	effects	and	Coulomb	interaction.	

Local	 correlations	 in	5d5	 iridates	 are	 strong	and	are	understood	 in	 terms	of	 an	effective	half-filled	 single-

band	picture.	Recent	infrared	experiments	hint	at	the	presence	of	many-body	physics	in	Na-	and	Li-osmates	

too.	This	 is	however	surprising	as	NaOsO3	and	LiOsO3,	are	d3	compounds,	 for	which	the	 Jeff=1/2-picture	 is	
not	relevant.	Further,	the	nominally	half-filled	t2g	configuration	suggests	a	less	relevant	role	of	the	spin-orbit	
coupling	and,	at	the	same	time,	the	pronounced	delocalization	of	the	5d	radial	wave	functions	should	result	
in	weak	 correlation	 effects.	 Plausibly,	 it	 is	 the	Hund's	 physics,	 boosted	 by	 the	 proximity	 to	 half	 filling,	 to	

enhance	local	many-body	physics	in	this	interesting	class	of	materials,	despite	the	diffuse	nature	of	the	5d	
shell	would	suggest	otherwise.	By	means	of	DFT+DMFT	we	are	going	 to	obtain	 first-principle	descriptions	

with	 the	 aim	of	understanding	 the	differences	with	 the	 iridates'	 family	 as	well	 as	 the	distinctions	 among	

various	 osmates.	 This	 project	 is	 naturally	 placed	 in	 Area	 A	 and	 is	 going	 to	 contribute	 to	 the	 research	

objective	R01	of	our	cluster.	It	will	be	carried	out	in	close	cooperation	with	Dr.	Philipp	Hansmann	(MPI	CPFS	

Dresden)	who	has	been	already	proposed	by	me	as	associated	member	of	the	ct.qmat	cluster.	Topic	wise,	
there	 is	 a	 strong	 overlap	 with	 Area	 B	 through	 the	 work	 program	 objective	 "Novel	 magnetic	 quantum	
materials"	(Büchner,	Claessen,	Felser,	Geck,	Inosov,	Ruck,	Sangiovanni,	van	den	Brink),	because	of	the	subtle	
interplay	between	magnetic	and	electronic	degrees	of	freedom	in	these	compounds.		

Description	of	needs 
I	am	preparing	a	DACH	(FWF-DFG)	Project	on	realistic	many-body	calculations	(co-applicant:	Prof.	Toschi,	TU	

Wien).	The	proposal	is	going	to	be	handed	in	during	the	course	of	next	month.	Severino	Adler	will	finish	his	

Master	thesis	at	the	TU	Wien	by	the	end	of	April	2019	under	the	supervision	of	Prof.	Toschi.	He	has	been	

working	 on	 the	 DFT+DMFT	 calculations	 of	 osmates	 using	 the	 code	 package	 developed	 in	 Würzburg	

(w2dynamics).	For	this	reason,	he	is	the	ideal	candidate	to	continue	this	line	of	research.	Due	to	the	period	
needed	for	the	DFG/FWF	review,	there	will	be	no	funding	for	him,	neither	in	Vienna	nor	in	Würzburg.	The	

two	PhD	positions	that	I	am	applying	for	within	the	SFB	are	already	"booked"	by	two	of	my	current	students	

(Philipp	Eck	and	Niklas	Wagner).	With	the	financial	opportunity	offered	by	the	Excellence	Initiative	I	would	

therefore	be	able	to	cover	one	year	for	Severino	Adler	in	Würzburg,	in	the	framework	of	this	cooperation	on	

spin-orbit	coupling	involving	Prof.	Toschi	in	Vienna	and	Dr.	Hansmann	at	the	MPI	CPFS	Dresden.	

Requested	funds 
For	the	period	1.	Juni	2019	-	31.	Mai	2020	I	am	planning	to	hire	Severino	Adler	(currently	TU	Wien)	as	a	PhD	

Student	in	my	group	in	Würzburg	with	3/4	E13	salary.	Both	Prof.	Toschi’s	and	my	"laufende	Mittel"	will	be	

available	for	Severino	Adler	in	order	to	have	regular	visits	to	Vienna	and	Dresden.	

We	attach	a	CV	of	Severino	Adler	to	this	application.	

Funding	Line: 
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□	ct.qmat	Lump	sum 
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□	ct.qmat	Independence 
□	ct.qmat	Workshop 
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lifting of orbital degeneracy in many-body systems 

⬇
more than just renormalizing single-particle Hamiltonian parameters



outline

• example of nickelate heterostructures (pre-d9 nickel-age of superconductivity — H. Hwang) 

• splitting of two eg orbitals, d7-d8 physics 

J. Chaloupka, et al., PRL (2007)
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• inclusion of many-body effects ⟹ two possible results
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• always useful/meaningful?

• what happens when we lose such simple single-particle picture?  

1st part of my talk  
oxide heterostructures

2nd part of my talk  
correlated TIs 

twisted-bilayer TMD



Oxide Heterostructures

• highly active field, even several years after the first pioneering contributions by H. Hwang, A. Millis, etc… [previous talk by Divine Kumah]

• platform for superconductivity and magnetism

• d-electrons: strong responses beyond bulk phase diagrams

Mannhart et al. MRS Bull. (2008)

Bert et al. Nature Phys. (2011)

Okamoto, et al. PRL (2006)

LaTiO3/SrTiO3

octahedra in the near-La region, leading to screening which
substantially spreads out the conduction-band charge pro-
file, reducing the central layer charge density and creating
a long tail away from the La layers. The conduction-band
charge densities we find agree very well with experiment,
and the distortions also imply a novel ferro-orbital xy
ordering.

We thank A. M. Rappe, C. Ederer, and D. R. Hamann for
helpful discussions. S. O. acknowledges the Materials
Research Laboratory, UC Santa Barbara for kind hospital-
ity. We acknowledge support from the DOE Grant No. ER
46169 (A. M. and S. O.), by the NSF under Grant No. CHE-
0434567 (N. S.), and MRL Central Facilities supported by
the MRSEC Program of the National Science Foundation
under Grant No. DMR05-20415.

Note added.—After this paper was submitted a paper
appeared [23] reporting results obtained within the GGA
approximation to density functional theory (without U).

Lattice distortions similar to those reported here were
found; but a small overscreening of the La charge oc-
curred, leading to a charge density peak in the middle of
the heterostructure.
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[21] M. T. Czyżyk and G. A. Sawatzky, Phys. Rev. B 49, 14 211

(1994).
[22] N. Sai, A. M. Kolpak, and A. M. Rappe, Phys. Rev. B 72,

020101(R) (2005).
[23] D. R. Hamann, D. A. Muller, and H. Y. Hwang, Phys.

Rev. B 73, 195403 (2006).

FIG. 4. Spin and orbital phase diagrams of realistic three-band
model heterostructures as a function of the intraorbital Coulomb
interaction U and La layer thickness n, computed within the
Hartree-Fock approximation with interorbital Coulomb interac-
tion U0 ! U" 2J and exchange interaction J ! 0:64 eV. Upper
panel: relaxed structure with " ! 15 and appropriate band
parameters obtained from LDA#U, lower panel: unrelaxed
structure with " ! 4. PM: paramagnetic state, FM: ferromag-
netic state, AF: antiferromagnetic state in which the magnetic
moment alternates from plane to plane, OD: orbitally disordered
state, OO-G: orbitally ordered state in which xz and yz orbitals
alternate in x, y, and z directions, Oxy$xz%: orbitally ordered state
in which xy (xz or yz) occupancy is predominant, and OO:
orbitally ordered state in which xz and yz orbitals alternate in
the z direction.
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Oxide Heterostructures

• highly active field, even several years after the first pioneering contributions by H. Hwang, A. Millis, etc… [previous talk by Divine Kumah]

• platform for superconductivity and magnetism

• d-electrons: strong responses beyond bulk phase diagrams

Mannhart et al. MRS Bull. (2008)

Bert et al. Nature Phys. (2011)
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Fig. 3.5: Simple single electron energy level diagrams for Cu2+, Ni3+, and Ni2+. Starting from the cubic state (left hand
side) we show the splitting of the eg manifold due to trigonal distortion (along the fourfold axis) of the ligand field. For
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In this letter, we determine the relevant parameters
governing the splitting between the dxy and dxz/dyz
orbitals at the interface by a Wannier function projection.
We show that the c-axis hopping and cation energy
mismatch is of primary importance, ruling out other
potential mechanisms. This understanding also allows for
a tailor-made orbital splitting, which in turn controls the
physical properties of oxide heterostructures.

Method. – In the right panel of fig. 1 we show the
bands with t2g character for bulk SrTiO3. The bulk
structure is perfectly cubic, therefore the three bands are
degenerate at the Γ-point. Along the Γ-X direction the
degenerate xy and xz bands are strongly dispersive, due
to the large hopping amplitude along the x-direction, while
the yz orbital (shown in the left part of the figure) overlaps
much less in that direction. The values of the hoppings are
listed in table 1.
A very simple way of addressing the question of the
t2g splitting is to build a symmetric heterostructure with
(for the case of LAO/STO) one AlO2 layer in the middle,
two LaO layers around it and alternating TiO2 and
SrO layers on both sides (see fig. 2). Heterostructures of
this kind have two n-type of interfaces: TiO2|LaO and
LaO|TiO2. This implies that the interface will always be
metallic, mimiking the situation of an n/p heterostructure
above the critical thickness. In this letter, we model the
heterostructure by using 6.5 layers of STO and 1.5 layers of
LAO with two n-type of interfaces [2]. Increasing the thick-
ness of LAO or STO does not change our main conclu-
sion. We fix the in-plane lattice constant at the calculated
equilibrium value of STO a= 3.92 Å and the out-of-plane
lattice constant at 8a, and optimize the internal coordi-
nates (we neglect possible strain effects, which might lead
to a small reduction of the out-of-plane lattice constant
of LAO). First-principles density-functional-theory (DFT)
calculations are performed using the all-electron full-
potential augmented-plane-wave method in the Wien2k
implementation [22]. We use the generalized gradient
approximation (GGA) of the exchange-correlation poten-
tial and 8× 8× 1 k-point grid.
Several groups have analyzed the band structure of

LAO/STO. The picture coming out of the DFT calcu-
lation and supported by a number of experimental find-
ings, suggests the presence of two types of carriers: a more
itinerant one extending deep into the STO part and one
more confined at the interface, primarily made of dxy elec-
trons [2,3]. The former is easier to get trapped by impuri-
ties, defects or in the form of lattice polarons. Therefore,
by tuning the splitting at the Γ-point between the dxy
and dyz bands we can control these two components and,
in turn, the metallic or insulating behavior of different
heterostructures. We consider here different heterostruc-
tures and for each of them we calculate the band structure
focusing on the orbital character close to the interface.
A very transparent description can be achieved by ex-

tracting Wannier functions of d character and calculating

Fig. 1: (Color online) Right panel: band structure (green lines)
for bulk SrTiO3 of the three t2g bands. The dxy (red) and dyz
(black) orbital characters are indicated by the line thickness.
Left panel: crystal structure of bulk SrTiO3 and illustration of
the maximally localized Wannier function with dyz-character
centered on the Ti site.

Table 1: Hamiltonian in the maximally localized Wannier basis
of bulk ABO3 materials with cubic perovskite structure: ε0
represent diagonal terms of the Hamiltonian; t represent the
off-diagonal (hopping) terms. (001) represents the z-direction;
all values are in units of eV.

ε0 tyz(001) t(100)yz t(011)yz

SrTiO3 1.756 −0.277 −0.031 −0.076
SrVO3 0.541 −0.239 −0.023 −0.075
SrNO3 1.062 −0.467 −0.067 −0.109

the tight-binding Hamiltonian arising from them. To our
knowledge, this has been never done in the context of the
heterostructures but it is actually a very powerful and
simple way of describing the electronic properties of the
different cations at, as well as close to, the interface. In our
case we consider maximally localized Wannier functions,
because the resulting low-energy Hamiltonian can then
also be very naturally used to perform future many-body
calculations. The Wannier projection was performed with
the Wien2Wannier package [23] interfacing Wien2k to
Wannier90 [24].
The two pieces of information that we are going to focus

on are i) the local term of the Hamiltonian, which gives
the energy position of a given orbital (or, more precisely
of the center of gravity of the corresponding band) and ii)
the nearest-neighbor hopping terms between different t2g
orbitals, parallel and perpendicular to the interface plane.
From the projection onto maximally localized Wannier
functions we directly get both. An analysis of the onsite
energies for the different heterostructures allows us to
identify the mechanism causing the shift of the differ-
ent bands: the polar discontinuity between LaO(+) and
SrO(0) layers or the presence of electrostatic potential shift
induced by the accumulation of charge at the interface,

37011-p2
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LaTiO3/SrTiO3

octahedra in the near-La region, leading to screening which
substantially spreads out the conduction-band charge pro-
file, reducing the central layer charge density and creating
a long tail away from the La layers. The conduction-band
charge densities we find agree very well with experiment,
and the distortions also imply a novel ferro-orbital xy
ordering.
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helpful discussions. S. O. acknowledges the Materials
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46169 (A. M. and S. O.), by the NSF under Grant No. CHE-
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Note added.—After this paper was submitted a paper
appeared [23] reporting results obtained within the GGA
approximation to density functional theory (without U).

Lattice distortions similar to those reported here were
found; but a small overscreening of the La charge oc-
curred, leading to a charge density peak in the middle of
the heterostructure.
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FIG. 4. Spin and orbital phase diagrams of realistic three-band
model heterostructures as a function of the intraorbital Coulomb
interaction U and La layer thickness n, computed within the
Hartree-Fock approximation with interorbital Coulomb interac-
tion U0 ! U" 2J and exchange interaction J ! 0:64 eV. Upper
panel: relaxed structure with " ! 15 and appropriate band
parameters obtained from LDA#U, lower panel: unrelaxed
structure with " ! 4. PM: paramagnetic state, FM: ferromag-
netic state, AF: antiferromagnetic state in which the magnetic
moment alternates from plane to plane, OD: orbitally disordered
state, OO-G: orbitally ordered state in which xz and yz orbitals
alternate in x, y, and z directions, Oxy$xz%: orbitally ordered state
in which xy (xz or yz) occupancy is predominant, and OO:
orbitally ordered state in which xz and yz orbitals alternate in
the z direction.
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Thickness-induced metal-insulator transition in vanadium think films

• thin films of good-old-friend SrVO3 on SrTiO3  

• weight at EF disappears for small values of n 

as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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Thickness-induced metal-insulator transition in vanadium think films

• thin films of good-old-friend SrVO3 on SrTiO3  

• weight at EF disappears for small values of n 

as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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• SVO thin films in DFT (n=2)

• splitting of the t2g

the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.
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the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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STO

as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.

PRL 104, 147601 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
9 APRIL 2010

147601-2

}n



Thickness-induced metal-insulator transition in vanadium think films

• thin films of good-old-friend SrVO3 on SrTiO3  

• weight at EF disappears for small values of n 

as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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• SVO thin films in DFT (n=2)

• splitting of the t2g

the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.
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the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.

PRL 114, 246401 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
19 JUNE 2015

246401-2

as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that

SVO

Nb:STO

(c)

(a) (b)
0.79

0.78

0.77

Q
 (

Å
 -1
)

0.780.77

Q  (Å 
-1
)

(d)

In
te

ns
ity

(a
rb

. u
ni

ts
)

3002001000
Time(sec.)

Nb:STO

3 ML

2 ML

1 ML

100 ML

FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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Device concept?

• orbital polarization easy to switch ON and OFF! 

(thickness, pressure, strain, temperature, gating,…) 

• 2 V-layers (n=2): insulating in DFT+DMFT 

• n=3 already metallic

the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.
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We employ density functional theory plus dynamical mean field theory and identify the physical origin
of why two layers of SrVO3 on a SrTiO3 substrate are insulating: the thin film geometry lifts the orbital
degeneracy, which in turn triggers a first-order Mott-Hubbard transition. Two layers of SrVO3 are just at the
verge of a Mott-Hubbard transition and hence ideally suited for technological applications of the Mott-
Hubbard transition: the heterostructure is highly sensitive to strain, electric field, and temperature. A gate
voltage can also switch between metal (ON) and insulator (OFF), so that a transistor with ideal ON-OFF
switching properties is realized.

DOI: 10.1103/PhysRevLett.114.246401 PACS numbers: 71.27.+a, 71.30.+h, 73.40.-c

In the last years, there has been tremendous experimental
progress to grow oxide heterostructures atomic layer by
atomic layer, brought about by modern deposition tech-
niques such as molecular beam epitaxy and pulsed laser
deposition. A key experiment has been the discovery that a
two-dimensional electron gas with high mobility is created
at the interface of two band insulators, LaAlO3 and SrTiO3

[1]. This raised the hope that oxide heterostructures might
substitute conventional semiconductor electronics one day,
at least for specific applications [2,3]. Oxide electronics is
however still in its infancy compared to the matured field of
silicon electronics. Particularly promising are transistors at
the scale of 2 nm [4], solar cells [5–7], and the possibility to
generate spin-polarized currents [8]. Last but not least,
there is high hope that strong electronic correlations make a
difference to conventional semiconductors and give rise to
new phenomena [9–11].
However, many oxide heterostructures, including the

LaAlO3=SrTiO3 prototype, actually do not show strong
electronic correlations. Since electronic correlations are
weak, band structure calculations on the basis of density
functional theory (DFT), e.g., within the local density
approximation (LDA) [12], or even a tight binding modeling
[13], are sufficient: such calculations well reproduce or
predict experiment, e.g., angular resolved photoemission
spectra [14–16]. A heterostructure where electronic corre-
lations do play a decisive role is, on the other hand, SrVO3

grown on a SrTiO3 substrate. In the bulk, SrVO3 is a
correlated metal with a moderate renormalization ∼2 of
the bandwidth [17–19] and a kink in the energy-momentum
dispersion [20–22]. SrVO3 has been widely employed
[17,21,23–25] as a test bed material for LDAþ dynamical
mean field theory (DMFT) calculations [27–30]. Quite
surprisingly, recent experiments [31] have found that two
layers of SrVO3 grown on a SrTiO3 substrate are insulating,
not metallic [32]. On the basis of the one-band Hubbard

model it has been argued [31] that the reduced bandwidth of
the thin film is responsible for the Mott-insulating state.
In this Letter, we present realistic DFTþ DMFT calcu-

lations and pinpoint the origin of the insulator to the crystal
field splitting of the orbitals, caused by the reduced
symmetry of the ultrathin film. The reduced bandwidth
and the enhancedCoulomb interaction of the thin film do not
play the key role. Our calculations demonstrate the high
sensitivity of SrVO3 films. AMott-Hubbard metal-insulator
transition can be triggered by small changes of temperature,
(uniaxial) pressure, a capping layer, or an electric field. This
makes SrVO3 grown on SrTiO3 most promising for appli-
cations as sensors or as a Mott transistor with a gate voltage
controlling the Mott-Hubbard transition.
Method.—We perform DFTþ DMFT calculations for

two layers of SrVO3 on a substrate given by four unit cells
of SrTiO3 and a sufficiently thick vacuum of 10 Å along the
z direction. We fix the in-plane (xy plane) lattice constant to
the calculated equilibrium bulk value of the substrate
aSrTiO3

¼ 3.92 Å, and optimize the internal coordinates
by DFT. The DFT calculations are performed using the
all-electron full potential augmented plane-wave method of
the WIEN2K package [33] with the generalized gradient
approximation potential [34] and a 10 × 10 × 1 k-point grid.
The DFT states near the Fermi level, mainly of vanadium

t2g orbital characters, are well localized and exhibit strong
correlations beyond DFT and DFTþ U. To properly
include these correlation effects, we first perform a
Wannier projection onto maximally localized [35] t2g
orbitals, using the WIEN2WANNIER package [36]. We
supplement this t2g Hamiltonian constructed from DFT
by the local Kanamori Coulomb interaction, given by the
intraorbital interaction U, the interorbital (averaged) inter-
action U0, and the Hund’s exchange and pair-hopping J;
for the Hamiltonian see Ref. [37]. The constrained LDA
technique for the bulk yields U0 ¼ 3.55 eV [17,21] and for
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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Device concept?

• orbital polarization easy to switch ON and OFF! 

(thickness, pressure, strain, temperature, gating,…) 

• 2 V-layers (n=2): insulating in DFT+DMFT 

• n=3 already metallic

the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.
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We employ density functional theory plus dynamical mean field theory and identify the physical origin
of why two layers of SrVO3 on a SrTiO3 substrate are insulating: the thin film geometry lifts the orbital
degeneracy, which in turn triggers a first-order Mott-Hubbard transition. Two layers of SrVO3 are just at the
verge of a Mott-Hubbard transition and hence ideally suited for technological applications of the Mott-
Hubbard transition: the heterostructure is highly sensitive to strain, electric field, and temperature. A gate
voltage can also switch between metal (ON) and insulator (OFF), so that a transistor with ideal ON-OFF
switching properties is realized.

DOI: 10.1103/PhysRevLett.114.246401 PACS numbers: 71.27.+a, 71.30.+h, 73.40.-c

In the last years, there has been tremendous experimental
progress to grow oxide heterostructures atomic layer by
atomic layer, brought about by modern deposition tech-
niques such as molecular beam epitaxy and pulsed laser
deposition. A key experiment has been the discovery that a
two-dimensional electron gas with high mobility is created
at the interface of two band insulators, LaAlO3 and SrTiO3

[1]. This raised the hope that oxide heterostructures might
substitute conventional semiconductor electronics one day,
at least for specific applications [2,3]. Oxide electronics is
however still in its infancy compared to the matured field of
silicon electronics. Particularly promising are transistors at
the scale of 2 nm [4], solar cells [5–7], and the possibility to
generate spin-polarized currents [8]. Last but not least,
there is high hope that strong electronic correlations make a
difference to conventional semiconductors and give rise to
new phenomena [9–11].
However, many oxide heterostructures, including the

LaAlO3=SrTiO3 prototype, actually do not show strong
electronic correlations. Since electronic correlations are
weak, band structure calculations on the basis of density
functional theory (DFT), e.g., within the local density
approximation (LDA) [12], or even a tight binding modeling
[13], are sufficient: such calculations well reproduce or
predict experiment, e.g., angular resolved photoemission
spectra [14–16]. A heterostructure where electronic corre-
lations do play a decisive role is, on the other hand, SrVO3

grown on a SrTiO3 substrate. In the bulk, SrVO3 is a
correlated metal with a moderate renormalization ∼2 of
the bandwidth [17–19] and a kink in the energy-momentum
dispersion [20–22]. SrVO3 has been widely employed
[17,21,23–25] as a test bed material for LDAþ dynamical
mean field theory (DMFT) calculations [27–30]. Quite
surprisingly, recent experiments [31] have found that two
layers of SrVO3 grown on a SrTiO3 substrate are insulating,
not metallic [32]. On the basis of the one-band Hubbard

model it has been argued [31] that the reduced bandwidth of
the thin film is responsible for the Mott-insulating state.
In this Letter, we present realistic DFTþ DMFT calcu-

lations and pinpoint the origin of the insulator to the crystal
field splitting of the orbitals, caused by the reduced
symmetry of the ultrathin film. The reduced bandwidth
and the enhancedCoulomb interaction of the thin film do not
play the key role. Our calculations demonstrate the high
sensitivity of SrVO3 films. AMott-Hubbard metal-insulator
transition can be triggered by small changes of temperature,
(uniaxial) pressure, a capping layer, or an electric field. This
makes SrVO3 grown on SrTiO3 most promising for appli-
cations as sensors or as a Mott transistor with a gate voltage
controlling the Mott-Hubbard transition.
Method.—We perform DFTþ DMFT calculations for

two layers of SrVO3 on a substrate given by four unit cells
of SrTiO3 and a sufficiently thick vacuum of 10 Å along the
z direction. We fix the in-plane (xy plane) lattice constant to
the calculated equilibrium bulk value of the substrate
aSrTiO3

¼ 3.92 Å, and optimize the internal coordinates
by DFT. The DFT calculations are performed using the
all-electron full potential augmented plane-wave method of
the WIEN2K package [33] with the generalized gradient
approximation potential [34] and a 10 × 10 × 1 k-point grid.
The DFT states near the Fermi level, mainly of vanadium

t2g orbital characters, are well localized and exhibit strong
correlations beyond DFT and DFTþ U. To properly
include these correlation effects, we first perform a
Wannier projection onto maximally localized [35] t2g
orbitals, using the WIEN2WANNIER package [36]. We
supplement this t2g Hamiltonian constructed from DFT
by the local Kanamori Coulomb interaction, given by the
intraorbital interaction U, the interorbital (averaged) inter-
action U0, and the Hund’s exchange and pair-hopping J;
for the Hamiltonian see Ref. [37]. The constrained LDA
technique for the bulk yields U0 ¼ 3.55 eV [17,21] and for
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CORRELATION-INDUCED CRYSTAL FIELD SPLITTING

The results presented in this Letter were obtained by combining density functional theory (DFT) and dynamical
mean field theory (DMFT). DMFT corresponds to a mean field in space but allows for a dynamical description of
local quantum fluctuations. As a consequence, the self-energy Σ(k,ω) is flat in k-space but, unlike LDA+U, still
carries a frequency dependence: Σ(k,ω) = Σ(ω). As solver for the auxiliary impurity problem of DMFT we used
continuous-time quantum Monte Carlo (CTQMC) in the hybridization-expansion version. For more details about
CTQMC and about our implementation see Refs. [1–3]. CTQMC is formulated in imaginary time and therefore uses
Matsubara frequencies iωn. To obtain the corresponding real-axis quantity from Σ(iωn) a Wick rotation is necessary.
Two special limits of the self-energy are however readily interpretable on the Matsubara axis: The asymptotic behavior
Σ(iωn → ∞) and the extrapolation Σ(iωn → 0).
In the following we discuss the self-energy and the enhanced orbital splitting derived from its real part extrapolated

at zero frequency. The left panel of Fig. 1 shows the real part of the self-energies for different orbitals (colors), layers
(point filling) and interaction strengths (point shapes) on the Matsubara axis ReΣ(iωn). The asymptotic constant
ReΣ(iωn → ∞) indicates the Hartree contributions to the electronic self-energy that depend in turn on the individual
orbital occupations. The value ReΣ(iωn → 0) = ReΣ(ω → 0), or more precisely its difference between different
orbitals, gives the many-body correction to the crystal field splitting. At the surface, the LDA crystal field splitting
between the xy and the xz/yz orbital is enhanced by correlations in agreement with the general DMFT trend away
from half-filling, see Ref. [4]. In the right panel of Fig. 1 one can also see how, close to U ′ = 3.5 eV, the crystal field
rapidly changes at the metal-insulator transition.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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the Hund’s exchange a reasonable value for early transition
metal oxides: J ¼ 0.75 eV (cf. the Supplemental Material
[38]); U ¼ U0 þ 2J by symmetry. For the DMFT calcu-
lations we use the W2DYNAMICS package [37], which
implements a continuous-time quantum Monte Carlo algo-
rithm in the hybridization expansion [52]. We employ the
maximum entropy method [53] for the analytical continu-
ation of the spectra to real frequencies. For checking the
validity of our findings we perform, besides dðt2gÞ-only,
also dþ p DFTþ DMFT calculations for SVO bulk, free-
standing SVO, and SVO on STO, which yield very similar
results, see the Supplemental Material [38]. All DMFT
calculations are at room temperature if not stated otherwise.
Results.—Figure 1 shows the DFT and DFTþ DMFT

spectrum for two layers of SrVO3 on a SrTiO3 substrate, as
well as bulk SrVO3 for comparison. Within DFT, the xy
states are showing (almost) the same spectrum as for the
bulk. These states have their orbital lobeswithin the xy plane
and can be well modeled with a nearest neighbor hopping
that is only in plane [13]. Hence, the confinement along the
z axis has little effect. The yz states (and by symmetry the xz
states) have a nearest neighbor hopping along the z axis,
which is cut off by the vacuum and the insulating SrTiO3

substrate [13]. As a consequence these states become more
one dimensional (y axis hopping only) and the yz bandwidth
is reduced. The yz bands are also pushed up in energy since
breaking the cubic symmetry leads to a crystal field splitting
Δ ¼ 0.18 eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic

consequences when electronic correlations are taken into
account. Indeed, it is the physical origin of why thin SrVO3

films are insulating. Figures 1(c) and 1(d) show the
DFTþ DMFT spectra; the DMFT self energies and com-
parative dþ p calculations are given in the Supplemental
Material [38]. For the topmost (surface) layer, we see that
electronic correlations further push the yz (and xz) states
up in energy; they are essentially depopulated. That means,
on the other hand, that the xy states are half filled. Because
of this effective one-band situation and the relatively
large intraorbital Coulomb interaction U, the xy states are

Mott-Hubbard split into an upper and lower Hubbard band.
The SrVO3 film is a Mott insulator. With the surface layer
being insulating, also the second layer becomes a Mott
insulator, albeit here the difference betweent the xy and yz
population is much less pronounced. Note that due to the
DMFT self-consistency also a more insulating second layer
feeds back into an even more insulating surface layer.
This mutual influence can be inferred from Fig. 2(a),

which shows that both layers get insulating at the
same interaction strength. Here, Að0Þ≡ βGðτ ¼ β=2Þ=π
(β ¼ 1=T is the inverse temperature) is the spectral function
around the Fermi level averaged over a frequency interval
∼T; it can be calculated directly from the continuous-time
quantum Monte Carlo data without analytic continuation.
Clearly, the phase transition is of first order, as demon-

strated by the hysteresis loop upon increasing or decreasing
U0. We have checked that at a higher temperature (600 K),
the hysteresis goes away, similarly as for the one-band
Hubbard model [54]. Figure 2(a) also shows that, while the
two-layer SrVO3 film is insulating, it is just on the verge of
an insulator-to-metal transition. As we will see below, this
makes the SrVO3 film (SrVO3=SrTiO3 heterostructure)
sensitive to small changes of the environment such as
changing temperature or pressure, or applying an elec-
tric field.
The orbital occupations niασ ¼ hc†iασciασi of the two

layers i and orbitals α in Fig. 2(b) reflect what we have
already qualitatively inferred from the spectra in Fig. 1: the
surface layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation.We did not observe any spin ordering in DMFT.
Figure 2(c) shows how the normalized double occupation

FIG. 1 (color online). Layer-resolved spectral function of two
SrVO3 films grown on SrTiO3 in DFT (a),(b) and DFTþ DMFT
at room temperature (c), (d). Dashed line: corresponding bulk
spectrum.

FIG. 2 (color online). Mott-Hubbard transition with increasing
interaction U0; the gray shaded region indicates the estimated
values of U0 (see the Supplemental Material [38]). (a) Spectral
function around the Fermi level Āðω ¼ 0Þ—layer and orbitally
resolved. (b)Orbital occupation. (c) Intraorbital double occupation.
The solid (dotted) line is obtainedwhen increasing (decreasing)U0.
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We employ density functional theory plus dynamical mean field theory and identify the physical origin
of why two layers of SrVO3 on a SrTiO3 substrate are insulating: the thin film geometry lifts the orbital
degeneracy, which in turn triggers a first-order Mott-Hubbard transition. Two layers of SrVO3 are just at the
verge of a Mott-Hubbard transition and hence ideally suited for technological applications of the Mott-
Hubbard transition: the heterostructure is highly sensitive to strain, electric field, and temperature. A gate
voltage can also switch between metal (ON) and insulator (OFF), so that a transistor with ideal ON-OFF
switching properties is realized.

DOI: 10.1103/PhysRevLett.114.246401 PACS numbers: 71.27.+a, 71.30.+h, 73.40.-c

In the last years, there has been tremendous experimental
progress to grow oxide heterostructures atomic layer by
atomic layer, brought about by modern deposition tech-
niques such as molecular beam epitaxy and pulsed laser
deposition. A key experiment has been the discovery that a
two-dimensional electron gas with high mobility is created
at the interface of two band insulators, LaAlO3 and SrTiO3

[1]. This raised the hope that oxide heterostructures might
substitute conventional semiconductor electronics one day,
at least for specific applications [2,3]. Oxide electronics is
however still in its infancy compared to the matured field of
silicon electronics. Particularly promising are transistors at
the scale of 2 nm [4], solar cells [5–7], and the possibility to
generate spin-polarized currents [8]. Last but not least,
there is high hope that strong electronic correlations make a
difference to conventional semiconductors and give rise to
new phenomena [9–11].
However, many oxide heterostructures, including the

LaAlO3=SrTiO3 prototype, actually do not show strong
electronic correlations. Since electronic correlations are
weak, band structure calculations on the basis of density
functional theory (DFT), e.g., within the local density
approximation (LDA) [12], or even a tight binding modeling
[13], are sufficient: such calculations well reproduce or
predict experiment, e.g., angular resolved photoemission
spectra [14–16]. A heterostructure where electronic corre-
lations do play a decisive role is, on the other hand, SrVO3

grown on a SrTiO3 substrate. In the bulk, SrVO3 is a
correlated metal with a moderate renormalization ∼2 of
the bandwidth [17–19] and a kink in the energy-momentum
dispersion [20–22]. SrVO3 has been widely employed
[17,21,23–25] as a test bed material for LDAþ dynamical
mean field theory (DMFT) calculations [27–30]. Quite
surprisingly, recent experiments [31] have found that two
layers of SrVO3 grown on a SrTiO3 substrate are insulating,
not metallic [32]. On the basis of the one-band Hubbard

model it has been argued [31] that the reduced bandwidth of
the thin film is responsible for the Mott-insulating state.
In this Letter, we present realistic DFTþ DMFT calcu-

lations and pinpoint the origin of the insulator to the crystal
field splitting of the orbitals, caused by the reduced
symmetry of the ultrathin film. The reduced bandwidth
and the enhancedCoulomb interaction of the thin film do not
play the key role. Our calculations demonstrate the high
sensitivity of SrVO3 films. AMott-Hubbard metal-insulator
transition can be triggered by small changes of temperature,
(uniaxial) pressure, a capping layer, or an electric field. This
makes SrVO3 grown on SrTiO3 most promising for appli-
cations as sensors or as a Mott transistor with a gate voltage
controlling the Mott-Hubbard transition.
Method.—We perform DFTþ DMFT calculations for

two layers of SrVO3 on a substrate given by four unit cells
of SrTiO3 and a sufficiently thick vacuum of 10 Å along the
z direction. We fix the in-plane (xy plane) lattice constant to
the calculated equilibrium bulk value of the substrate
aSrTiO3

¼ 3.92 Å, and optimize the internal coordinates
by DFT. The DFT calculations are performed using the
all-electron full potential augmented plane-wave method of
the WIEN2K package [33] with the generalized gradient
approximation potential [34] and a 10 × 10 × 1 k-point grid.
The DFT states near the Fermi level, mainly of vanadium

t2g orbital characters, are well localized and exhibit strong
correlations beyond DFT and DFTþ U. To properly
include these correlation effects, we first perform a
Wannier projection onto maximally localized [35] t2g
orbitals, using the WIEN2WANNIER package [36]. We
supplement this t2g Hamiltonian constructed from DFT
by the local Kanamori Coulomb interaction, given by the
intraorbital interaction U, the interorbital (averaged) inter-
action U0, and the Hund’s exchange and pair-hopping J;
for the Hamiltonian see Ref. [37]. The constrained LDA
technique for the bulk yields U0 ¼ 3.55 eV [17,21] and for
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• smooth correction within Hartree-Fock (Re𝚺~Un) 

• DMFT: non-linear effects/first-order behavior   
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CORRELATION-INDUCED CRYSTAL FIELD SPLITTING

The results presented in this Letter were obtained by combining density functional theory (DFT) and dynamical
mean field theory (DMFT). DMFT corresponds to a mean field in space but allows for a dynamical description of
local quantum fluctuations. As a consequence, the self-energy Σ(k,ω) is flat in k-space but, unlike LDA+U, still
carries a frequency dependence: Σ(k,ω) = Σ(ω). As solver for the auxiliary impurity problem of DMFT we used
continuous-time quantum Monte Carlo (CTQMC) in the hybridization-expansion version. For more details about
CTQMC and about our implementation see Refs. [1–3]. CTQMC is formulated in imaginary time and therefore uses
Matsubara frequencies iωn. To obtain the corresponding real-axis quantity from Σ(iωn) a Wick rotation is necessary.
Two special limits of the self-energy are however readily interpretable on the Matsubara axis: The asymptotic behavior
Σ(iωn → ∞) and the extrapolation Σ(iωn → 0).
In the following we discuss the self-energy and the enhanced orbital splitting derived from its real part extrapolated

at zero frequency. The left panel of Fig. 1 shows the real part of the self-energies for different orbitals (colors), layers
(point filling) and interaction strengths (point shapes) on the Matsubara axis ReΣ(iωn). The asymptotic constant
ReΣ(iωn → ∞) indicates the Hartree contributions to the electronic self-energy that depend in turn on the individual
orbital occupations. The value ReΣ(iωn → 0) = ReΣ(ω → 0), or more precisely its difference between different
orbitals, gives the many-body correction to the crystal field splitting. At the surface, the LDA crystal field splitting
between the xy and the xz/yz orbital is enhanced by correlations in agreement with the general DMFT trend away
from half-filling, see Ref. [4]. In the right panel of Fig. 1 one can also see how, close to U ′ = 3.5 eV, the crystal field
rapidly changes at the metal-insulator transition.
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FIG. 1: Left panel: Real part of the self energies in Matsubara frequency for U ′=3.55eV (3.4eV) with an insulating (metallic)
state. The surface layer is denoted by unfilled circles (triangles), and the second layer is denoted by filled circles (triangles). xy
is in red, and yz is in blue. Right panel: correlation-induced effective crystal field splitting as a function of U ′. The crystal field
splitting is defined as real part of self energy difference between yz and xy orbitals in the low frequency region. The surface
layer is indicated by unfilled circle and the second layer is noted by filled circle.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that

SVO
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FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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as shown in Fig. 1(a). The period of oscillation corresponds
to the deposition of 1-ML-thick SVO film, which was also
confirmed by carefully calibrating the thickness of a thick
100-ML SVO film by grazing-incidence x-ray reflectivity
and cross-sectional transmission electron microscopy
(TEM). The prepared films were transferred under an ultra-
high vacuum of 10!10 Torr to the PES chamber. The in-
vacuum transfer was necessary to avoid the degradation of
the SVO surface on exposure to air [8]. PES spectra were
recorded using an SES-100 electron energy analyzer with a
total energy resolution of 150 meV. The Fermi level of the
samples was referred to that of gold. The surface morphol-
ogies and crystal structures of the films were characterized
by atomic force microscopy (AFM) and four-circle x-ray
diffraction, respectively.

Before discussing the PES spectra, we provide evi-
dence for the fact that the prepared SVO films had atomi-
cally flat surfaces and chemically abrupt SVO/Nb:STO
interfaces. These features comprise a precondition to the
present study, and the evidence guarantees that the precon-
dition is fulfilled. Figures 1(b)–1(d) show the character-
izations of an SVO thick film (100 ML). As shown in this
figure, atomically flat step-and-terrace structures are ob-
served in the AFM image [Fig. 1(a) and 1(b)], and a
chemically abrupt interface is observed in the TEM image
[Fig. 1(c)], indicating that the atomic step-and-terrace
structure of a growing SVO film is maintained at the film
surface and interface while the film grows to a thickness of
hundreds of monolayers. In addition, the TEM measure-
ment confirmed the coherent growth of SVO onto Nb:STO
substrates without the formation of any dislocations in
SVO. The coherent growth of an SVO thin film is also
confirmed by the four-circle x-ray diffraction measurement
[Fig. 1(d)]. These results suggest that there are no detect-
able structural disorders in SVO ultrathin films grown on

Nb:STO, and the changes in the electronic structure of
these films mainly reflect the dimensional-crossover
effects.
Figure 2 shows the valence band spectra of SVO ultra-

thin films grown onto Nb:STO substrates by digitally
controlling the SVO layer thickness. These spectra exhibit
remarkable and systematic changes. The valence band
mainly consists of three structures: two prominent
O 2p-derived structures exist at the binding energies of
3.0–9.0 eV [9], whereas a characteristic structure emerges
near EF of the ultrathin SVO films. The structure near EF is
assigned to the V 3d states on the basis of V 2p ! 3d
resonant photoemission spectra (not shown). Because the
valence band spectrum of Nb:STO exhibits a band gap of
3.2 eV below EF owing to the n-type nature of Nb:STO
[10], the V 3d states are well confined in the quantum well
structure formed between the vacuum (surface) and the
substrate (interface) [11,12]. In the case of thicker SVO
films, there are two components attributable to the V 3d
states: a peak located precisely at EF and a relatively broad
peak centered at about 1.5 eV that correspond to the
coherent (quasiparticle peak) and incoherent (the remnant
of the lower Hubbard band) parts, respectively [9,13]. The
intensity of the coherent part is much higher than that of the
incoherent part; this feature is similar to that of the bulk
spectra reported previously [10,13,14], and confirms that

SVO

Nb:STO

(c)

(a) (b)
0.79

0.78

0.77

Q  
(Å -1 )

0.780.77

Q  (Å 
-1
)

(d)

Inte
nsi

ty(a
rb. 

uni
ts)

3002001000
Time(sec.)

Nb:STO

3 ML

2 ML

1 ML

100 ML

FIG. 1 (color online). Characterizations of SrVO3 films grown
onto Nb:SrTiO3 substrates: (a) typical reflection high-energy
electron diffraction intensity oscillations along with marks
where PES spectra were taken and corresponding AFM images
(scan area 0:5" 0:5 !m2). (b) A typical AFM image of SVO
(100ML), (c) cross-sectional TEM image of the interface be-
tween SVO and Nb:STO, and (d) reciprocal space mapping
around the (303) reflection of SVO.
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FIG. 2 (color online). (a) In situ valence band spectra of
SrVO3 thin films grown on Nb:SrTiO3 substrates by digitally
controlling the film thickness. (b) PES spectra near EF. The filled
and open triangles represent the energy positions of the coherent
parts and the incoherent parts, respectively.
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Surface of SVO thin films

• termination for SrVO3 fims on SrTiO3

• VO2 +  √2 × √2 oxygen reconstruction

• solution: capping!
4.4 Disentangling Over-Oxidation versus Intrinsic Properties 61
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Fig. 4.16: (a) Temperature dependent resistivity data of ultrathin SVO layers capped with
STO. (b) Corresponding V 3d spectra of capped SVO films measured at the V L edge resonance
(h⌫=518 eV ). The dashed line marks the onset of the LHB in the 5 uc thick SVO layer. (c) For
comparison the spectra obtained from uncapped SVO ultrathin films with various thicknesses
are shown again (see also Fig. 4.7).

do not allow to access the V 3d spectra of the buried SVO film since this technique
is extremely surface sensitive. To overcome this obstacle, the capped SVO layers are
investigated by soft x-ray photoemission (SOXPES) allowing for an increased probing
depth up to several nm.
For the SOXPES experiments the thickness of the STO capping is reduced to 4 uc

and the photon energy is tuned to the V L absorption edge. This resonant condition
strongly and selectively enhances the V 3d photoemission signal. The inelastic mean
free path � amounts to 1.3 nm at this photon energy (h⌫ = 518 eV). Note that other
buried interfaces were already successfully investigated by this approach and motivated
the choice of the capping thickness in our case [106, 115, 116].
Even though a 4 uc thick STO capping layer successfully avoids the adsorption of

excess oxygen on apical sites at the surface as demonstrated in section 4.3.1, it is not
su�cient to fully block an over-oxidation upon exposure to air (see, e.g., Fig. 4.14).
Therefore, the samples must be transferred to the synchrotron in vacuum by means of
an UHV suitcase which restricts the amount of samples that can be investigated.
The sample set consists of three 4 uc STO/x uc SVO/STO structures with x = 5, 11, 50

covering the three regimes identified in the transport measurements, i.e. Arrhenius-type,
appearance of a resistivity minimum, and the T

2 behavior. The corresponding V 3d
spectra are depicted in Fig. 4.16 (b) and fit the transport data quite well. For x = 5 a
single V 3d feature is detected and identified as the LHB.1 Its onset is very close to the
Fermi level (⇡ 1meV) but no Fermi cuto↵ or QP is observed which clearly indicates a
Mott insulating phase. In the x = 11 structure a QP and a Fermi cuto↵ is observed,

1Measurements across the whole photon energy range of the V L3 edge were performed to exclude the
appearance of a QP signal for the x = 5 sample. No such signal was detected.

• surprising result: 

critical thickness much bigger than 
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.16: (a) Temperature dependent resistivity data of ultrathin SVO layers capped with
STO. (b) Corresponding V 3d spectra of capped SVO films measured at the V L edge resonance
(h⌫=518 eV ). The dashed line marks the onset of the LHB in the 5 uc thick SVO layer. (c) For
comparison the spectra obtained from uncapped SVO ultrathin films with various thicknesses
are shown again (see also Fig. 4.7).

do not allow to access the V 3d spectra of the buried SVO film since this technique
is extremely surface sensitive. To overcome this obstacle, the capped SVO layers are
investigated by soft x-ray photoemission (SOXPES) allowing for an increased probing
depth up to several nm.
For the SOXPES experiments the thickness of the STO capping is reduced to 4 uc

and the photon energy is tuned to the V L absorption edge. This resonant condition
strongly and selectively enhances the V 3d photoemission signal. The inelastic mean
free path � amounts to 1.3 nm at this photon energy (h⌫ = 518 eV). Note that other
buried interfaces were already successfully investigated by this approach and motivated
the choice of the capping thickness in our case [106, 115, 116].
Even though a 4 uc thick STO capping layer successfully avoids the adsorption of

excess oxygen on apical sites at the surface as demonstrated in section 4.3.1, it is not
su�cient to fully block an over-oxidation upon exposure to air (see, e.g., Fig. 4.14).
Therefore, the samples must be transferred to the synchrotron in vacuum by means of
an UHV suitcase which restricts the amount of samples that can be investigated.
The sample set consists of three 4 uc STO/x uc SVO/STO structures with x = 5, 11, 50

covering the three regimes identified in the transport measurements, i.e. Arrhenius-type,
appearance of a resistivity minimum, and the T

2 behavior. The corresponding V 3d
spectra are depicted in Fig. 4.16 (b) and fit the transport data quite well. For x = 5 a
single V 3d feature is detected and identified as the LHB.1 Its onset is very close to the
Fermi level (⇡ 1meV) but no Fermi cuto↵ or QP is observed which clearly indicates a
Mott insulating phase. In the x = 11 structure a QP and a Fermi cuto↵ is observed,

1Measurements across the whole photon energy range of the V L3 edge were performed to exclude the
appearance of a QP signal for the x = 5 sample. No such signal was detected.

• surprising result: 

critical thickness much bigger than 

Yoshimatsu, et al. and DFT+DMFT 
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.16: (a) Temperature dependent resistivity data of ultrathin SVO layers capped with
STO. (b) Corresponding V 3d spectra of capped SVO films measured at the V L edge resonance
(h⌫=518 eV ). The dashed line marks the onset of the LHB in the 5 uc thick SVO layer. (c) For
comparison the spectra obtained from uncapped SVO ultrathin films with various thicknesses
are shown again (see also Fig. 4.7).

do not allow to access the V 3d spectra of the buried SVO film since this technique
is extremely surface sensitive. To overcome this obstacle, the capped SVO layers are
investigated by soft x-ray photoemission (SOXPES) allowing for an increased probing
depth up to several nm.
For the SOXPES experiments the thickness of the STO capping is reduced to 4 uc

and the photon energy is tuned to the V L absorption edge. This resonant condition
strongly and selectively enhances the V 3d photoemission signal. The inelastic mean
free path � amounts to 1.3 nm at this photon energy (h⌫ = 518 eV). Note that other
buried interfaces were already successfully investigated by this approach and motivated
the choice of the capping thickness in our case [106, 115, 116].
Even though a 4 uc thick STO capping layer successfully avoids the adsorption of

excess oxygen on apical sites at the surface as demonstrated in section 4.3.1, it is not
su�cient to fully block an over-oxidation upon exposure to air (see, e.g., Fig. 4.14).
Therefore, the samples must be transferred to the synchrotron in vacuum by means of
an UHV suitcase which restricts the amount of samples that can be investigated.
The sample set consists of three 4 uc STO/x uc SVO/STO structures with x = 5, 11, 50

covering the three regimes identified in the transport measurements, i.e. Arrhenius-type,
appearance of a resistivity minimum, and the T

2 behavior. The corresponding V 3d
spectra are depicted in Fig. 4.16 (b) and fit the transport data quite well. For x = 5 a
single V 3d feature is detected and identified as the LHB.1 Its onset is very close to the
Fermi level (⇡ 1meV) but no Fermi cuto↵ or QP is observed which clearly indicates a
Mott insulating phase. In the x = 11 structure a QP and a Fermi cuto↵ is observed,

1Measurements across the whole photon energy range of the V L3 edge were performed to exclude the
appearance of a QP signal for the x = 5 sample. No such signal was detected.

• surprising result: 

critical thickness much bigger than 

Yoshimatsu, et al. and DFT+DMFT 

52 4 Thickness Controlled Mott Transition in Thin SrVO3 Films

capped

STO cap

V 4Å

V 4Å

V 4+

bare surface

2e-

V 4Å

V

V

4Å

5+

O

Sr
additional O

(a)

Ti
V

in
te

ns
ity

 ha
rb

. u
ni

ts
g

2001000
time hsg

RHEED intensity
oscillations

SVO film
STO cap

(b)

AFM

(c)

relative lateral position hµmg

3.0
2.5
2.0
1.5
1.0

he
ih

gt
 hn

m
g

1.00.50.0

line profiles
~ 4Å

Ti4Å

Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.

52 4 Thickness Controlled Mott Transition in Thin SrVO3 Films

capped

STO cap

V 4Å

V 4Å

V 4+

bare surface

2e-

V 4Å

V

V

4Å

5+

O

Sr
additional O

(a)

Ti
V

in
te

ns
ity

 ha
rb

. u
ni

ts
g

2001000
time hsg

RHEED intensity
oscillations

SVO film
STO cap

(b)

AFM

(c)

relative lateral position hµmg

3.0
2.5
2.0
1.5
1.0

he
ih

gt
 hn

m
g

1.00.50.0

line profiles
~ 4Å

Ti4Å

Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.16: (a) Temperature dependent resistivity data of ultrathin SVO layers capped with
STO. (b) Corresponding V 3d spectra of capped SVO films measured at the V L edge resonance
(h⌫=518 eV ). The dashed line marks the onset of the LHB in the 5 uc thick SVO layer. (c) For
comparison the spectra obtained from uncapped SVO ultrathin films with various thicknesses
are shown again (see also Fig. 4.7).

do not allow to access the V 3d spectra of the buried SVO film since this technique
is extremely surface sensitive. To overcome this obstacle, the capped SVO layers are
investigated by soft x-ray photoemission (SOXPES) allowing for an increased probing
depth up to several nm.
For the SOXPES experiments the thickness of the STO capping is reduced to 4 uc

and the photon energy is tuned to the V L absorption edge. This resonant condition
strongly and selectively enhances the V 3d photoemission signal. The inelastic mean
free path � amounts to 1.3 nm at this photon energy (h⌫ = 518 eV). Note that other
buried interfaces were already successfully investigated by this approach and motivated
the choice of the capping thickness in our case [106, 115, 116].
Even though a 4 uc thick STO capping layer successfully avoids the adsorption of

excess oxygen on apical sites at the surface as demonstrated in section 4.3.1, it is not
su�cient to fully block an over-oxidation upon exposure to air (see, e.g., Fig. 4.14).
Therefore, the samples must be transferred to the synchrotron in vacuum by means of
an UHV suitcase which restricts the amount of samples that can be investigated.
The sample set consists of three 4 uc STO/x uc SVO/STO structures with x = 5, 11, 50

covering the three regimes identified in the transport measurements, i.e. Arrhenius-type,
appearance of a resistivity minimum, and the T

2 behavior. The corresponding V 3d
spectra are depicted in Fig. 4.16 (b) and fit the transport data quite well. For x = 5 a
single V 3d feature is detected and identified as the LHB.1 Its onset is very close to the
Fermi level (⇡ 1meV) but no Fermi cuto↵ or QP is observed which clearly indicates a
Mott insulating phase. In the x = 11 structure a QP and a Fermi cuto↵ is observed,

1Measurements across the whole photon energy range of the V L3 edge were performed to exclude the
appearance of a QP signal for the x = 5 sample. No such signal was detected.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Fig. 4.11: (a) Comparison of the vanadium valence of a bare SVO film surface and an STO
capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
of the STO capping. (c) AFM measurements reveal an atomically flat surface of the STO cap.
Image size is 2µm ⇥ 2µm. The height profiles depicted in the lower part of the figure are
taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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capped sample. (b) Structural characterization by RHEED indicates a layer-by-layer growth
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taken along the lines indicated by the arrows.

Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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Experimentally, such a capping layer is grown by PLD at the same substrate temper-
ature and oxygen pressure as the SVO film itself (see section 4.1 and Fig. 4.6). The STO
material is ablated from a single crystalline target with a laser fluence of 1.3 J/cm2 at a
repetition rate of 1Hz. The resulting regular RHEED intensity oscillations are plotted
in Fig. 4.11 (b) together with the corresponding di↵raction patterns. The characteriza-
tion by RHEED suggests a layer-by-layer growth mode resulting in an atomically flat
STO surface. This interpretation is confirmed by an AFM measurement of the same
sample and is depicted in Fig. 4.11. The faint granular structures visible on top of the
step-and-terrace like surface are probably induced by excess material deposited on the
sample after completion of the topmost closed layer. The line profiles indicate that the
surface is still atomically flat and the STO capping layer fully covers the SVO film.

Having established the fabrication of an epitaxial STO capping layer, we now turn
back to the V 2p core level spectrum to evaluate the impact of the modified sample
design on the vanadium valence.

4.3.1 Stabilization of Tetravalent Vanadium

To compare the vanadium valence of a bare film to an STO capped one, two 50 uc thick
SVO/STO samples are fabricated at identical conditions and only one is equipped with
a 4 uc thick STO capping layer. These samples are transferred to beamline I09 of the
Diamond Light Source by means of a vacuum suitcase (p < 10�9 mbar). The endstation
allows for a broader spectrum of photon energies h⌫ and thereby for a larger variation
in probing depth. Measurements of the V 2p3/2 core level are performed at h⌫ = 700 eV
and 3 keV at various electron detection angles #.
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other examples of thickness induced MIT

half-filled

!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S ¼ 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L ¼ 1 states with  ml¼'1 ¼ (ðjzxi'
ijyziÞ=

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff ¼ 1=2 doublet and Jeff ¼ 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff ¼ 1=2 is energetically
higher than the Jeff ¼ 3=2, seemingly against the Hund’s
rule, since the Jeff ¼ 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff ¼ 3=2 band and

one remaining electron in the Jeff ¼ 1=2 band, the system
is effectively reduced to a half-filled Jeff ¼ 1=2 single band
system [Fig. 1(c)]. The Jeff ¼ 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff ¼ 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff ¼ 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDAþU calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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FIG. 2 (color online). Theoretical Fermi surfaces and band
dispersions in (a) LDA, (b) LDAþ SO, (c) LDAþ SOþU
(2 eV), and (d) LDAþU. In (c), the left panel shows topology
of valence band maxima (EB ¼ 0:2 eV) instead of the FS.
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Upon reduction of the film thickness we observe a metal-insulator transition in epitaxially stabilized,
spin-orbit-coupled SrIrO3 ultrathin films. By comparison of the experimental electronic dispersions with
density functional theory at various levels of complexity we identify the leading microscopic mechanisms,
i.e., a dimensionality-induced readjustment of octahedral rotations, magnetism, and electronic correlations.
The astonishing resemblance of the band structure in the two-dimensional limit to that of bulk Sr2IrO4

opens new avenues to unconventional superconductivity by “clean” electron doping through electric field
gating.

DOI: 10.1103/PhysRevLett.119.256404

Although typically viewed as disparate properties, the
interplay between strong spin-orbit coupling (SOC) and
electronic correlations in high-Z 5d transition metal oxides
can lead to exotic quantum states of matter like Kitaev spin
liquids [1,2] and topological phases [3,4]. A prominent
example is the Mott-insulating state found in the proto-
typical system Sr2IrO4 [5], which is promoted by the lifted
orbital degeneracy of the t2g manifold due to the entangle-
ment of orbital and spin degrees of freedom in the presence
of strong SOC [1]. Its quasi-two-dimensional (2D) layered-
perovskite structure with corner-shared IrO6 octahedra
hosts a square lattice of antiferromagnetically coupled
Jeff ¼ 1=2 pseudospins reminiscent of the high-TC super-
conducting cuprate parent materials [6]. Indeed, Sr2IrO4 is
considered a promising candidate for exotic superconduc-
tivity since it reproduces much of the fermiology of hole-
doped cuprates upon electron doping [7,8].
The strontium iridate Ruddlesden-Popper (RP) com-

pounds Srnþ1IrnO3nþ1 ¼ ð½SrIrO3%n; SrOÞ essentially con-
sist of n SrIrO3 perovskite layers, intercalated by SrO layers
and laterally shifted against each other such that no Ir─O─Ir
bonds persist between neighboring ½SrIrO3%n blocks [9]. As
one veers away from the quasi-2D limit (Sr2IrO4, n ¼ 1) the
Mott-insulating state breaks down as evidenced by the
narrow-gap bilayer system Sr3Ir2O7 hosting a collinear
antiferromagnetic order [10,11] and the three-dimensional
(n ¼ ∞) semimetallic SrIrO3[12]. However, the instability
of bulk Srnþ1IrnO3nþ1 for n > 2 impedes a systematic
investigation of the dimensionality-induced metal-
insulator-transition (MIT). In an attempt to mimic the
layered RP structure, a concurrent metal-insulator and

magnetic transition has been observed in artificially tailored
ð½SrIrO3%m; SrTiO3Þ superlattices, where the intercalated
SrO layers were substituted with SrTiO3 monolayers
[13]. Noticeably, the different magnetic orders found in
the bilayer analogues reflect the persisting non-negligible
coupling between neighboring bilayers across the
SrO=SrTiO3 blocking layers. Indeed, both magnetism and
resistivity have recently been shown to be affected by
pronounced interlayer coupling in ðSrIrO3; ½SrTiO3%kÞ
superlattices [14].
In this Letter, we investigate the electronic and structural

properties of epitaxially grown ultrathin perovskite SrIrO3

films, which represent a considerably cleaner (or: better
defined) approach to the two-dimensional limit than the
superlattices. We observe the opening of a distinct charge
gap at the chemical potential and concurrent changes in the
film crystalline structure as a function of the film thickness.
In a combined experimental and theoretical approach
using soft-x-ray angle-resolved photoelectron spectroscopy
(SX ARPES) and ab initio density functional theory (DFT
and DFTþ U) calculations we investigate the evolution of
the electronic band structure across the film thickness-
driven MIT. We thereby elucidate the complex, microsopic
interplay between electronic correlations, structural degrees
of freedom, magnetism, and dimensionality.
SrIrO3 thin films were heteroepitaxially grown on

TiO2-terminated SrTiO3 (001) substrates by pulsed laser
deposition (PLD) from a polycrystalline SrIrO3 target.
The films adopt a pseudotetragonal perovskite structure
with an in-plane lattice constant locked to that of SrTiO3

(a ¼ 3.905 Å) and an out-of-plane lattice constant of
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the crystal potential that enlarges (reduces) the real-space
unit cell (Brillouin zone) as depicted in Figs. 2(a) and 2(b).
In Fig. 2(c) we present the corresponding band structure
unfolded into the original Brillouin zone, thereby taking
into account the effect of this weak symmetry breaking by
calculating the proper spectral weight distribution as
described in Ref. [39] (represented by the size of the gray
dots). The weighted, unfolded bands have a narrow

bandwidth of ≈400 meV and resolve the aforementioned
discrepancies between experiment and theory by exhibiting
Fermi crossings around the X and R point. Note that the
seemingly more pronounced backfolded band structure in
ARPES measurements using He I light [16,40] may be due
to different matrix elements and/or the inherently higher
surface sensitivity as compared to photoemission in the
soft-x-ray regime [41,42].
Epitaxially stabilized SrIrO3 thin films essentially exhibit

bulk electronic and structural properties above a thickness of
at least 9 u.c., i.e., paramagnetism and metallicity with a
partially filled Jeff ¼ 1=2 band. Figure 3(a) shows photo-
emission spectra (He I, hν ¼ 21.2 eV) of SrIrO3 films of
smaller thicknesses with m ¼ 4, 3, 2, 1, and 0 u.c. (bare
Nb∶SrTiO3). As expected in the three-dimensional limit
thick films (m ≥ 4) exhibit a metallic density of states with a
pronounced Fermi-Dirac cutoff at the chemical potential.
Intriguingly, atm ¼ 3 the Fermi cutoff disappears and upon
further reduction of the film thickness a distinct charge gap
opens.Hence, in analogy to theRP iridates the films undergo
a MIT transition as a function of dimensionality as also
observed in transport measurements [43]. As shown in the
inset of Fig. 3(a) magnetic DFTþ U calculations for m
SrIrO3 layers on 4 SrTiO3 layers (denoted bym⫽4) similarly
show a decreasing charge gap in the k-integrated density of
states (DOS) as m is increased. Note, however, that in the
presence of magnetic ordering the increasing film thickness
alone does not trigger a transition from insulating tometallic
in our calculations.
The photoemission gap opening is accompanied by a

structural transition as inferred from low energy (LEED)
and reflection high-energy electron diffraction (RHEED)
from the film surface. As seen in Fig. 3(b), the surface
periodicity, which reflects the complex rotational pattern of

(a)

(c)

(b)

FIG. 2. (a) Real-space lattice structure of SrIrO3 including
octahedral rotations (aþb−b− in Glazer notation with the a axis
orthogonal to the film surface normal) and strain. The ortho-
rhombic unit cell (blue) is enlarged by 2 ×

ffiffiffi
2

p
×

ffiffiffi
2

p
with respect

to the tetragonal unit cell (black). (b) Reciprocal space structure
of the orthorhombic (blue) and tetragonal (black) structure.
(c) SX-ARPES band maps along the pseudotetragonal high-
symmetry lines Γ − X −M − Γ and Z − R − A − Z in compari-
son to DFTþ U band structure calculated in the orthorhombic
setting and unfolded into the tetragonal Brillouin zone.

(a) (b) (c)

FIG. 3. (a) Ultraviolet photoelectron spectroscopy (UPS) of SrIrO3 films with thickness m (bare Nb∶SrTiO3, m ¼ 1; 2; 3; 4 u:c:)
exhibiting the opening of a charge gap between 3 and 4 u.c. Inset: DOS from DFTþ U slab calculations ofm SrIrO3 layers on 4 SrTiO3

layers (m⫽4). (b) LEED and RHEED patterns of an insulating (m ¼ 3) and a metallic (m ¼ 4) SrIrO3 film exhibit a structural transition
from a

ffiffiffi
2

p
×

ffiffiffi
2

p
to a 2 × 2 surface periodicity across theMIT. (c) Structuralmodel explaining the observed changes as result of suppressed

in-plane octahedral rotations in thin films (a0a0bþ=−) as opposed to the bulk rotational pattern (aþb−b−) observed in thick films.
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other examples of thickness induced MIT

half-filled

!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S ¼ 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L ¼ 1 states with  ml¼'1 ¼ (ðjzxi'
ijyziÞ=

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff ¼ 1=2 doublet and Jeff ¼ 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff ¼ 1=2 is energetically
higher than the Jeff ¼ 3=2, seemingly against the Hund’s
rule, since the Jeff ¼ 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff ¼ 3=2 band and

one remaining electron in the Jeff ¼ 1=2 band, the system
is effectively reduced to a half-filled Jeff ¼ 1=2 single band
system [Fig. 1(c)]. The Jeff ¼ 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff ¼ 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff ¼ 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDAþU calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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FIG. 2 (color online). Theoretical Fermi surfaces and band
dispersions in (a) LDA, (b) LDAþ SO, (c) LDAþ SOþU
(2 eV), and (d) LDAþU. In (c), the left panel shows topology
of valence band maxima (EB ¼ 0:2 eV) instead of the FS.
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energy-scale dependence, thus, resolving some points of
controversy in the literature.

Our DFTþ DMFT calculations are done using the
projection-embedding implementation [16] based on the
WIEN2K package [20]. For comparison, we also carried out
DFTþ U calculations using the ELK code [21]. VASP was

used to relax the structures when epitaxial strain was
considered [22]. Details are provided in the Supplemental
Material [17].
The resulting DMFT spectral functions are presented in

Fig. 1 for the 214, 327, and 113 compounds, with color
coding showing the spectral intensity along !" X"M"
!, together with orbital-resolved density of states (DOS)
band structures obtained using generalized gradient
approximationþ U (GGAþ U). Within DMFT, the insu-
lating gap in 214 and 327 are approximately 400 and
300 meV, respectively. The unoccupied electronic states
are of mainly Jeff ¼ 1=2 character. The first valence state at
X is also of Jeff ¼ 1=2 character, while the first valence
state at ! is of Jeff ¼ 3=2 character; hence, the occupied
states are an equal mixture of Jeff ¼ 1=2 and Jeff ¼ 3=2
states. In the DMFT calculation, the topmost valence state
atX is about 40meV closer toEF than the first valence state
at the ! point, in agreement with recent angle-resolved
photoemission spectroscopy (ARPES) measurements
[23,24] but in contrast to GGAþ U results (Fig. 1). This
is because the filled orbitals (here, Jeff ¼ 3=2) tend to be
repelled from the Fermi level in DMFT. In 327, the Jeff ¼
3=2 tail at ! is split into two peaks due to its double-layer
structure, consistent with experimental results [25]. Finally,
the 113 compound is a strongly correlated metal [8] with
very flat bands around EF. The effective mass of the t2g
states is quite large; e.g., the effective mass of the hole
pocket around ! is about 9 times that of a bare electron.
A closer look at the orbital-resolved DOS in Fig. 1

reveals that the Jeff ¼ 1=2 states are not fully polarized.
This is due to significant itineracy effects and hybridization
between Ir 5d and O 2p states. The resulting occupation
number for the occupied Jeff ¼ 1=2 orbitals is about 0.65
(0.45) in the 214 (327) compound. Consequently, this leads
to substantially reduced magnetic moments compared to
the ideal Jeff ¼ 1=2 value of 1!B, down to about 0.55
(214) and 0:58!B (327).
While for the most part, the GGAþ U band structures

are in fairly good agreement with the DMFT spectral
functions (Fig. 1), there are also some differences. The
band gaps in the 214 and 327 compounds withinGGAþ U
are of almost equal size, about 270 meV (UGGAþU ¼
2:5 eV), while there is a clear gap reduction of about
100 meV in the DMFT calculations. This is not surprising,
given that the fully screened U required by GGAþ U
should be reduced in the more itinerant 327 compounds.
For 113, the Fermi surfaces in DMFT are quite similar to
the GGA Fermi surfaces (not shown), but the bandwidth is
strongly renormalized. This is not the case in GGAþ U,
where the hole pocket at ! is missing. Recent ARPES
measurements [26] confirmed the existence of the hole
pocket at ! with a strongly enhanced effective mass, in
agreement with our DMFT results.
We mention in passing that the paramagnetic calculation

for 214 is not insulating in DFTþ DMFT, but a very bad

β

β

β
×

FIG. 1 (color online). Spectral functions and orbital-resolved
DOS obtained by the DMFT method for the RP series of iridates.
Arrows indicate optical transitions corresponding to the peaks in
the optical conductivities shown in Fig. 2. Dotted lines denote
the band structures obtained by GGAþ U calculations. For 214
and 327, the GGAþ U band structures and the DMFT spectral
functions are aligned by fixing the position of the topmost
valence state at X. Orbitals (1=2, $1=2) correspond to c$1=2,
and ‘‘total(3/2)’’ stands for the sum over the remaining t2g states,
i.e., Jeff ¼ 3=2 states.
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controversy in the literature.
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WIEN2K package [20]. For comparison, we also carried out
DFTþ U calculations using the ELK code [21]. VASP was
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repelled from the Fermi level in DMFT. In 327, the Jeff ¼
3=2 tail at ! is split into two peaks due to its double-layer
structure, consistent with experimental results [25]. Finally,
the 113 compound is a strongly correlated metal [8] with
very flat bands around EF. The effective mass of the t2g
states is quite large; e.g., the effective mass of the hole
pocket around ! is about 9 times that of a bare electron.
A closer look at the orbital-resolved DOS in Fig. 1

reveals that the Jeff ¼ 1=2 states are not fully polarized.
This is due to significant itineracy effects and hybridization
between Ir 5d and O 2p states. The resulting occupation
number for the occupied Jeff ¼ 1=2 orbitals is about 0.65
(0.45) in the 214 (327) compound. Consequently, this leads
to substantially reduced magnetic moments compared to
the ideal Jeff ¼ 1=2 value of 1!B, down to about 0.55
(214) and 0:58!B (327).
While for the most part, the GGAþ U band structures

are in fairly good agreement with the DMFT spectral
functions (Fig. 1), there are also some differences. The
band gaps in the 214 and 327 compounds withinGGAþ U
are of almost equal size, about 270 meV (UGGAþU ¼
2:5 eV), while there is a clear gap reduction of about
100 meV in the DMFT calculations. This is not surprising,
given that the fully screened U required by GGAþ U
should be reduced in the more itinerant 327 compounds.
For 113, the Fermi surfaces in DMFT are quite similar to
the GGA Fermi surfaces (not shown), but the bandwidth is
strongly renormalized. This is not the case in GGAþ U,
where the hole pocket at ! is missing. Recent ARPES
measurements [26] confirmed the existence of the hole
pocket at ! with a strongly enhanced effective mass, in
agreement with our DMFT results.
We mention in passing that the paramagnetic calculation

for 214 is not insulating in DFTþ DMFT, but a very bad
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FIG. 1 (color online). Spectral functions and orbital-resolved
DOS obtained by the DMFT method for the RP series of iridates.
Arrows indicate optical transitions corresponding to the peaks in
the optical conductivities shown in Fig. 2. Dotted lines denote
the band structures obtained by GGAþ U calculations. For 214
and 327, the GGAþ U band structures and the DMFT spectral
functions are aligned by fixing the position of the topmost
valence state at X. Orbitals (1=2, $1=2) correspond to c$1=2,
and ‘‘total(3/2)’’ stands for the sum over the remaining t2g states,
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Upon reduction of the film thickness we observe a metal-insulator transition in epitaxially stabilized,
spin-orbit-coupled SrIrO3 ultrathin films. By comparison of the experimental electronic dispersions with
density functional theory at various levels of complexity we identify the leading microscopic mechanisms,
i.e., a dimensionality-induced readjustment of octahedral rotations, magnetism, and electronic correlations.
The astonishing resemblance of the band structure in the two-dimensional limit to that of bulk Sr2IrO4

opens new avenues to unconventional superconductivity by “clean” electron doping through electric field
gating.

DOI: 10.1103/PhysRevLett.119.256404

Although typically viewed as disparate properties, the
interplay between strong spin-orbit coupling (SOC) and
electronic correlations in high-Z 5d transition metal oxides
can lead to exotic quantum states of matter like Kitaev spin
liquids [1,2] and topological phases [3,4]. A prominent
example is the Mott-insulating state found in the proto-
typical system Sr2IrO4 [5], which is promoted by the lifted
orbital degeneracy of the t2g manifold due to the entangle-
ment of orbital and spin degrees of freedom in the presence
of strong SOC [1]. Its quasi-two-dimensional (2D) layered-
perovskite structure with corner-shared IrO6 octahedra
hosts a square lattice of antiferromagnetically coupled
Jeff ¼ 1=2 pseudospins reminiscent of the high-TC super-
conducting cuprate parent materials [6]. Indeed, Sr2IrO4 is
considered a promising candidate for exotic superconduc-
tivity since it reproduces much of the fermiology of hole-
doped cuprates upon electron doping [7,8].
The strontium iridate Ruddlesden-Popper (RP) com-

pounds Srnþ1IrnO3nþ1 ¼ ð½SrIrO3%n; SrOÞ essentially con-
sist of n SrIrO3 perovskite layers, intercalated by SrO layers
and laterally shifted against each other such that no Ir─O─Ir
bonds persist between neighboring ½SrIrO3%n blocks [9]. As
one veers away from the quasi-2D limit (Sr2IrO4, n ¼ 1) the
Mott-insulating state breaks down as evidenced by the
narrow-gap bilayer system Sr3Ir2O7 hosting a collinear
antiferromagnetic order [10,11] and the three-dimensional
(n ¼ ∞) semimetallic SrIrO3[12]. However, the instability
of bulk Srnþ1IrnO3nþ1 for n > 2 impedes a systematic
investigation of the dimensionality-induced metal-
insulator-transition (MIT). In an attempt to mimic the
layered RP structure, a concurrent metal-insulator and

magnetic transition has been observed in artificially tailored
ð½SrIrO3%m; SrTiO3Þ superlattices, where the intercalated
SrO layers were substituted with SrTiO3 monolayers
[13]. Noticeably, the different magnetic orders found in
the bilayer analogues reflect the persisting non-negligible
coupling between neighboring bilayers across the
SrO=SrTiO3 blocking layers. Indeed, both magnetism and
resistivity have recently been shown to be affected by
pronounced interlayer coupling in ðSrIrO3; ½SrTiO3%kÞ
superlattices [14].
In this Letter, we investigate the electronic and structural

properties of epitaxially grown ultrathin perovskite SrIrO3

films, which represent a considerably cleaner (or: better
defined) approach to the two-dimensional limit than the
superlattices. We observe the opening of a distinct charge
gap at the chemical potential and concurrent changes in the
film crystalline structure as a function of the film thickness.
In a combined experimental and theoretical approach
using soft-x-ray angle-resolved photoelectron spectroscopy
(SX ARPES) and ab initio density functional theory (DFT
and DFTþ U) calculations we investigate the evolution of
the electronic band structure across the film thickness-
driven MIT. We thereby elucidate the complex, microsopic
interplay between electronic correlations, structural degrees
of freedom, magnetism, and dimensionality.
SrIrO3 thin films were heteroepitaxially grown on

TiO2-terminated SrTiO3 (001) substrates by pulsed laser
deposition (PLD) from a polycrystalline SrIrO3 target.
The films adopt a pseudotetragonal perovskite structure
with an in-plane lattice constant locked to that of SrTiO3

(a ¼ 3.905 Å) and an out-of-plane lattice constant of
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the crystal potential that enlarges (reduces) the real-space
unit cell (Brillouin zone) as depicted in Figs. 2(a) and 2(b).
In Fig. 2(c) we present the corresponding band structure
unfolded into the original Brillouin zone, thereby taking
into account the effect of this weak symmetry breaking by
calculating the proper spectral weight distribution as
described in Ref. [39] (represented by the size of the gray
dots). The weighted, unfolded bands have a narrow

bandwidth of ≈400 meV and resolve the aforementioned
discrepancies between experiment and theory by exhibiting
Fermi crossings around the X and R point. Note that the
seemingly more pronounced backfolded band structure in
ARPES measurements using He I light [16,40] may be due
to different matrix elements and/or the inherently higher
surface sensitivity as compared to photoemission in the
soft-x-ray regime [41,42].
Epitaxially stabilized SrIrO3 thin films essentially exhibit

bulk electronic and structural properties above a thickness of
at least 9 u.c., i.e., paramagnetism and metallicity with a
partially filled Jeff ¼ 1=2 band. Figure 3(a) shows photo-
emission spectra (He I, hν ¼ 21.2 eV) of SrIrO3 films of
smaller thicknesses with m ¼ 4, 3, 2, 1, and 0 u.c. (bare
Nb∶SrTiO3). As expected in the three-dimensional limit
thick films (m ≥ 4) exhibit a metallic density of states with a
pronounced Fermi-Dirac cutoff at the chemical potential.
Intriguingly, atm ¼ 3 the Fermi cutoff disappears and upon
further reduction of the film thickness a distinct charge gap
opens.Hence, in analogy to theRP iridates the films undergo
a MIT transition as a function of dimensionality as also
observed in transport measurements [43]. As shown in the
inset of Fig. 3(a) magnetic DFTþ U calculations for m
SrIrO3 layers on 4 SrTiO3 layers (denoted bym⫽4) similarly
show a decreasing charge gap in the k-integrated density of
states (DOS) as m is increased. Note, however, that in the
presence of magnetic ordering the increasing film thickness
alone does not trigger a transition from insulating tometallic
in our calculations.
The photoemission gap opening is accompanied by a

structural transition as inferred from low energy (LEED)
and reflection high-energy electron diffraction (RHEED)
from the film surface. As seen in Fig. 3(b), the surface
periodicity, which reflects the complex rotational pattern of

(a)

(c)

(b)

FIG. 2. (a) Real-space lattice structure of SrIrO3 including
octahedral rotations (aþb−b− in Glazer notation with the a axis
orthogonal to the film surface normal) and strain. The ortho-
rhombic unit cell (blue) is enlarged by 2 ×

ffiffiffi
2

p
×

ffiffiffi
2

p
with respect

to the tetragonal unit cell (black). (b) Reciprocal space structure
of the orthorhombic (blue) and tetragonal (black) structure.
(c) SX-ARPES band maps along the pseudotetragonal high-
symmetry lines Γ − X −M − Γ and Z − R − A − Z in compari-
son to DFTþ U band structure calculated in the orthorhombic
setting and unfolded into the tetragonal Brillouin zone.

(a) (b) (c)

FIG. 3. (a) Ultraviolet photoelectron spectroscopy (UPS) of SrIrO3 films with thickness m (bare Nb∶SrTiO3, m ¼ 1; 2; 3; 4 u:c:)
exhibiting the opening of a charge gap between 3 and 4 u.c. Inset: DOS from DFTþ U slab calculations ofm SrIrO3 layers on 4 SrTiO3

layers (m⫽4). (b) LEED and RHEED patterns of an insulating (m ¼ 3) and a metallic (m ¼ 4) SrIrO3 film exhibit a structural transition
from a

ffiffiffi
2

p
×

ffiffiffi
2

p
to a 2 × 2 surface periodicity across theMIT. (c) Structuralmodel explaining the observed changes as result of suppressed

in-plane octahedral rotations in thin films (a0a0bþ=−) as opposed to the bulk rotational pattern (aþb−b−) observed in thick films.

PRL 119, 256404 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

22 DECEMBER 2017

256404-3
th

ic
kn

es
s

the crystal potential that enlarges (reduces) the real-space
unit cell (Brillouin zone) as depicted in Figs. 2(a) and 2(b).
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Nb∶SrTiO3). As expected in the three-dimensional limit
thick films (m ≥ 4) exhibit a metallic density of states with a
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SrIrO3 layers on 4 SrTiO3 layers (denoted bym⫽4) similarly
show a decreasing charge gap in the k-integrated density of
states (DOS) as m is increased. Note, however, that in the
presence of magnetic ordering the increasing film thickness
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in our calculations.
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son to DFTþ U band structure calculated in the orthorhombic
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other examples of thickness induced MIT

half-filled

!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S ¼ 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L ¼ 1 states with  ml¼'1 ¼ (ðjzxi'
ijyziÞ=

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff ¼ 1=2 doublet and Jeff ¼ 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff ¼ 1=2 is energetically
higher than the Jeff ¼ 3=2, seemingly against the Hund’s
rule, since the Jeff ¼ 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff ¼ 3=2 band and

one remaining electron in the Jeff ¼ 1=2 band, the system
is effectively reduced to a half-filled Jeff ¼ 1=2 single band
system [Fig. 1(c)]. The Jeff ¼ 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff ¼ 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff ¼ 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDAþU calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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FIG. 2 (color online). Theoretical Fermi surfaces and band
dispersions in (a) LDA, (b) LDAþ SO, (c) LDAþ SOþU
(2 eV), and (d) LDAþU. In (c), the left panel shows topology
of valence band maxima (EB ¼ 0:2 eV) instead of the FS.
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energy-scale dependence, thus, resolving some points of
controversy in the literature.

Our DFTþ DMFT calculations are done using the
projection-embedding implementation [16] based on the
WIEN2K package [20]. For comparison, we also carried out
DFTþ U calculations using the ELK code [21]. VASP was

used to relax the structures when epitaxial strain was
considered [22]. Details are provided in the Supplemental
Material [17].
The resulting DMFT spectral functions are presented in

Fig. 1 for the 214, 327, and 113 compounds, with color
coding showing the spectral intensity along !" X"M"
!, together with orbital-resolved density of states (DOS)
band structures obtained using generalized gradient
approximationþ U (GGAþ U). Within DMFT, the insu-
lating gap in 214 and 327 are approximately 400 and
300 meV, respectively. The unoccupied electronic states
are of mainly Jeff ¼ 1=2 character. The first valence state at
X is also of Jeff ¼ 1=2 character, while the first valence
state at ! is of Jeff ¼ 3=2 character; hence, the occupied
states are an equal mixture of Jeff ¼ 1=2 and Jeff ¼ 3=2
states. In the DMFT calculation, the topmost valence state
atX is about 40meV closer toEF than the first valence state
at the ! point, in agreement with recent angle-resolved
photoemission spectroscopy (ARPES) measurements
[23,24] but in contrast to GGAþ U results (Fig. 1). This
is because the filled orbitals (here, Jeff ¼ 3=2) tend to be
repelled from the Fermi level in DMFT. In 327, the Jeff ¼
3=2 tail at ! is split into two peaks due to its double-layer
structure, consistent with experimental results [25]. Finally,
the 113 compound is a strongly correlated metal [8] with
very flat bands around EF. The effective mass of the t2g
states is quite large; e.g., the effective mass of the hole
pocket around ! is about 9 times that of a bare electron.
A closer look at the orbital-resolved DOS in Fig. 1

reveals that the Jeff ¼ 1=2 states are not fully polarized.
This is due to significant itineracy effects and hybridization
between Ir 5d and O 2p states. The resulting occupation
number for the occupied Jeff ¼ 1=2 orbitals is about 0.65
(0.45) in the 214 (327) compound. Consequently, this leads
to substantially reduced magnetic moments compared to
the ideal Jeff ¼ 1=2 value of 1!B, down to about 0.55
(214) and 0:58!B (327).
While for the most part, the GGAþ U band structures

are in fairly good agreement with the DMFT spectral
functions (Fig. 1), there are also some differences. The
band gaps in the 214 and 327 compounds withinGGAþ U
are of almost equal size, about 270 meV (UGGAþU ¼
2:5 eV), while there is a clear gap reduction of about
100 meV in the DMFT calculations. This is not surprising,
given that the fully screened U required by GGAþ U
should be reduced in the more itinerant 327 compounds.
For 113, the Fermi surfaces in DMFT are quite similar to
the GGA Fermi surfaces (not shown), but the bandwidth is
strongly renormalized. This is not the case in GGAþ U,
where the hole pocket at ! is missing. Recent ARPES
measurements [26] confirmed the existence of the hole
pocket at ! with a strongly enhanced effective mass, in
agreement with our DMFT results.
We mention in passing that the paramagnetic calculation

for 214 is not insulating in DFTþ DMFT, but a very bad

β

β

β
×

FIG. 1 (color online). Spectral functions and orbital-resolved
DOS obtained by the DMFT method for the RP series of iridates.
Arrows indicate optical transitions corresponding to the peaks in
the optical conductivities shown in Fig. 2. Dotted lines denote
the band structures obtained by GGAþ U calculations. For 214
and 327, the GGAþ U band structures and the DMFT spectral
functions are aligned by fixing the position of the topmost
valence state at X. Orbitals (1=2, $1=2) correspond to c$1=2,
and ‘‘total(3/2)’’ stands for the sum over the remaining t2g states,
i.e., Jeff ¼ 3=2 states.
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energy-scale dependence, thus, resolving some points of
controversy in the literature.
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Upon reduction of the film thickness we observe a metal-insulator transition in epitaxially stabilized,
spin-orbit-coupled SrIrO3 ultrathin films. By comparison of the experimental electronic dispersions with
density functional theory at various levels of complexity we identify the leading microscopic mechanisms,
i.e., a dimensionality-induced readjustment of octahedral rotations, magnetism, and electronic correlations.
The astonishing resemblance of the band structure in the two-dimensional limit to that of bulk Sr2IrO4

opens new avenues to unconventional superconductivity by “clean” electron doping through electric field
gating.

DOI: 10.1103/PhysRevLett.119.256404

Although typically viewed as disparate properties, the
interplay between strong spin-orbit coupling (SOC) and
electronic correlations in high-Z 5d transition metal oxides
can lead to exotic quantum states of matter like Kitaev spin
liquids [1,2] and topological phases [3,4]. A prominent
example is the Mott-insulating state found in the proto-
typical system Sr2IrO4 [5], which is promoted by the lifted
orbital degeneracy of the t2g manifold due to the entangle-
ment of orbital and spin degrees of freedom in the presence
of strong SOC [1]. Its quasi-two-dimensional (2D) layered-
perovskite structure with corner-shared IrO6 octahedra
hosts a square lattice of antiferromagnetically coupled
Jeff ¼ 1=2 pseudospins reminiscent of the high-TC super-
conducting cuprate parent materials [6]. Indeed, Sr2IrO4 is
considered a promising candidate for exotic superconduc-
tivity since it reproduces much of the fermiology of hole-
doped cuprates upon electron doping [7,8].
The strontium iridate Ruddlesden-Popper (RP) com-

pounds Srnþ1IrnO3nþ1 ¼ ð½SrIrO3%n; SrOÞ essentially con-
sist of n SrIrO3 perovskite layers, intercalated by SrO layers
and laterally shifted against each other such that no Ir─O─Ir
bonds persist between neighboring ½SrIrO3%n blocks [9]. As
one veers away from the quasi-2D limit (Sr2IrO4, n ¼ 1) the
Mott-insulating state breaks down as evidenced by the
narrow-gap bilayer system Sr3Ir2O7 hosting a collinear
antiferromagnetic order [10,11] and the three-dimensional
(n ¼ ∞) semimetallic SrIrO3[12]. However, the instability
of bulk Srnþ1IrnO3nþ1 for n > 2 impedes a systematic
investigation of the dimensionality-induced metal-
insulator-transition (MIT). In an attempt to mimic the
layered RP structure, a concurrent metal-insulator and

magnetic transition has been observed in artificially tailored
ð½SrIrO3%m; SrTiO3Þ superlattices, where the intercalated
SrO layers were substituted with SrTiO3 monolayers
[13]. Noticeably, the different magnetic orders found in
the bilayer analogues reflect the persisting non-negligible
coupling between neighboring bilayers across the
SrO=SrTiO3 blocking layers. Indeed, both magnetism and
resistivity have recently been shown to be affected by
pronounced interlayer coupling in ðSrIrO3; ½SrTiO3%kÞ
superlattices [14].
In this Letter, we investigate the electronic and structural

properties of epitaxially grown ultrathin perovskite SrIrO3

films, which represent a considerably cleaner (or: better
defined) approach to the two-dimensional limit than the
superlattices. We observe the opening of a distinct charge
gap at the chemical potential and concurrent changes in the
film crystalline structure as a function of the film thickness.
In a combined experimental and theoretical approach
using soft-x-ray angle-resolved photoelectron spectroscopy
(SX ARPES) and ab initio density functional theory (DFT
and DFTþ U) calculations we investigate the evolution of
the electronic band structure across the film thickness-
driven MIT. We thereby elucidate the complex, microsopic
interplay between electronic correlations, structural degrees
of freedom, magnetism, and dimensionality.
SrIrO3 thin films were heteroepitaxially grown on

TiO2-terminated SrTiO3 (001) substrates by pulsed laser
deposition (PLD) from a polycrystalline SrIrO3 target.
The films adopt a pseudotetragonal perovskite structure
with an in-plane lattice constant locked to that of SrTiO3

(a ¼ 3.905 Å) and an out-of-plane lattice constant of
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the crystal potential that enlarges (reduces) the real-space
unit cell (Brillouin zone) as depicted in Figs. 2(a) and 2(b).
In Fig. 2(c) we present the corresponding band structure
unfolded into the original Brillouin zone, thereby taking
into account the effect of this weak symmetry breaking by
calculating the proper spectral weight distribution as
described in Ref. [39] (represented by the size of the gray
dots). The weighted, unfolded bands have a narrow

bandwidth of ≈400 meV and resolve the aforementioned
discrepancies between experiment and theory by exhibiting
Fermi crossings around the X and R point. Note that the
seemingly more pronounced backfolded band structure in
ARPES measurements using He I light [16,40] may be due
to different matrix elements and/or the inherently higher
surface sensitivity as compared to photoemission in the
soft-x-ray regime [41,42].
Epitaxially stabilized SrIrO3 thin films essentially exhibit

bulk electronic and structural properties above a thickness of
at least 9 u.c., i.e., paramagnetism and metallicity with a
partially filled Jeff ¼ 1=2 band. Figure 3(a) shows photo-
emission spectra (He I, hν ¼ 21.2 eV) of SrIrO3 films of
smaller thicknesses with m ¼ 4, 3, 2, 1, and 0 u.c. (bare
Nb∶SrTiO3). As expected in the three-dimensional limit
thick films (m ≥ 4) exhibit a metallic density of states with a
pronounced Fermi-Dirac cutoff at the chemical potential.
Intriguingly, atm ¼ 3 the Fermi cutoff disappears and upon
further reduction of the film thickness a distinct charge gap
opens.Hence, in analogy to theRP iridates the films undergo
a MIT transition as a function of dimensionality as also
observed in transport measurements [43]. As shown in the
inset of Fig. 3(a) magnetic DFTþ U calculations for m
SrIrO3 layers on 4 SrTiO3 layers (denoted bym⫽4) similarly
show a decreasing charge gap in the k-integrated density of
states (DOS) as m is increased. Note, however, that in the
presence of magnetic ordering the increasing film thickness
alone does not trigger a transition from insulating tometallic
in our calculations.
The photoemission gap opening is accompanied by a

structural transition as inferred from low energy (LEED)
and reflection high-energy electron diffraction (RHEED)
from the film surface. As seen in Fig. 3(b), the surface
periodicity, which reflects the complex rotational pattern of

(a)

(c)

(b)

FIG. 2. (a) Real-space lattice structure of SrIrO3 including
octahedral rotations (aþb−b− in Glazer notation with the a axis
orthogonal to the film surface normal) and strain. The ortho-
rhombic unit cell (blue) is enlarged by 2 ×

ffiffiffi
2

p
×

ffiffiffi
2

p
with respect

to the tetragonal unit cell (black). (b) Reciprocal space structure
of the orthorhombic (blue) and tetragonal (black) structure.
(c) SX-ARPES band maps along the pseudotetragonal high-
symmetry lines Γ − X −M − Γ and Z − R − A − Z in compari-
son to DFTþ U band structure calculated in the orthorhombic
setting and unfolded into the tetragonal Brillouin zone.

(a) (b) (c)

FIG. 3. (a) Ultraviolet photoelectron spectroscopy (UPS) of SrIrO3 films with thickness m (bare Nb∶SrTiO3, m ¼ 1; 2; 3; 4 u:c:)
exhibiting the opening of a charge gap between 3 and 4 u.c. Inset: DOS from DFTþ U slab calculations ofm SrIrO3 layers on 4 SrTiO3

layers (m⫽4). (b) LEED and RHEED patterns of an insulating (m ¼ 3) and a metallic (m ¼ 4) SrIrO3 film exhibit a structural transition
from a

ffiffiffi
2

p
×

ffiffiffi
2

p
to a 2 × 2 surface periodicity across theMIT. (c) Structuralmodel explaining the observed changes as result of suppressed

in-plane octahedral rotations in thin films (a0a0bþ=−) as opposed to the bulk rotational pattern (aþb−b−) observed in thick films.

PRL 119, 256404 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

22 DECEMBER 2017

256404-3
th

ic
kn

es
s

the crystal potential that enlarges (reduces) the real-space
unit cell (Brillouin zone) as depicted in Figs. 2(a) and 2(b).
In Fig. 2(c) we present the corresponding band structure
unfolded into the original Brillouin zone, thereby taking
into account the effect of this weak symmetry breaking by
calculating the proper spectral weight distribution as
described in Ref. [39] (represented by the size of the gray
dots). The weighted, unfolded bands have a narrow

bandwidth of ≈400 meV and resolve the aforementioned
discrepancies between experiment and theory by exhibiting
Fermi crossings around the X and R point. Note that the
seemingly more pronounced backfolded band structure in
ARPES measurements using He I light [16,40] may be due
to different matrix elements and/or the inherently higher
surface sensitivity as compared to photoemission in the
soft-x-ray regime [41,42].
Epitaxially stabilized SrIrO3 thin films essentially exhibit

bulk electronic and structural properties above a thickness of
at least 9 u.c., i.e., paramagnetism and metallicity with a
partially filled Jeff ¼ 1=2 band. Figure 3(a) shows photo-
emission spectra (He I, hν ¼ 21.2 eV) of SrIrO3 films of
smaller thicknesses with m ¼ 4, 3, 2, 1, and 0 u.c. (bare
Nb∶SrTiO3). As expected in the three-dimensional limit
thick films (m ≥ 4) exhibit a metallic density of states with a
pronounced Fermi-Dirac cutoff at the chemical potential.
Intriguingly, atm ¼ 3 the Fermi cutoff disappears and upon
further reduction of the film thickness a distinct charge gap
opens.Hence, in analogy to theRP iridates the films undergo
a MIT transition as a function of dimensionality as also
observed in transport measurements [43]. As shown in the
inset of Fig. 3(a) magnetic DFTþ U calculations for m
SrIrO3 layers on 4 SrTiO3 layers (denoted bym⫽4) similarly
show a decreasing charge gap in the k-integrated density of
states (DOS) as m is increased. Note, however, that in the
presence of magnetic ordering the increasing film thickness
alone does not trigger a transition from insulating tometallic
in our calculations.
The photoemission gap opening is accompanied by a

structural transition as inferred from low energy (LEED)
and reflection high-energy electron diffraction (RHEED)
from the film surface. As seen in Fig. 3(b), the surface
periodicity, which reflects the complex rotational pattern of

(a)

(c)

(b)

FIG. 2. (a) Real-space lattice structure of SrIrO3 including
octahedral rotations (aþb−b− in Glazer notation with the a axis
orthogonal to the film surface normal) and strain. The ortho-
rhombic unit cell (blue) is enlarged by 2 ×

ffiffiffi
2

p
×

ffiffiffi
2

p
with respect

to the tetragonal unit cell (black). (b) Reciprocal space structure
of the orthorhombic (blue) and tetragonal (black) structure.
(c) SX-ARPES band maps along the pseudotetragonal high-
symmetry lines Γ − X −M − Γ and Z − R − A − Z in compari-
son to DFTþ U band structure calculated in the orthorhombic
setting and unfolded into the tetragonal Brillouin zone.

(a) (b) (c)

FIG. 3. (a) Ultraviolet photoelectron spectroscopy (UPS) of SrIrO3 films with thickness m (bare Nb∶SrTiO3, m ¼ 1; 2; 3; 4 u:c:)
exhibiting the opening of a charge gap between 3 and 4 u.c. Inset: DOS from DFTþ U slab calculations ofm SrIrO3 layers on 4 SrTiO3

layers (m⫽4). (b) LEED and RHEED patterns of an insulating (m ¼ 3) and a metallic (m ¼ 4) SrIrO3 film exhibit a structural transition
from a

ffiffiffi
2

p
×

ffiffiffi
2

p
to a 2 × 2 surface periodicity across theMIT. (c) Structuralmodel explaining the observed changes as result of suppressed

in-plane octahedral rotations in thin films (a0a0bþ=−) as opposed to the bulk rotational pattern (aþb−b−) observed in thick films.

PRL 119, 256404 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

22 DECEMBER 2017

256404-3• interplay between SOC, structural distortions and magnetism 
 

• see poster by Severino Adler on 5d3 Osmates

SEVERINO	ADLER

PERSÖNLICHE	ANGABEN																																																																																

Geburtsdatum	 1.2.1993;	Wien

Adresse	 Kandlgasse	16/2/5;	1070	Wien

Staatsangehörigkeit	 Österreich

Telefonnummer +43	69919286384

E-Mail severino-adler@gmx.at

AUSBILDUNG																																																																																																																																														

06/2011 Matura	(äquivalent	Abitur,	mit	ausgezeichnetem	Erfolg	bestanden)

Sir-Karl-Popper-Schule/Wiedner	Gymnasium,	Wien

von	2012	bis	2016 Bachelorstudium	Technische	Physik,	Technische	Universität	Wien

07/2016 Bachelor	of	Science	in	Technischer	Physik
Technische	Universität	Wien
Titel	der	Bachelorarbeit:

„Holographic	Entanglement	Entropy	-	a	Wilsonline	approach“	(Note	1)

08/2016	bis	01/2017 Erasmus	Auslandssemester	in	Uppsala,	Schweden

Seit	08/2016 	Masterstudium	Technische	Physik,	Technische	Universität	Wien
Titel	der	1.	Projektarbeit:

„Hubbard	to	Falicov-Kimball	-	a	DMFT[DMRG]	study“	(Note	1)

Titel	der	2.	Projektarbeit:

„Tesing	the	real-ime	formalism:	

A	Keldysh	study	of	the	Anderson	impurity	model“	(Note	1)

Vorläufiger	Titel	der	Diplomarbeit:

„The	effect	of	atomic	spin-orbit	coupling	on	a	DFT+DMFT	calculaion	of

LiOsO3„

BERUFLICHE	ERFAHRUNG																																																																																																																									

2013	bis	2016 Nachhilfelehrkran,	Geringfügig
LernQuadrat	OG,	Wien

10/2015	bis	01/2016 Tutor	für	MathemaIsche	Methoden	der	TheoreIschen	Physik
Technische	Universität	Wien

03/2016	bis	06/2016 Tutor	für	Elektrodynamik	I,	Technische	Universität	Wien
03/2017	bis	06/2017 Tutor	für	StaIsIsche	Physik	I,	Technische	Universität	Wien
05/2017	bis	09/2017 Bartender,	Teilzeit

PATRICK	BURGER	LIQUID	SOLUTIONS	e.U.,	Wien

01/2018	bis	06/2018 Technischer	Kundensupport	als	Genius,	Teilzeit
Apple	Retail	Europe	UC	-	Austria	Branch,	Wien

10/2018	bis	01/2019 Tutor	für	Quantenmechanik	I,	Technische	Universität	Wien



other examples of thickness induced MIT

half-filled

!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S ¼ 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L ¼ 1 states with  ml¼'1 ¼ (ðjzxi'
ijyziÞ=

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff ¼ 1=2 doublet and Jeff ¼ 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff ¼ 1=2 is energetically
higher than the Jeff ¼ 3=2, seemingly against the Hund’s
rule, since the Jeff ¼ 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff ¼ 3=2 band and

one remaining electron in the Jeff ¼ 1=2 band, the system
is effectively reduced to a half-filled Jeff ¼ 1=2 single band
system [Fig. 1(c)]. The Jeff ¼ 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff ¼ 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff ¼ 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDAþU calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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FIG. 2 (color online). Theoretical Fermi surfaces and band
dispersions in (a) LDA, (b) LDAþ SO, (c) LDAþ SOþU
(2 eV), and (d) LDAþU. In (c), the left panel shows topology
of valence band maxima (EB ¼ 0:2 eV) instead of the FS.
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• mimicking the Ruddlesden-Popper series:

energy-scale dependence, thus, resolving some points of
controversy in the literature.

Our DFTþ DMFT calculations are done using the
projection-embedding implementation [16] based on the
WIEN2K package [20]. For comparison, we also carried out
DFTþ U calculations using the ELK code [21]. VASP was

used to relax the structures when epitaxial strain was
considered [22]. Details are provided in the Supplemental
Material [17].
The resulting DMFT spectral functions are presented in

Fig. 1 for the 214, 327, and 113 compounds, with color
coding showing the spectral intensity along !" X"M"
!, together with orbital-resolved density of states (DOS)
band structures obtained using generalized gradient
approximationþ U (GGAþ U). Within DMFT, the insu-
lating gap in 214 and 327 are approximately 400 and
300 meV, respectively. The unoccupied electronic states
are of mainly Jeff ¼ 1=2 character. The first valence state at
X is also of Jeff ¼ 1=2 character, while the first valence
state at ! is of Jeff ¼ 3=2 character; hence, the occupied
states are an equal mixture of Jeff ¼ 1=2 and Jeff ¼ 3=2
states. In the DMFT calculation, the topmost valence state
atX is about 40meV closer toEF than the first valence state
at the ! point, in agreement with recent angle-resolved
photoemission spectroscopy (ARPES) measurements
[23,24] but in contrast to GGAþ U results (Fig. 1). This
is because the filled orbitals (here, Jeff ¼ 3=2) tend to be
repelled from the Fermi level in DMFT. In 327, the Jeff ¼
3=2 tail at ! is split into two peaks due to its double-layer
structure, consistent with experimental results [25]. Finally,
the 113 compound is a strongly correlated metal [8] with
very flat bands around EF. The effective mass of the t2g
states is quite large; e.g., the effective mass of the hole
pocket around ! is about 9 times that of a bare electron.
A closer look at the orbital-resolved DOS in Fig. 1

reveals that the Jeff ¼ 1=2 states are not fully polarized.
This is due to significant itineracy effects and hybridization
between Ir 5d and O 2p states. The resulting occupation
number for the occupied Jeff ¼ 1=2 orbitals is about 0.65
(0.45) in the 214 (327) compound. Consequently, this leads
to substantially reduced magnetic moments compared to
the ideal Jeff ¼ 1=2 value of 1!B, down to about 0.55
(214) and 0:58!B (327).
While for the most part, the GGAþ U band structures

are in fairly good agreement with the DMFT spectral
functions (Fig. 1), there are also some differences. The
band gaps in the 214 and 327 compounds withinGGAþ U
are of almost equal size, about 270 meV (UGGAþU ¼
2:5 eV), while there is a clear gap reduction of about
100 meV in the DMFT calculations. This is not surprising,
given that the fully screened U required by GGAþ U
should be reduced in the more itinerant 327 compounds.
For 113, the Fermi surfaces in DMFT are quite similar to
the GGA Fermi surfaces (not shown), but the bandwidth is
strongly renormalized. This is not the case in GGAþ U,
where the hole pocket at ! is missing. Recent ARPES
measurements [26] confirmed the existence of the hole
pocket at ! with a strongly enhanced effective mass, in
agreement with our DMFT results.
We mention in passing that the paramagnetic calculation

for 214 is not insulating in DFTþ DMFT, but a very bad
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FIG. 1 (color online). Spectral functions and orbital-resolved
DOS obtained by the DMFT method for the RP series of iridates.
Arrows indicate optical transitions corresponding to the peaks in
the optical conductivities shown in Fig. 2. Dotted lines denote
the band structures obtained by GGAþ U calculations. For 214
and 327, the GGAþ U band structures and the DMFT spectral
functions are aligned by fixing the position of the topmost
valence state at X. Orbitals (1=2, $1=2) correspond to c$1=2,
and ‘‘total(3/2)’’ stands for the sum over the remaining t2g states,
i.e., Jeff ¼ 3=2 states.
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energy-scale dependence, thus, resolving some points of
controversy in the literature.
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Upon reduction of the film thickness we observe a metal-insulator transition in epitaxially stabilized,
spin-orbit-coupled SrIrO3 ultrathin films. By comparison of the experimental electronic dispersions with
density functional theory at various levels of complexity we identify the leading microscopic mechanisms,
i.e., a dimensionality-induced readjustment of octahedral rotations, magnetism, and electronic correlations.
The astonishing resemblance of the band structure in the two-dimensional limit to that of bulk Sr2IrO4

opens new avenues to unconventional superconductivity by “clean” electron doping through electric field
gating.

DOI: 10.1103/PhysRevLett.119.256404

Although typically viewed as disparate properties, the
interplay between strong spin-orbit coupling (SOC) and
electronic correlations in high-Z 5d transition metal oxides
can lead to exotic quantum states of matter like Kitaev spin
liquids [1,2] and topological phases [3,4]. A prominent
example is the Mott-insulating state found in the proto-
typical system Sr2IrO4 [5], which is promoted by the lifted
orbital degeneracy of the t2g manifold due to the entangle-
ment of orbital and spin degrees of freedom in the presence
of strong SOC [1]. Its quasi-two-dimensional (2D) layered-
perovskite structure with corner-shared IrO6 octahedra
hosts a square lattice of antiferromagnetically coupled
Jeff ¼ 1=2 pseudospins reminiscent of the high-TC super-
conducting cuprate parent materials [6]. Indeed, Sr2IrO4 is
considered a promising candidate for exotic superconduc-
tivity since it reproduces much of the fermiology of hole-
doped cuprates upon electron doping [7,8].
The strontium iridate Ruddlesden-Popper (RP) com-

pounds Srnþ1IrnO3nþ1 ¼ ð½SrIrO3%n; SrOÞ essentially con-
sist of n SrIrO3 perovskite layers, intercalated by SrO layers
and laterally shifted against each other such that no Ir─O─Ir
bonds persist between neighboring ½SrIrO3%n blocks [9]. As
one veers away from the quasi-2D limit (Sr2IrO4, n ¼ 1) the
Mott-insulating state breaks down as evidenced by the
narrow-gap bilayer system Sr3Ir2O7 hosting a collinear
antiferromagnetic order [10,11] and the three-dimensional
(n ¼ ∞) semimetallic SrIrO3[12]. However, the instability
of bulk Srnþ1IrnO3nþ1 for n > 2 impedes a systematic
investigation of the dimensionality-induced metal-
insulator-transition (MIT). In an attempt to mimic the
layered RP structure, a concurrent metal-insulator and

magnetic transition has been observed in artificially tailored
ð½SrIrO3%m; SrTiO3Þ superlattices, where the intercalated
SrO layers were substituted with SrTiO3 monolayers
[13]. Noticeably, the different magnetic orders found in
the bilayer analogues reflect the persisting non-negligible
coupling between neighboring bilayers across the
SrO=SrTiO3 blocking layers. Indeed, both magnetism and
resistivity have recently been shown to be affected by
pronounced interlayer coupling in ðSrIrO3; ½SrTiO3%kÞ
superlattices [14].
In this Letter, we investigate the electronic and structural

properties of epitaxially grown ultrathin perovskite SrIrO3

films, which represent a considerably cleaner (or: better
defined) approach to the two-dimensional limit than the
superlattices. We observe the opening of a distinct charge
gap at the chemical potential and concurrent changes in the
film crystalline structure as a function of the film thickness.
In a combined experimental and theoretical approach
using soft-x-ray angle-resolved photoelectron spectroscopy
(SX ARPES) and ab initio density functional theory (DFT
and DFTþ U) calculations we investigate the evolution of
the electronic band structure across the film thickness-
driven MIT. We thereby elucidate the complex, microsopic
interplay between electronic correlations, structural degrees
of freedom, magnetism, and dimensionality.
SrIrO3 thin films were heteroepitaxially grown on

TiO2-terminated SrTiO3 (001) substrates by pulsed laser
deposition (PLD) from a polycrystalline SrIrO3 target.
The films adopt a pseudotetragonal perovskite structure
with an in-plane lattice constant locked to that of SrTiO3

(a ¼ 3.905 Å) and an out-of-plane lattice constant of
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the crystal potential that enlarges (reduces) the real-space
unit cell (Brillouin zone) as depicted in Figs. 2(a) and 2(b).
In Fig. 2(c) we present the corresponding band structure
unfolded into the original Brillouin zone, thereby taking
into account the effect of this weak symmetry breaking by
calculating the proper spectral weight distribution as
described in Ref. [39] (represented by the size of the gray
dots). The weighted, unfolded bands have a narrow

bandwidth of ≈400 meV and resolve the aforementioned
discrepancies between experiment and theory by exhibiting
Fermi crossings around the X and R point. Note that the
seemingly more pronounced backfolded band structure in
ARPES measurements using He I light [16,40] may be due
to different matrix elements and/or the inherently higher
surface sensitivity as compared to photoemission in the
soft-x-ray regime [41,42].
Epitaxially stabilized SrIrO3 thin films essentially exhibit

bulk electronic and structural properties above a thickness of
at least 9 u.c., i.e., paramagnetism and metallicity with a
partially filled Jeff ¼ 1=2 band. Figure 3(a) shows photo-
emission spectra (He I, hν ¼ 21.2 eV) of SrIrO3 films of
smaller thicknesses with m ¼ 4, 3, 2, 1, and 0 u.c. (bare
Nb∶SrTiO3). As expected in the three-dimensional limit
thick films (m ≥ 4) exhibit a metallic density of states with a
pronounced Fermi-Dirac cutoff at the chemical potential.
Intriguingly, atm ¼ 3 the Fermi cutoff disappears and upon
further reduction of the film thickness a distinct charge gap
opens.Hence, in analogy to theRP iridates the films undergo
a MIT transition as a function of dimensionality as also
observed in transport measurements [43]. As shown in the
inset of Fig. 3(a) magnetic DFTþ U calculations for m
SrIrO3 layers on 4 SrTiO3 layers (denoted bym⫽4) similarly
show a decreasing charge gap in the k-integrated density of
states (DOS) as m is increased. Note, however, that in the
presence of magnetic ordering the increasing film thickness
alone does not trigger a transition from insulating tometallic
in our calculations.
The photoemission gap opening is accompanied by a

structural transition as inferred from low energy (LEED)
and reflection high-energy electron diffraction (RHEED)
from the film surface. As seen in Fig. 3(b), the surface
periodicity, which reflects the complex rotational pattern of

(a)

(c)

(b)

FIG. 2. (a) Real-space lattice structure of SrIrO3 including
octahedral rotations (aþb−b− in Glazer notation with the a axis
orthogonal to the film surface normal) and strain. The ortho-
rhombic unit cell (blue) is enlarged by 2 ×

ffiffiffi
2

p
×

ffiffiffi
2

p
with respect

to the tetragonal unit cell (black). (b) Reciprocal space structure
of the orthorhombic (blue) and tetragonal (black) structure.
(c) SX-ARPES band maps along the pseudotetragonal high-
symmetry lines Γ − X −M − Γ and Z − R − A − Z in compari-
son to DFTþ U band structure calculated in the orthorhombic
setting and unfolded into the tetragonal Brillouin zone.

(a) (b) (c)

FIG. 3. (a) Ultraviolet photoelectron spectroscopy (UPS) of SrIrO3 films with thickness m (bare Nb∶SrTiO3, m ¼ 1; 2; 3; 4 u:c:)
exhibiting the opening of a charge gap between 3 and 4 u.c. Inset: DOS from DFTþ U slab calculations ofm SrIrO3 layers on 4 SrTiO3

layers (m⫽4). (b) LEED and RHEED patterns of an insulating (m ¼ 3) and a metallic (m ¼ 4) SrIrO3 film exhibit a structural transition
from a

ffiffiffi
2

p
×

ffiffiffi
2

p
to a 2 × 2 surface periodicity across theMIT. (c) Structuralmodel explaining the observed changes as result of suppressed

in-plane octahedral rotations in thin films (a0a0bþ=−) as opposed to the bulk rotational pattern (aþb−b−) observed in thick films.
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FIG. 2. (a) Specular RHEED intensity oscillations during the growth of SrIrO3 in the temperature range 700� 720�C at oxygen partial
pressures of 0.05�0.08mbar and different laser fluencies (slow growth: 1.7 J/cm2, fast growth: 2.5 J/cm2). (b) RHEED intensity oscillation
period Tn as function of oscillation number n. After one (three) prolonged oscillation periods, a minimum is observed, followed by a gradual
increase of Tn. (c) Preservation of the perovskite stacking and stoichiometric deposition would lead to an IrO2 surface termination. Due to the
volatility of IrO3, a termination conversion to SrO-terminated SrIrO3 occurs.

on TiO2-terminated SrTiO3, where it is due to a deviation
from the expected preservation of the perovskite stacking or-
der AO-BO2 in (001) direction, which would result in a RuO2-
terminated surface.39 Specifically, the topmost RuO2 layer is
unstable and forms volatile compounds until the terminating
layer is completely converted to SrO. As evidenced by a dou-
bling of the first oscillation period, for SrRuO3 the conversion
from A- to B-site termination is completed within the first unit
cell at 700�C and distributed over several oscillation periods
at lower temperatures.

We propose that a similar conversion from IrO2 to SrO
termination occurs during the growth of SrIrO3 by over-
oxidation of the terminating IrO2 layer and subsequent evapo-
ration of IrO3. As shown in Fig. 2 (c), the conservation of the
perovskite stacking order on a TiO2-terminated SrTiO3 sub-
strate results in a IrO2-terminated surface with an incomplete
IrO6 octahedron. The tendency of BO2-terminated perovskite
transition metal oxides to adsorb excess oxygen ions at the
apical site is well-documented.40 We argue that the adsorp-
tion of an apical oxygen ion leads to the decomposition of
the IrO6 octahedron into gaseous molecular IrO3 and the re-
maining SrO-terminated surface. Rather than a doubling of
the first oscillation period as in the case of SrRuO3, a prolon-
gation of the first oscillation is observed experimentally dur-
ing the growth of SrIrO3. However, the minimal oscillation
period consistently appears after a similar absolute time span
(⇡ 100s) and independent of the growth rate, signalling that
the IrO3 formation and evaporation rate is only sensitive to the
thermodynamic conditions to a good approximation.

As shown in Ref. 39 the characteristic, consistent signa-
ture of the RHEED intensity oscillations is a strong, but ar-
guably indirect indication for a specific termination conver-
sion. For a more direct evidence, we investigated the micro-
scopic surface structure of a 4 uc thin SrIrO3 film, covered
with a protective layer of amorphous carbon to facilitate the
direct imaging of the surface by HAADF-STEM.Since the

characteristic signature of the RHEED intensity oscillations,
albeit consistent, is only a weak indication for a termination
conversion, a 4 uc thin SrIrO3 film is deliberately grown
and covered with a protective layer of amorphous carbon to
facilitate the direct imaging of the surface by HAADF-STEM.
The pronounced Laue oscillations and the STEM image of a
thick film grown at identical conditions in Fig. 3 (a) and (b)
evidence the coherent growth of stoichiometric SrIrO3 with-
out stacking faults. Figure 3 (c) shows an overview STEM
image of the thin SrIrO3 film, which at the first glance ap-
pears to be terminated by an IrO2 layer. Indeed, the iridium
columns (atomic number Z = 77) are most pronounced due
to the Rutherford-like dependence of the scattering cross sec-
tion in HAADF-imaging (µ Z

n with n ⇡ 1.7)41, followed by
strontium (Z = 38) and titanium (Z = 22), while carbon and
oxygen atoms are not detected. However, a signal is discerned
above the topmost IrO2 layer (cf. Fig. 3 (d)), as highlighted by
averaged line profiles of the IrO2/TiO2 and SrO layers perpen-
dicular to the surface (along [001]p) in Fig. 3 (e). The strong
scattering from the heavy iridium atoms results in a broadened
iridium signal, which overshadows the other atomic species.s
Nonetheless, the topmost atomic layer apparently stems from
a SrO rather than a IrO2 layer as is suggested from the com-
parison of the SrO and IrO2 line profiles with the last shoul-
der towards the surface seen for the former. For clarity, two
horizontal line profiles of the sub-surface (grey) and surface
(green) SrO layer along the [100]p lattice direction are shown
in Fig. 3 (f). Despite the weak intensity of the surface layer
both signals clearly exhibit an in-phase periodicity that sub-
stantiates the conjecture of a SrO termination. Whether the
weak signal strength of the terminating layer is exclusively
caused by the broken translational symmetry at the surface or
also due to an only partial, inhomogeneous SrO coverage of
the sample remains an open question. Further investigations
with atomic-resolution scanning probe techniques (e.g., scan-
ning transmission or atomic force microscopy) may shed light
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FIG. 2. (a) Specular RHEED intensity oscillations during the growth of SrIrO3 in the temperature range 700� 720�C at oxygen partial
pressures of 0.05�0.08mbar and different laser fluencies (slow growth: 1.7 J/cm2, fast growth: 2.5 J/cm2). (b) RHEED intensity oscillation
period Tn as function of oscillation number n. After one (three) prolonged oscillation periods, a minimum is observed, followed by a gradual
increase of Tn. (c) Preservation of the perovskite stacking and stoichiometric deposition would lead to an IrO2 surface termination. Due to the
volatility of IrO3, a termination conversion to SrO-terminated SrIrO3 occurs.

on TiO2-terminated SrTiO3, where it is due to a deviation
from the expected preservation of the perovskite stacking or-
der AO-BO2 in (001) direction, which would result in a RuO2-
terminated surface.39 Specifically, the topmost RuO2 layer is
unstable and forms volatile compounds until the terminating
layer is completely converted to SrO. As evidenced by a dou-
bling of the first oscillation period, for SrRuO3 the conversion
from A- to B-site termination is completed within the first unit
cell at 700�C and distributed over several oscillation periods
at lower temperatures.

We propose that a similar conversion from IrO2 to SrO
termination occurs during the growth of SrIrO3 by over-
oxidation of the terminating IrO2 layer and subsequent evapo-
ration of IrO3. As shown in Fig. 2 (c), the conservation of the
perovskite stacking order on a TiO2-terminated SrTiO3 sub-
strate results in a IrO2-terminated surface with an incomplete
IrO6 octahedron. The tendency of BO2-terminated perovskite
transition metal oxides to adsorb excess oxygen ions at the
apical site is well-documented.40 We argue that the adsorp-
tion of an apical oxygen ion leads to the decomposition of
the IrO6 octahedron into gaseous molecular IrO3 and the re-
maining SrO-terminated surface. Rather than a doubling of
the first oscillation period as in the case of SrRuO3, a prolon-
gation of the first oscillation is observed experimentally dur-
ing the growth of SrIrO3. However, the minimal oscillation
period consistently appears after a similar absolute time span
(⇡ 100s) and independent of the growth rate, signalling that
the IrO3 formation and evaporation rate is only sensitive to the
thermodynamic conditions to a good approximation.

As shown in Ref. 39 the characteristic, consistent signa-
ture of the RHEED intensity oscillations is a strong, but ar-
guably indirect indication for a specific termination conver-
sion. For a more direct evidence, we investigated the micro-
scopic surface structure of a 4 uc thin SrIrO3 film, covered
with a protective layer of amorphous carbon to facilitate the
direct imaging of the surface by HAADF-STEM.Since the

characteristic signature of the RHEED intensity oscillations,
albeit consistent, is only a weak indication for a termination
conversion, a 4 uc thin SrIrO3 film is deliberately grown
and covered with a protective layer of amorphous carbon to
facilitate the direct imaging of the surface by HAADF-STEM.
The pronounced Laue oscillations and the STEM image of a
thick film grown at identical conditions in Fig. 3 (a) and (b)
evidence the coherent growth of stoichiometric SrIrO3 with-
out stacking faults. Figure 3 (c) shows an overview STEM
image of the thin SrIrO3 film, which at the first glance ap-
pears to be terminated by an IrO2 layer. Indeed, the iridium
columns (atomic number Z = 77) are most pronounced due
to the Rutherford-like dependence of the scattering cross sec-
tion in HAADF-imaging (µ Z

n with n ⇡ 1.7)41, followed by
strontium (Z = 38) and titanium (Z = 22), while carbon and
oxygen atoms are not detected. However, a signal is discerned
above the topmost IrO2 layer (cf. Fig. 3 (d)), as highlighted by
averaged line profiles of the IrO2/TiO2 and SrO layers perpen-
dicular to the surface (along [001]p) in Fig. 3 (e). The strong
scattering from the heavy iridium atoms results in a broadened
iridium signal, which overshadows the other atomic species.s
Nonetheless, the topmost atomic layer apparently stems from
a SrO rather than a IrO2 layer as is suggested from the com-
parison of the SrO and IrO2 line profiles with the last shoul-
der towards the surface seen for the former. For clarity, two
horizontal line profiles of the sub-surface (grey) and surface
(green) SrO layer along the [100]p lattice direction are shown
in Fig. 3 (f). Despite the weak intensity of the surface layer
both signals clearly exhibit an in-phase periodicity that sub-
stantiates the conjecture of a SrO termination. Whether the
weak signal strength of the terminating layer is exclusively
caused by the broken translational symmetry at the surface or
also due to an only partial, inhomogeneous SrO coverage of
the sample remains an open question. Further investigations
with atomic-resolution scanning probe techniques (e.g., scan-
ning transmission or atomic force microscopy) may shed light
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FIG. 2. (a) Specular RHEED intensity oscillations during the growth of SrIrO3 in the temperature range 700� 720�C at oxygen partial
pressures of 0.05�0.08mbar and different laser fluencies (slow growth: 1.7 J/cm2, fast growth: 2.5 J/cm2). (b) RHEED intensity oscillation
period Tn as function of oscillation number n. After one (three) prolonged oscillation periods, a minimum is observed, followed by a gradual
increase of Tn. (c) Preservation of the perovskite stacking and stoichiometric deposition would lead to an IrO2 surface termination. Due to the
volatility of IrO3, a termination conversion to SrO-terminated SrIrO3 occurs.

on TiO2-terminated SrTiO3, where it is due to a deviation
from the expected preservation of the perovskite stacking or-
der AO-BO2 in (001) direction, which would result in a RuO2-
terminated surface.39 Specifically, the topmost RuO2 layer is
unstable and forms volatile compounds until the terminating
layer is completely converted to SrO. As evidenced by a dou-
bling of the first oscillation period, for SrRuO3 the conversion
from A- to B-site termination is completed within the first unit
cell at 700�C and distributed over several oscillation periods
at lower temperatures.

We propose that a similar conversion from IrO2 to SrO
termination occurs during the growth of SrIrO3 by over-
oxidation of the terminating IrO2 layer and subsequent evapo-
ration of IrO3. As shown in Fig. 2 (c), the conservation of the
perovskite stacking order on a TiO2-terminated SrTiO3 sub-
strate results in a IrO2-terminated surface with an incomplete
IrO6 octahedron. The tendency of BO2-terminated perovskite
transition metal oxides to adsorb excess oxygen ions at the
apical site is well-documented.40 We argue that the adsorp-
tion of an apical oxygen ion leads to the decomposition of
the IrO6 octahedron into gaseous molecular IrO3 and the re-
maining SrO-terminated surface. Rather than a doubling of
the first oscillation period as in the case of SrRuO3, a prolon-
gation of the first oscillation is observed experimentally dur-
ing the growth of SrIrO3. However, the minimal oscillation
period consistently appears after a similar absolute time span
(⇡ 100s) and independent of the growth rate, signalling that
the IrO3 formation and evaporation rate is only sensitive to the
thermodynamic conditions to a good approximation.

As shown in Ref. 39 the characteristic, consistent signa-
ture of the RHEED intensity oscillations is a strong, but ar-
guably indirect indication for a specific termination conver-
sion. For a more direct evidence, we investigated the micro-
scopic surface structure of a 4 uc thin SrIrO3 film, covered
with a protective layer of amorphous carbon to facilitate the
direct imaging of the surface by HAADF-STEM.Since the

characteristic signature of the RHEED intensity oscillations,
albeit consistent, is only a weak indication for a termination
conversion, a 4 uc thin SrIrO3 film is deliberately grown
and covered with a protective layer of amorphous carbon to
facilitate the direct imaging of the surface by HAADF-STEM.
The pronounced Laue oscillations and the STEM image of a
thick film grown at identical conditions in Fig. 3 (a) and (b)
evidence the coherent growth of stoichiometric SrIrO3 with-
out stacking faults. Figure 3 (c) shows an overview STEM
image of the thin SrIrO3 film, which at the first glance ap-
pears to be terminated by an IrO2 layer. Indeed, the iridium
columns (atomic number Z = 77) are most pronounced due
to the Rutherford-like dependence of the scattering cross sec-
tion in HAADF-imaging (µ Z

n with n ⇡ 1.7)41, followed by
strontium (Z = 38) and titanium (Z = 22), while carbon and
oxygen atoms are not detected. However, a signal is discerned
above the topmost IrO2 layer (cf. Fig. 3 (d)), as highlighted by
averaged line profiles of the IrO2/TiO2 and SrO layers perpen-
dicular to the surface (along [001]p) in Fig. 3 (e). The strong
scattering from the heavy iridium atoms results in a broadened
iridium signal, which overshadows the other atomic species.s
Nonetheless, the topmost atomic layer apparently stems from
a SrO rather than a IrO2 layer as is suggested from the com-
parison of the SrO and IrO2 line profiles with the last shoul-
der towards the surface seen for the former. For clarity, two
horizontal line profiles of the sub-surface (grey) and surface
(green) SrO layer along the [100]p lattice direction are shown
in Fig. 3 (f). Despite the weak intensity of the surface layer
both signals clearly exhibit an in-phase periodicity that sub-
stantiates the conjecture of a SrO termination. Whether the
weak signal strength of the terminating layer is exclusively
caused by the broken translational symmetry at the surface or
also due to an only partial, inhomogeneous SrO coverage of
the sample remains an open question. Further investigations
with atomic-resolution scanning probe techniques (e.g., scan-
ning transmission or atomic force microscopy) may shed light

confirmed by DFT+U calculations  
(Domenico Di Sante) 

P. Schütz, et al. submitted
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FIG. 2. (Color online) Orbital occupation as a function of
the interaction strength for cases (i) HU + HV + HJ (red), (ii)
HU + HV + HJ + HS (blue), and (iii) HU (green). All plots show
calculations performed at kBT =1/100, m=3, and λ=0.3. The
vertical dashed lines mark the topological transition, while the Mott
transition takes place when (nH ,nE) = (1,1).

see in Fig. 3 where the real part of the self-energy for case (i)
is shown for different values of U .

We now illustrate how we determine the topological
properties from the low-frequency behavior of the real part of
the DMFT self-energy "(iω→0). The explicit analytical form
of the topological Green’s function Z2 invariant characterizing
the QSH state as originally proposed in Refs. 21 and 22 is
rather cumbersome to evaluate. This is because it employs a
dimensional extension to the (4 + 1)D analog of the quantum
Hall effect 47 in the framework of topological field theory and
hence involves a fivefold frequency-momentum integration.
However, in the presence of inversion symmetry a tremendous
simplification of this complicated form has recently been
achieved.30 Following also the more general analysis of
Refs. 31 and 32, the recipe for the evaluation of the topological
invariant in the presence of inversion symmetry that we employ
here can be summarized as follows: First, one defines a
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FIG. 3. (Color online) ω dependence of the real part of the self-
energy. Dashed lines denote the H bands. Solid lines denote the E
bands. All plots show calculations performed at inverse temperature
β = 100, J = U/4,m = 3,λ = 0.3.

fictitious noninteracting Hamiltonian,31

H̃ (k) = −G−1(ω = 0,k) = H (k) + "(ω→0), (2)

which has been coined topological Hamiltonian.32 Except for
values of the parameters exactly on the transition lines and
for m=0 before the Mott phase, our solutions have insulating
character and are characterized by a linearly vanishing Im
" and a finite extrapolation of Re "(ω→0). The latter value
becomes large in absolute value when entering the Mott phase,
as shown in Fig. 3.

One can therefore proceed by calculating the Z2 invariant
as proposed for the noninteracting case in the presence of
inversion symmetry in Ref. 48. For the reader’s convenience,
we briefly review the procedure here. First, one calculates
the eigenstates |%i ,α〉 of H̃ at the four time reversal invariant
momenta (TRIM) %i ,i = 1 . . . 4, where α labels the occupied
bands of H̃ . Due to inversion symmetry, these states can also be
chosen as eigenstates of the parity operatorP with eigenvalues
pi,α = ±1. Next, using the phase convention

√
−1 = i, one

computes δi,α = √
pi,α . Finally, the Z2 invariant ν can be

expressed as30,48

(−1)ν =
∏

i,α

δi,α. (3)

IV. PHASE DIAGRAM OF THE BHZ
TWO-BAND HUBBARD MODEL

We calculate the phase diagram of Fig. 1 using the interac-
tion (i) with U,V = U − 2J and J =U/4. The noninteracting
model is in the QSH phase for |m| < 2 and in the trivial
phase for |m| > 2. Figure 1 shows clearly that for values of
2 < m < 4, the system goes through three different phases
as the interaction strength is increased: In the noninteracting
limit, the system is topologically trivial in this regime, i.e., a
normal band insulator (green region in Fig. 1). At intermediate
interaction strength, the system is driven into a QSH phase
(red region) and in the strongly correlated limit the system
is in a topologically trivial Mott phase (blue region). On the
line separating the trivial (green) from the nontrivial (red)
topological insulator, the system is a semimetal. The Mott
transition that follows is of first order (for m = 3, we observe
an hysteresis region of about 0.1 width in U ). An interesting
open question is therefore what happens for U > 12 and
m > 4.5, after the two transition lines merge together. In a
different system, namely strongly interacting Majorana modes
in an array of Josephson junctions, a similar phase diagram
has recently been predicted.49

An analysis at fixed m=3 of the evolution of the orbital
occupation and of the self-energy shown, respectively, in
Figs. 2 and 3, illustrates well the nature of the two transitions.
As U is increased from the noninteracting case the orbital
polarization gets smaller (Fig. 2) therefore the bands start to
effectively get closer to one another. Since the interaction is
inducing a pronounced frequency structure in Re"(iω), at
U =6.6 (green curves in Fig. 3), the zero-frequency values
exceed in absolute value the first eigenvalue of H̃ , which in
this case is equal to 1. According to Eq. (3), this behavior
yields a nontrivial topological insulator. From Re"(ω→∞)
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fictitious noninteracting Hamiltonian,31

H̃ (k) = −G−1(ω = 0,k) = H (k) + "(ω→0), (2)

which has been coined topological Hamiltonian.32 Except for
values of the parameters exactly on the transition lines and
for m=0 before the Mott phase, our solutions have insulating
character and are characterized by a linearly vanishing Im
" and a finite extrapolation of Re "(ω→0). The latter value
becomes large in absolute value when entering the Mott phase,
as shown in Fig. 3.

One can therefore proceed by calculating the Z2 invariant
as proposed for the noninteracting case in the presence of
inversion symmetry in Ref. 48. For the reader’s convenience,
we briefly review the procedure here. First, one calculates
the eigenstates |%i ,α〉 of H̃ at the four time reversal invariant
momenta (TRIM) %i ,i = 1 . . . 4, where α labels the occupied
bands of H̃ . Due to inversion symmetry, these states can also be
chosen as eigenstates of the parity operatorP with eigenvalues
pi,α = ±1. Next, using the phase convention

√
−1 = i, one

computes δi,α = √
pi,α . Finally, the Z2 invariant ν can be

expressed as30,48

(−1)ν =
∏

i,α

δi,α. (3)

IV. PHASE DIAGRAM OF THE BHZ
TWO-BAND HUBBARD MODEL

We calculate the phase diagram of Fig. 1 using the interac-
tion (i) with U,V = U − 2J and J =U/4. The noninteracting
model is in the QSH phase for |m| < 2 and in the trivial
phase for |m| > 2. Figure 1 shows clearly that for values of
2 < m < 4, the system goes through three different phases
as the interaction strength is increased: In the noninteracting
limit, the system is topologically trivial in this regime, i.e., a
normal band insulator (green region in Fig. 1). At intermediate
interaction strength, the system is driven into a QSH phase
(red region) and in the strongly correlated limit the system
is in a topologically trivial Mott phase (blue region). On the
line separating the trivial (green) from the nontrivial (red)
topological insulator, the system is a semimetal. The Mott
transition that follows is of first order (for m = 3, we observe
an hysteresis region of about 0.1 width in U ). An interesting
open question is therefore what happens for U > 12 and
m > 4.5, after the two transition lines merge together. In a
different system, namely strongly interacting Majorana modes
in an array of Josephson junctions, a similar phase diagram
has recently been predicted.49

An analysis at fixed m=3 of the evolution of the orbital
occupation and of the self-energy shown, respectively, in
Figs. 2 and 3, illustrates well the nature of the two transitions.
As U is increased from the noninteracting case the orbital
polarization gets smaller (Fig. 2) therefore the bands start to
effectively get closer to one another. Since the interaction is
inducing a pronounced frequency structure in Re"(iω), at
U =6.6 (green curves in Fig. 3), the zero-frequency values
exceed in absolute value the first eigenvalue of H̃ , which in
this case is equal to 1. According to Eq. (3), this behavior
yields a nontrivial topological insulator. From Re"(ω→∞)
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the DMFT self-energy "(iω→0). The explicit analytical form
of the topological Green’s function Z2 invariant characterizing
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as the interaction strength is increased: In the noninteracting
limit, the system is topologically trivial in this regime, i.e., a
normal band insulator (green region in Fig. 1). At intermediate
interaction strength, the system is driven into a QSH phase
(red region) and in the strongly correlated limit the system
is in a topologically trivial Mott phase (blue region). On the
line separating the trivial (green) from the nontrivial (red)
topological insulator, the system is a semimetal. The Mott
transition that follows is of first order (for m = 3, we observe
an hysteresis region of about 0.1 width in U ). An interesting
open question is therefore what happens for U > 12 and
m > 4.5, after the two transition lines merge together. In a
different system, namely strongly interacting Majorana modes
in an array of Josephson junctions, a similar phase diagram
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An analysis at fixed m=3 of the evolution of the orbital
occupation and of the self-energy shown, respectively, in
Figs. 2 and 3, illustrates well the nature of the two transitions.
As U is increased from the noninteracting case the orbital
polarization gets smaller (Fig. 2) therefore the bands start to
effectively get closer to one another. Since the interaction is
inducing a pronounced frequency structure in Re"(iω), at
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• analogy with the Kane-Mele-Hubbard and Haldane-Hubbard models
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
3
√

3λSO (meV) 21 25 20 21

C
!EK (meV)

dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑

〈〈ij〉〉,αα′

νij c
†
i,αsz

αα′cj,α′

+ iλR

∑

〈ij〉,αα′

c
†
i,α (s × d̂ij )zαα′cj,α′

+ λv

∑

i,α

ξic
†
i,αci,α, (1)

where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:





λv − 3
√

3λSO 0 0 0

0 −(λv − 3
√

3λSO) 0 0

0 0 λv + 3
√

3λSO 0

0 0 0 −(λv + 3
√

3λSO)




. (3)
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that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
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where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
3
√

3λSO (meV) 21 25 20 21

C
!EK (meV)

dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑

〈〈ij〉〉,αα′

νij c
†
i,αsz
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+ iλR
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c
†
i,α (s × d̂ij )zαα′cj,α′

+ λv

∑

i,α

ξic
†
i,αci,α, (1)

where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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

λv − 3
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
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!EK (meV)

dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑

〈〈ij〉〉,αα′

νij c
†
i,αsz

αα′cj,α′

+ iλR

∑

〈ij〉,αα′

c
†
i,α (s × d̂ij )zαα′cj,α′

+ λv

∑

i,α

ξic
†
i,αci,α, (1)

where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:


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λv − 3
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3λSO 0 0 0
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√

3λSO) 0 0
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
3
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3λSO (meV) 21 25 20 21

C
!EK (meV)

dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑

〈〈ij〉〉,αα′

νij c
†
i,αsz

αα′cj,α′

+ iλR

∑

〈ij〉,αα′

c
†
i,α (s × d̂ij )zαα′cj,α′

+ λv

∑

i,α

ξic
†
i,αci,α, (1)

where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:





λv − 3
√

3λSO 0 0 0

0 −(λv − 3
√

3λSO) 0 0

0 0 λv + 3
√

3λSO 0

0 0 0 −(λv + 3
√

3λSO)




. (3)

035145-5

A, B

M

A/B splitting



• gap closing: for U<Uc smooth topological phase transition (green → green) 

• no semimetal for U>Uc when the ℤ2 topological invariant changes (green → red)! 

• new termodynamics, beyond single-particle effective description

or
bi

ta
l s

pl
itt

in
g 

M

Hubbard U

antiferromagnetic 
insulator

quantum spin Hall  
phase

trivial band  
insulator

Uc

band  
touching 

point

Consequences on the topological phase transition

U>UcU<Uc

• analogy with the Kane-Mele-Hubbard and Haldane-Hubbard models

A
B

TOWARDS TOPOLOGICAL QUASIFREESTANDING STANENE … PHYSICAL REVIEW B 99, 035145 (2019)

TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].
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Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0
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concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑
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where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/
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3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
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dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads
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along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
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3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/
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3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3
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the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3
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concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑
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where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/
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3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
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3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/
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3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].
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Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
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Z2 0 0 0 0
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d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
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concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑

〈〈ij〉〉,αα′

νij c
†
i,αsz

αα′cj,α′

+ iλR
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〈ij〉,αα′

c
†
i,α (s × d̂ij )zαα′cj,α′

+ λv

∑

i,α
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†
i,αci,α, (1)

where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
3
√

3λSO (meV) 21 25 20 21

C
!EK (meV)

dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads
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(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form
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+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)
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hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3
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the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
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concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑
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where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2 0 0 0 0

λv (meV) 49 58 50 52
3
√

3λSO (meV) 21 25 20 21

C
!EK (meV)

dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
δ (Å) 0.44 0.48 0.48 0.48
Z2

concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑
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∑
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where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/

√
3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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3λSO 0 0 0

0 −(λv − 3
√

3λSO) 0 0

0 0 λv + 3
√

3λSO 0

0 0 0 −(λv + 3
√

3λSO)




. (3)

035145-5

TOWARDS TOPOLOGICAL QUASIFREESTANDING STANENE … PHYSICAL REVIEW B 99, 035145 (2019)

TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3

√
3λSO].

Al Ga In Tl

Si
!EK (meV) 56 66 60 63

dBuf (Å) 1.7 1.8 2.0 2.2
d (Å) 2.9 2.9 3.0 3.1
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Z2 0 0 0 0
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dBuf (Å) 1.3 1.4 1.8 2.1
d (Å) 2.8 2.8 3.0 3.1
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concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads

H = t
∑

〈ij〉,α
c
†
i,αcj,α + iλSO

∑
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where the first is a nearest neighbor hopping term on the hon-
eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/

√
3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
√

3kya/2 (a being the hexagonal
unit cell lattice constant, i.e., 〈ij 〉 = a/
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3), "1 = σx ⊗ s0,

"2 = σz ⊗ s0, and "5 = σy ⊗ sz three of the five Dirac ma-
trices with σi describing the sublattice degree of freedom
and "ab = ["a,"b]/2i. At the K point, the Hamiltonian is
diagonal in the sublattice basis A↑, B ↑, A↓, B ↓:
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TABLE I. Summary of the DFT results obtained for buffer layers
made of group III elements (for a geometry of stanene with preserved
hexagonal symmetry). Si and C refer to the silicon and carbon
terminated SiC, respectively. !EK is the stanene energy gap at the
K point. The dash symbol indicates that the system is metallic.
dBuf, d , and δ are the buffer layer-SiC distance, the stanene-buffer
distance, and the buckling height, respectively. λv and 3

√
3λSO are

the Semenoff mass and the effective SOC entering the Hamiltonian
at the K point as given in Eq. (3), respectively. We also report the
values of the Z2 invariant, even though in the case of group III this is
always 0 at d =deq. The calculations are performed within GGA-PBE
[39]. In the trivial Z2 =0 phase, !EK = 2[λv − 3
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concomitant interaction causes the opening of hybridization
gaps in the stanene band structure. Along with it, we find
a distribution (spread) of stanene character over the Al/SiC
electronic states. When the distance becomes smaller than
the critical value dcr ∼ 3.2 Å, we observe a switching of the
Z2 invariant from 1 to 0 [Fig. 4(b)]. This evidence marks
the transition from freestandinglike topologically nontrivial to
topologically trivial stanene, at least within GGA framework.
As we will see in the following, the same mechanism leads to
a different outcome in the case of group V.

A change in the topological invariant can only occur
through an inversion of the bulk gap [1,2]. This evolution is
indeed what we observe and show in Fig. 4(c). First of all, the
breaking of the inversion symmetry induced by the presence
of the substrate removes the band degeneracies at the K
points. This effect goes under the name of valley-contrasting
physics, or valleytronics, and is a well-known property of
gated graphene and transition metal dichalcogenides [56,57].
The gap closure is accompanied by a change in the sublattice
character of the bands. In fact, in the topological (trivial)
phase, the contribution from the bottom Sn (top Sn) atom
dominates the valence band maximum and vice versa for the
conduction band minimum. The closure of the gap occurs

through a linear Dirac-like band touching where the sublattice
character is equally mixed, as highlighted by the brownish
color of the linear branches in the middle panel of Fig. 4(c).

In the next section, we will establish an analogy with the
topological transition as described by the Kane and Mele
model [3] and analyze the quantitative role of the Semenoff
mass. Note that the trend observed here for stanene on Al/SiC
is common to all the group-III buffer setups, regardless of the
SiC termination (see Table I). As shown in Fig. 3(b), it holds
that the heavier the buffer atom deposited on SiC, the smaller
the bulk gap. For this reason, the most favorable group-III
buffer for growing quasifreestanding stanene is Al. The latter
leads, however, to a topologically trivial configuration for
stanene, demonstrating how going downwards in the “triels”
group of the periodic table is not a promising approach to
obtain Z2 =1.

IV. ROLE OF THE SEMENOFF MASS

Interpreted within the framework of the Kane and Mele
model [3], our tight-binding Hamiltonian reads
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eycomb lattice and the second a mirror symmetric SOC one
(here νij ûz = (2/
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3)(d̂1 × d̂2) where d̂1,2 are unit vectors

along the two bonds from site j to site i, and ûz is a unit
vector perpendicular to the stanene plane), and s are the Pauli
matrices for the electron spin. The third term is a nearest-
neighbor Rashba coupling due to a perpendicular electric field
or to an interaction with a substrate and the last term sets the
staggered potential (Semenoff mass) λv (ξi = ±1 depending
on the sublattice). The latter differentiates the on-site energies
of the two atoms constituting the bipartite honeycomb lattice.
Without the Rashba term, the momentum-space Hamiltonian
assumes the form

H (k) = t (1 + 2 cos x cos y)"1 − 2t cos x sin y"12

+ λSO(2 sin 2x − 4 sin x cos y)"15 + λv"2 (2)

with x = kxa/2 and y =
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investigate here how local and non-local contributions to
the self-energy are responsible for the determination of
the topological invariant. For that we propose a method
based on a statistical analysis of the self-energy, that (i)
does not require an a priori knowledge of the correct self-
energy and (ii) explores a large phase space of possible
self-energies and therefore is general enough to allow for
universal statements on the nature of topological phases
of interacting systems. In the following we introduce the
method and consider the Haldane-Hubbard model as a
testbed for assessing its validity and predictive power.
Our analysis shows that, albeit the intrinsic momentum-
dependent definition of the Chern number, non-local con-
tributions to the self-energy add only a small uncertainty
to the e↵ects of the local self-energy in interacting sys-
tems described by topological Hamiltonians.

A. Haldane-Hubbard Model

We study the Haldane-Hubbard model at half-filling
on the honeycomb lattice, cf. Fig. 1, which combines Hal-
dane’s model for the integer quantum Hall e↵ect [20] with
a local Hubbard interaction of the form

H =
X

k

(c†A, c
†
B)hk(cA, cB)

T + U

X

i

ni"ni#, (3)

with

hk =2t2 cos� [cos(k1) + cos(k2) + cos(k2 � k1)]�0

+ t1 [1 + cos(k2) + cos(k2 � k1)]�1

� t1 [sin(k2) + sin(k2 � k1)]�2

+
⇥
�� 2t2 sin�[sin(k1) + sin(k2)

+ sin(k2 � k1)]
⇤
�3,

(4)

where A/B stand for sublattice indices (see Fig. 1), t1, t2
are the nearest and next-nearest neighbor hopping am-
plitudes, respectively, � is the phase associated with the
next-nearest neighbor hopping, � a trivial mass term and
�i are the Pauli matrices in sublattice space. Throughout
this article, we keep t ⌘ t1, t2/t1 = 0.2 and � = ⇡/2 fixed.
For this set of parameters, the Haldane model (U = 0)
has a topological phase transition from a topological in-
sulator to a trivial band insulator at �c ⇡ 1.04t.

The phase diagram of the Haldane-Hubbard model at
half filling has been studied extensively in recent years
[17, 21, 22] by a variety of methods including static
mean-field theory (MF), dynamical mean-field theory
(DMFT), exact diagonalization (ED), dynamical cluster
approximation and quantum Monte Carlo approaches.
In Fig. 2 we recapitulate the current understanding of
the phase diagram from the contemporary literature and
include our results obtained with the Two-Particle Self-
Consistent (TPSC) technique [23, 24] for low to inter-
mediate values of the on-site interaction U where the
method is most reliable (Fig. 2(b), blue line). The phases
observed are a topological insulator (TI) with C = 2
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FIG. 2. Phase diagram of the Haldane Hubbard model. In
addition to our TPSC calculations we show for comparison
the ED and DMFT data from [17] and BDMC from [21]. In
(a), BDMC (orange line), ED (green line), and in (b), TPSC
(blue line), DMFT (red line) are shown. In DMFT the C = 1
(SBTI) phase extends only down to a finite minimal value
of � (red colored area), while it survives down to � = 0
for ED and BDMC. Qualitatively, the ED and BDMC phase
diagrams are similar, except for ED predicting an SBTI phase
at U ! 0.

(both spins have Chern number 1) at low � and U , a
trivial band insulator (BI) with C = 0 at large �, a Mott
insulator (MI) at large U and an SU(2) symmetry-broken
topological insulator (SBTI) with C = 1 at intermediate
values. The TPSC calculations are in good agreement
with DMFT [17] and Bold Diagrammatic Monte Carlo
(BDMC) [21] in the regions of U studied.

In DMFT (Fig. 2(b), red line) the location of the
TI!SBTI phase transition strongly depends on the value
of �, and approaches the TI!BI transition line asymp-
totically, while recent BDMC calculations suggest the
existence of a critical point where the two lines inter-
sect (Fig. 2(a), dotted blue line). In order to rule out
the possibility of this discrepancy being a consequence of
di↵erent simulation protocols, we have performed DMFT
calculations using the protocol laid out in Ref. [21] and
confirmed the previously published DMFT data [17]. The
shift of the TI!SBTI transition to lower values of U in
BDMC with respect to DMFT means that the interacting
system obtains magnetic order sooner than DMFT pre-
dicts, which seems to be an indicator of strong non-local
contributions to the self-energy.
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Fig. 1: Crystal structures of 1T-TaSe2 mono- and bilayers in the CCDW phase. a, Monolayer 1T-TaSe2 in the
CCDW phase. Only Ta atoms are shown. The Ta atoms are distorted into a SoD pattern, where the central Ta atoms (red)
are surrounded by two rings of in total twelve Ta atoms (black). The SoDs are marked with red lines as guide to the eyes. b,
Top and three-dimensional side view of honeycomb stacked CCDW 1T-TaSe2 bilayer. Only the Ta atoms in the SoD centers
are shown, with blue spheres and shaded regions marking the bottom layer atoms, and red spheres and shaded regions for the
top layer. The inset illustrates the leading terms of the e↵ective low-energy Hamiltonian, i.e. the nearest-neighbor hopping
t = −34 meV and the local interaction U ≈ 130 meV. c, Side view of 1T-TaSe2 bilayers embedded in field e↵ect transistor
structures for the application of vertical electric fields. A non-twisted and a 180○ twisted bilayer are shown with Ta atoms (red
and blue) and Se atoms (yellow).
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Many theoretical and experimental e!orts have been devoted to semiconducting TMDs, but only a 
few theoretical calculations have been performed on metallic few-layer TaSe2

36,37. In this work, we have 
pursued detailed "rst-principles calculations to investigate the atomic structures, electronic and vibra-
tional properties of few-layer TaSe2 in the undistorted normal states. Our calculations reveal a strong 
dependence of the electronic and phonon properties on the layer number and on the the stacking geom-
etry, and we discuss the implications of the e!ect of dimensionality on the CDW transition in this 
material.

Results
���������� ����͸. #e crystal structure of TaSe2 consists of Se-Ta-Se trilayer building block7. 
Depending on the relative rotation of the two Se layers within the trilayer unit, the bulk TaSe2 has two 
di!erent phases: 2H and 1T7. In the 2H phase, the two Se layers form trigonal prismatic coordination, 
while they follow octahedral prismatic coordination in the 1T phase, as schematically shown in Fig. 1. 
#e trilayer Se-Ta-Se structure in the 2H monolayer can be regarded as ABA stacking, while it changes 
to ABC stacking in the 1T phase38. As will be shown below, such a small structural variation results in a 
dramatic di!erence on the electronic and vibrational properties.

We start with monolayer TaSe2. Figure  1(c) depicts the total energy Etot per unit cell as a function 
of the lattice constant a0 for both 2H and 1T phases. #e atomic structures of 2H and 1T monolayers 
are schematically shown in Fig. 1(a,b), respectively. Figure 1(c) compares the energies with and without 
the spin-orbit coupling (SOC), and shows that the 2H phase is energetically more favorable than the 1T 
phase. Speci"cally, the Etot in the 2H phase is about ~80 meV/unit cell lower than that in the 1T phase. 
Without SOC, the equilibrium lattice constant of 2H phase (3.378 Å) is 0.4% smaller than that of the 
1T phase (3.391 Å). Our results are smaller than the experimental value 3.43 Å38 for 2H-TaSe2, but close 
to previous theoretical values (3.39 Å for 2H and 3.41 Å for 1T) with similar exchange-correlation func-
tional36,37. #is is understandable since LDA usually underestimates the lattice parameter by 1–2%. Note 
that the inclusion of SOC slightly increases the lattice constant in both cases. All these data along with 
a few other geometrical parameters have been listed in Table 1.

In Fig.  2, we show the electronic band structures together with the density of states (DOSs) for 
monolayer TaSe2. Although the crystal structures of 2H and 1T phases are similar, the electronic band 
dispersions exhibit distinct features, as shown in Fig.  2(a,c), respectively. In the 2H phase, there is a 
separate narrow electronic band near the Fermi level, with width ~1.3 eV. #is band originates from the 
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Fig. 1: Crystal structures of 1T-TaSe2 mono- and bilayers in the CCDW phase. a, Monolayer 1T-TaSe2 in the
CCDW phase. Only Ta atoms are shown. The Ta atoms are distorted into a SoD pattern, where the central Ta atoms (red)
are surrounded by two rings of in total twelve Ta atoms (black). The SoDs are marked with red lines as guide to the eyes. b,
Top and three-dimensional side view of honeycomb stacked CCDW 1T-TaSe2 bilayer. Only the Ta atoms in the SoD centers
are shown, with blue spheres and shaded regions marking the bottom layer atoms, and red spheres and shaded regions for the
top layer. The inset illustrates the leading terms of the e↵ective low-energy Hamiltonian, i.e. the nearest-neighbor hopping
t = −34 meV and the local interaction U ≈ 130 meV. c, Side view of 1T-TaSe2 bilayers embedded in field e↵ect transistor
structures for the application of vertical electric fields. A non-twisted and a 180○ twisted bilayer are shown with Ta atoms (red
and blue) and Se atoms (yellow).
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zoom around the Fermi level EF . The red and dashed blue lines mark the DFT low-energy bands without and with SOC
included, respectively. From the flat band near EF in the monolayer (red solid line, bandwidth ≈ 14 meV) two dispersive bands
with a bandwidth ≈ 200 meV emerge in the bilayer case. The bilayer bands exhibit Dirac points in the Brillouin zone corners,
K and K’. b, Influence of extrinsic Semeno↵ mass terms �M on the low-energy band structure. The sublattice character is
color coded. The system changes from QSH to trivial band insulator at �M = 0.82 meV, which corresponds to a vertical
electric field of Ez ≈ 0.5 mV/Å. c, Quasi-particle weight Z for non-twisted CCDW 1T-TaSe2 bilayer calculated with DMFT
and TPSC. Both approaches place the system consistently in the moderately correlated regime Z ≈ 0.75 at all calculated
temperatures. d, Temperature-dependent antiferromagnetic correlation length ⇠AFM and inverse static spin susceptibilities of
non-twisted CCDW 1T-TaSe2 bilayer at wave vector q = 0 as calculated with TPSC. The intra-sublattice (1��AA = 1��BB) and
inter-sublattice (1��AB) elements of the inverse susceptibility at wave number q = 0 are shown. e, Schematic phase diagram of
honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer as a function of extrinsic Semeno↵ mass �M and interaction strength
U . The region accessible for non-twisted CCDW 1T-TaSe2 bilayer through tuning with external electric fields is highlighted.
The transition from QSH to band insulator is a continuous transition at small U (dashed line) and a first order transition at
larger U (solid line). The red area in the quantum spin Hall region indicates the increasing many-body character of this phase.
(For more details see Ref. [21].)

where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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Many theoretical and experimental e!orts have been devoted to semiconducting TMDs, but only a 
few theoretical calculations have been performed on metallic few-layer TaSe2

36,37. In this work, we have 
pursued detailed "rst-principles calculations to investigate the atomic structures, electronic and vibra-
tional properties of few-layer TaSe2 in the undistorted normal states. Our calculations reveal a strong 
dependence of the electronic and phonon properties on the layer number and on the the stacking geom-
etry, and we discuss the implications of the e!ect of dimensionality on the CDW transition in this 
material.

Results
���������� ����͸. #e crystal structure of TaSe2 consists of Se-Ta-Se trilayer building block7. 
Depending on the relative rotation of the two Se layers within the trilayer unit, the bulk TaSe2 has two 
di!erent phases: 2H and 1T7. In the 2H phase, the two Se layers form trigonal prismatic coordination, 
while they follow octahedral prismatic coordination in the 1T phase, as schematically shown in Fig. 1. 
#e trilayer Se-Ta-Se structure in the 2H monolayer can be regarded as ABA stacking, while it changes 
to ABC stacking in the 1T phase38. As will be shown below, such a small structural variation results in a 
dramatic di!erence on the electronic and vibrational properties.

We start with monolayer TaSe2. Figure  1(c) depicts the total energy Etot per unit cell as a function 
of the lattice constant a0 for both 2H and 1T phases. #e atomic structures of 2H and 1T monolayers 
are schematically shown in Fig. 1(a,b), respectively. Figure 1(c) compares the energies with and without 
the spin-orbit coupling (SOC), and shows that the 2H phase is energetically more favorable than the 1T 
phase. Speci"cally, the Etot in the 2H phase is about ~80 meV/unit cell lower than that in the 1T phase. 
Without SOC, the equilibrium lattice constant of 2H phase (3.378 Å) is 0.4% smaller than that of the 
1T phase (3.391 Å). Our results are smaller than the experimental value 3.43 Å38 for 2H-TaSe2, but close 
to previous theoretical values (3.39 Å for 2H and 3.41 Å for 1T) with similar exchange-correlation func-
tional36,37. #is is understandable since LDA usually underestimates the lattice parameter by 1–2%. Note 
that the inclusion of SOC slightly increases the lattice constant in both cases. All these data along with 
a few other geometrical parameters have been listed in Table 1.

In Fig.  2, we show the electronic band structures together with the density of states (DOSs) for 
monolayer TaSe2. Although the crystal structures of 2H and 1T phases are similar, the electronic band 
dispersions exhibit distinct features, as shown in Fig.  2(a,c), respectively. In the 2H phase, there is a 
separate narrow electronic band near the Fermi level, with width ~1.3 eV. #is band originates from the 
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Fig. 2: Electronic structure and phase diagram of CCDW 1T-TaSe2 systems. a, Band structures of CCDW 1T-TaSe2
monolayer (left) in comparison to honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer (right). Bottom panels show a
zoom around the Fermi level EF . The red and dashed blue lines mark the DFT low-energy bands without and with SOC
included, respectively. From the flat band near EF in the monolayer (red solid line, bandwidth ≈ 14 meV) two dispersive bands
with a bandwidth ≈ 200 meV emerge in the bilayer case. The bilayer bands exhibit Dirac points in the Brillouin zone corners,
K and K’. b, Influence of extrinsic Semeno↵ mass terms �M on the low-energy band structure. The sublattice character is
color coded. The system changes from QSH to trivial band insulator at �M = 0.82 meV, which corresponds to a vertical
electric field of Ez ≈ 0.5 mV/Å. c, Quasi-particle weight Z for non-twisted CCDW 1T-TaSe2 bilayer calculated with DMFT
and TPSC. Both approaches place the system consistently in the moderately correlated regime Z ≈ 0.75 at all calculated
temperatures. d, Temperature-dependent antiferromagnetic correlation length ⇠AFM and inverse static spin susceptibilities of
non-twisted CCDW 1T-TaSe2 bilayer at wave vector q = 0 as calculated with TPSC. The intra-sublattice (1��AA = 1��BB) and
inter-sublattice (1��AB) elements of the inverse susceptibility at wave number q = 0 are shown. e, Schematic phase diagram of
honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer as a function of extrinsic Semeno↵ mass �M and interaction strength
U . The region accessible for non-twisted CCDW 1T-TaSe2 bilayer through tuning with external electric fields is highlighted.
The transition from QSH to band insulator is a continuous transition at small U (dashed line) and a first order transition at
larger U (solid line). The red area in the quantum spin Hall region indicates the increasing many-body character of this phase.
(For more details see Ref. [21].)

where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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electric field of Ez ≈ 0.5 mV/Å. c, Quasi-particle weight Z for non-twisted CCDW 1T-TaSe2 bilayer calculated with DMFT
and TPSC. Both approaches place the system consistently in the moderately correlated regime Z ≈ 0.75 at all calculated
temperatures. d, Temperature-dependent antiferromagnetic correlation length ⇠AFM and inverse static spin susceptibilities of
non-twisted CCDW 1T-TaSe2 bilayer at wave vector q = 0 as calculated with TPSC. The intra-sublattice (1��AA = 1��BB) and
inter-sublattice (1��AB) elements of the inverse susceptibility at wave number q = 0 are shown. e, Schematic phase diagram of
honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer as a function of extrinsic Semeno↵ mass �M and interaction strength
U . The region accessible for non-twisted CCDW 1T-TaSe2 bilayer through tuning with external electric fields is highlighted.
The transition from QSH to band insulator is a continuous transition at small U (dashed line) and a first order transition at
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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Many theoretical and experimental e!orts have been devoted to semiconducting TMDs, but only a 
few theoretical calculations have been performed on metallic few-layer TaSe2

36,37. In this work, we have 
pursued detailed "rst-principles calculations to investigate the atomic structures, electronic and vibra-
tional properties of few-layer TaSe2 in the undistorted normal states. Our calculations reveal a strong 
dependence of the electronic and phonon properties on the layer number and on the the stacking geom-
etry, and we discuss the implications of the e!ect of dimensionality on the CDW transition in this 
material.

Results
���������� ����͸. #e crystal structure of TaSe2 consists of Se-Ta-Se trilayer building block7. 
Depending on the relative rotation of the two Se layers within the trilayer unit, the bulk TaSe2 has two 
di!erent phases: 2H and 1T7. In the 2H phase, the two Se layers form trigonal prismatic coordination, 
while they follow octahedral prismatic coordination in the 1T phase, as schematically shown in Fig. 1. 
#e trilayer Se-Ta-Se structure in the 2H monolayer can be regarded as ABA stacking, while it changes 
to ABC stacking in the 1T phase38. As will be shown below, such a small structural variation results in a 
dramatic di!erence on the electronic and vibrational properties.

We start with monolayer TaSe2. Figure  1(c) depicts the total energy Etot per unit cell as a function 
of the lattice constant a0 for both 2H and 1T phases. #e atomic structures of 2H and 1T monolayers 
are schematically shown in Fig. 1(a,b), respectively. Figure 1(c) compares the energies with and without 
the spin-orbit coupling (SOC), and shows that the 2H phase is energetically more favorable than the 1T 
phase. Speci"cally, the Etot in the 2H phase is about ~80 meV/unit cell lower than that in the 1T phase. 
Without SOC, the equilibrium lattice constant of 2H phase (3.378 Å) is 0.4% smaller than that of the 
1T phase (3.391 Å). Our results are smaller than the experimental value 3.43 Å38 for 2H-TaSe2, but close 
to previous theoretical values (3.39 Å for 2H and 3.41 Å for 1T) with similar exchange-correlation func-
tional36,37. #is is understandable since LDA usually underestimates the lattice parameter by 1–2%. Note 
that the inclusion of SOC slightly increases the lattice constant in both cases. All these data along with 
a few other geometrical parameters have been listed in Table 1.

In Fig.  2, we show the electronic band structures together with the density of states (DOSs) for 
monolayer TaSe2. Although the crystal structures of 2H and 1T phases are similar, the electronic band 
dispersions exhibit distinct features, as shown in Fig.  2(a,c), respectively. In the 2H phase, there is a 
separate narrow electronic band near the Fermi level, with width ~1.3 eV. #is band originates from the 
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electric field of Ez ≈ 0.5 mV/Å. c, Quasi-particle weight Z for non-twisted CCDW 1T-TaSe2 bilayer calculated with DMFT
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larger U (solid line). The red area in the quantum spin Hall region indicates the increasing many-body character of this phase.
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW

c
flat Ta d-band

4

Se
m

en
of

f m
as

s
M

Hubbard U

antiferromagnetic
insulator

quantum spin Hall
phase

trivial band
insulator el

ec
tri

c 
fie

ld

Uc

band
touching

point

TaSe2
bilayer

�

K
2

0

2

E
E F

[m
eV

]

M = 0.45meV

K K
A

B

Sublattice

M = 0.82meV M =1.19meV

60 100 150 200
T [K]

0

0.25

0.5

0.75

1

Z

TPSC
DMFT

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0 40 80 120 160 200 240

10

100

� a
fm

T [K]

AB
�afm

AA1/
� s

p(
q=

0,
�

=0
)[e

V]

a b

c d

e

Non-twisted bilayer

E
E F

[e
V]

� K M �

E 
- E

F[
eV

]

K M

-1

-0.5

0

0.5

1

-0.2

-0.1

0

0.1

-1

-0.5
0

0.5

1

-0.2

-0.1

0

0.1

Monolayer

��

E
E F

[e
V]

no SOC

SOC

Fig. 2: Electronic structure and phase diagram of CCDW 1T-TaSe2 systems. a, Band structures of CCDW 1T-TaSe2
monolayer (left) in comparison to honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer (right). Bottom panels show a
zoom around the Fermi level EF . The red and dashed blue lines mark the DFT low-energy bands without and with SOC
included, respectively. From the flat band near EF in the monolayer (red solid line, bandwidth ≈ 14 meV) two dispersive bands
with a bandwidth ≈ 200 meV emerge in the bilayer case. The bilayer bands exhibit Dirac points in the Brillouin zone corners,
K and K’. b, Influence of extrinsic Semeno↵ mass terms �M on the low-energy band structure. The sublattice character is
color coded. The system changes from QSH to trivial band insulator at �M = 0.82 meV, which corresponds to a vertical
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
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turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
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• “deconfinement” of Mott localized electrons into correlated Dirac fermions
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Many theoretical and experimental e!orts have been devoted to semiconducting TMDs, but only a 
few theoretical calculations have been performed on metallic few-layer TaSe2

36,37. In this work, we have 
pursued detailed "rst-principles calculations to investigate the atomic structures, electronic and vibra-
tional properties of few-layer TaSe2 in the undistorted normal states. Our calculations reveal a strong 
dependence of the electronic and phonon properties on the layer number and on the the stacking geom-
etry, and we discuss the implications of the e!ect of dimensionality on the CDW transition in this 
material.

Results
���������� ����͸. #e crystal structure of TaSe2 consists of Se-Ta-Se trilayer building block7. 
Depending on the relative rotation of the two Se layers within the trilayer unit, the bulk TaSe2 has two 
di!erent phases: 2H and 1T7. In the 2H phase, the two Se layers form trigonal prismatic coordination, 
while they follow octahedral prismatic coordination in the 1T phase, as schematically shown in Fig. 1. 
#e trilayer Se-Ta-Se structure in the 2H monolayer can be regarded as ABA stacking, while it changes 
to ABC stacking in the 1T phase38. As will be shown below, such a small structural variation results in a 
dramatic di!erence on the electronic and vibrational properties.

We start with monolayer TaSe2. Figure  1(c) depicts the total energy Etot per unit cell as a function 
of the lattice constant a0 for both 2H and 1T phases. #e atomic structures of 2H and 1T monolayers 
are schematically shown in Fig. 1(a,b), respectively. Figure 1(c) compares the energies with and without 
the spin-orbit coupling (SOC), and shows that the 2H phase is energetically more favorable than the 1T 
phase. Speci"cally, the Etot in the 2H phase is about ~80 meV/unit cell lower than that in the 1T phase. 
Without SOC, the equilibrium lattice constant of 2H phase (3.378 Å) is 0.4% smaller than that of the 
1T phase (3.391 Å). Our results are smaller than the experimental value 3.43 Å38 for 2H-TaSe2, but close 
to previous theoretical values (3.39 Å for 2H and 3.41 Å for 1T) with similar exchange-correlation func-
tional36,37. #is is understandable since LDA usually underestimates the lattice parameter by 1–2%. Note 
that the inclusion of SOC slightly increases the lattice constant in both cases. All these data along with 
a few other geometrical parameters have been listed in Table 1.

In Fig.  2, we show the electronic band structures together with the density of states (DOSs) for 
monolayer TaSe2. Although the crystal structures of 2H and 1T phases are similar, the electronic band 
dispersions exhibit distinct features, as shown in Fig.  2(a,c), respectively. In the 2H phase, there is a 
separate narrow electronic band near the Fermi level, with width ~1.3 eV. #is band originates from the 
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Top and three-dimensional side view of honeycomb stacked CCDW 1T-TaSe2 bilayer. Only the Ta atoms in the SoD centers
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t = −34 meV and the local interaction U ≈ 130 meV. c, Side view of 1T-TaSe2 bilayers embedded in field e↵ect transistor
structures for the application of vertical electric fields. A non-twisted and a 180○ twisted bilayer are shown with Ta atoms (red
and blue) and Se atoms (yellow).
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Material realization?

• 1T-monolayer: “star-of-David” √13 × √13 CDW reconstructions
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zoom around the Fermi level EF . The red and dashed blue lines mark the DFT low-energy bands without and with SOC
included, respectively. From the flat band near EF in the monolayer (red solid line, bandwidth ≈ 14 meV) two dispersive bands
with a bandwidth ≈ 200 meV emerge in the bilayer case. The bilayer bands exhibit Dirac points in the Brillouin zone corners,
K and K’. b, Influence of extrinsic Semeno↵ mass terms �M on the low-energy band structure. The sublattice character is
color coded. The system changes from QSH to trivial band insulator at �M = 0.82 meV, which corresponds to a vertical
electric field of Ez ≈ 0.5 mV/Å. c, Quasi-particle weight Z for non-twisted CCDW 1T-TaSe2 bilayer calculated with DMFT
and TPSC. Both approaches place the system consistently in the moderately correlated regime Z ≈ 0.75 at all calculated
temperatures. d, Temperature-dependent antiferromagnetic correlation length ⇠AFM and inverse static spin susceptibilities of
non-twisted CCDW 1T-TaSe2 bilayer at wave vector q = 0 as calculated with TPSC. The intra-sublattice (1��AA = 1��BB) and
inter-sublattice (1��AB) elements of the inverse susceptibility at wave number q = 0 are shown. e, Schematic phase diagram of
honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer as a function of extrinsic Semeno↵ mass �M and interaction strength
U . The region accessible for non-twisted CCDW 1T-TaSe2 bilayer through tuning with external electric fields is highlighted.
The transition from QSH to band insulator is a continuous transition at small U (dashed line) and a first order transition at
larger U (solid line). The red area in the quantum spin Hall region indicates the increasing many-body character of this phase.
(For more details see Ref. [21].)

where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW

c
flat Ta d-band

4

Se
m

en
of

f m
as

s
M

Hubbard U

antiferromagnetic
insulator

quantum spin Hall
phase

trivial band
insulator el

ec
tri

c 
fie

ld

Uc

band
touching

point

TaSe2
bilayer

�

K
2

0

2

E
E F

[m
eV

]

M = 0.45meV

K K
A

B

Sublattice

M = 0.82meV M =1.19meV

60 100 150 200
T [K]

0

0.25

0.5

0.75

1

Z

TPSC
DMFT

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0 40 80 120 160 200 240

10

100

� a
fm

T [K]

AB
�afm

AA1/
� s

p(
q=

0,
�

=0
)[e

V]

a b

c d

e

Non-twisted bilayer

E
E F

[e
V]

� K M �

E 
- E

F[
eV

]

K M

-1

-0.5

0

0.5

1

-0.2

-0.1

0

0.1

-1

-0.5
0

0.5

1

-0.2

-0.1

0

0.1

Monolayer

��

E
E F

[e
V]

no SOC

SOC

Fig. 2: Electronic structure and phase diagram of CCDW 1T-TaSe2 systems. a, Band structures of CCDW 1T-TaSe2
monolayer (left) in comparison to honeycomb stacked non-twisted CCDW 1T-TaSe2 bilayer (right). Bottom panels show a
zoom around the Fermi level EF . The red and dashed blue lines mark the DFT low-energy bands without and with SOC
included, respectively. From the flat band near EF in the monolayer (red solid line, bandwidth ≈ 14 meV) two dispersive bands
with a bandwidth ≈ 200 meV emerge in the bilayer case. The bilayer bands exhibit Dirac points in the Brillouin zone corners,
K and K’. b, Influence of extrinsic Semeno↵ mass terms �M on the low-energy band structure. The sublattice character is
color coded. The system changes from QSH to trivial band insulator at �M = 0.82 meV, which corresponds to a vertical
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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where the pseudospin �S describes the sublattice degree
of freedom, �� acts on the electron spin, and ⌧ = ±1 la-
bels the valley (K, K’) degree of freedom. This Hamil-
tonian comprises three contributions; the first contribu-
tion is a two-dimensional massless Dirac term, with the
sublattice-pseudospin playing the role of the ”spin” in-
herent to the Dirac equation. This term is analogous to
the massless Dirac term in graphene [6, 22, 23]. SOC
is responsible for the second and third contributions to
H0: a valley-spin-sublattice coupling �SOC = 0.74 meV,

which is often called Kane-Mele spin-orbit term [29, 30],
and a sublattice-staggered Rashba term ↵R2, which be-
longs to the R2 class according to the classification form
Ref. [31]. A finite Kane-Mele term �SOC opens a gap and
turns the system described by H0 into a QSH insulator
[29, 30]. Importantly, the Kane-Mele term here is en-
hanced in comparison to its counterpart in graphene by
two orders of magnitude [22, 23, 32], and corresponds to
a temperature T ≈ 10 K, which is well accessible in exper-
iments. Given that U��t� ≈ 3.8, the non-twisted CCDW
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Many theoretical and experimental e!orts have been devoted to semiconducting TMDs, but only a 
few theoretical calculations have been performed on metallic few-layer TaSe2

36,37. In this work, we have 
pursued detailed "rst-principles calculations to investigate the atomic structures, electronic and vibra-
tional properties of few-layer TaSe2 in the undistorted normal states. Our calculations reveal a strong 
dependence of the electronic and phonon properties on the layer number and on the the stacking geom-
etry, and we discuss the implications of the e!ect of dimensionality on the CDW transition in this 
material.

Results
���������� ����͸. #e crystal structure of TaSe2 consists of Se-Ta-Se trilayer building block7. 
Depending on the relative rotation of the two Se layers within the trilayer unit, the bulk TaSe2 has two 
di!erent phases: 2H and 1T7. In the 2H phase, the two Se layers form trigonal prismatic coordination, 
while they follow octahedral prismatic coordination in the 1T phase, as schematically shown in Fig. 1. 
#e trilayer Se-Ta-Se structure in the 2H monolayer can be regarded as ABA stacking, while it changes 
to ABC stacking in the 1T phase38. As will be shown below, such a small structural variation results in a 
dramatic di!erence on the electronic and vibrational properties.

We start with monolayer TaSe2. Figure  1(c) depicts the total energy Etot per unit cell as a function 
of the lattice constant a0 for both 2H and 1T phases. #e atomic structures of 2H and 1T monolayers 
are schematically shown in Fig. 1(a,b), respectively. Figure 1(c) compares the energies with and without 
the spin-orbit coupling (SOC), and shows that the 2H phase is energetically more favorable than the 1T 
phase. Speci"cally, the Etot in the 2H phase is about ~80 meV/unit cell lower than that in the 1T phase. 
Without SOC, the equilibrium lattice constant of 2H phase (3.378 Å) is 0.4% smaller than that of the 
1T phase (3.391 Å). Our results are smaller than the experimental value 3.43 Å38 for 2H-TaSe2, but close 
to previous theoretical values (3.39 Å for 2H and 3.41 Å for 1T) with similar exchange-correlation func-
tional36,37. #is is understandable since LDA usually underestimates the lattice parameter by 1–2%. Note 
that the inclusion of SOC slightly increases the lattice constant in both cases. All these data along with 
a few other geometrical parameters have been listed in Table 1.

In Fig.  2, we show the electronic band structures together with the density of states (DOSs) for 
monolayer TaSe2. Although the crystal structures of 2H and 1T phases are similar, the electronic band 
dispersions exhibit distinct features, as shown in Fig.  2(a,c), respectively. In the 2H phase, there is a 
separate narrow electronic band near the Fermi level, with width ~1.3 eV. #is band originates from the 
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Fig. 3: Influence of 180○ twisting and electric fields on band structure and topology. a, Band structure for 180○
twisted CCDW 1T-TaSe2 bilayer without (solid red) and with (dashed blue) SOC included. The degeneracy of the bands is
lifted due to the absence of the inversion symmetry after twisting. b, Influence of vertical electric fields on the low-energy
band structure for 180○ twisted CCDW 1T-TaSe2 bilayer. The gap at K closes and a parabolic band touching point occurs
when the Semeno↵ mass term is �M � = �M0 +�M � = 1.87 meV at Ez = −4.2 mV/Å. c, Non-interacting �R vs �M topological
phase diagrams for non-twisted, 180○ twisted CCDW bilayer and two cases in between, where the spin valley coupling B of the
non-twisted CCDW 1T-TaSe2 bilayer is varied. For B = 0 the system shows the symmetric ”onion”-like shape similar to Ref.
[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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Fig. 1: Crystal structures of 1T-TaSe2 mono- and bilayers in the CCDW phase. a, Monolayer 1T-TaSe2 in the
CCDW phase. Only Ta atoms are shown. The Ta atoms are distorted into a SoD pattern, where the central Ta atoms (red)
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t = −34 meV and the local interaction U ≈ 130 meV. c, Side view of 1T-TaSe2 bilayers embedded in field e↵ect transistor
structures for the application of vertical electric fields. A non-twisted and a 180○ twisted bilayer are shown with Ta atoms (red
and blue) and Se atoms (yellow).
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• we can tune M by means of electric field along z (~1-4 meV/Å) 

• from D6h to C3v

Material realization?

trino” billiards !Berry and Modragon, 1987; Miao et al.,
2007". It has also been suggested that Coulomb interac-
tions are considerably enhanced in smaller geometries,
such as graphene quantum dots !Milton Pereira et al.,
2007", leading to unusual Coulomb blockade effects
!Geim and Novoselov, 2007" and perhaps to magnetic
phenomena such as the Kondo effect. The transport
properties of graphene allow for their use in a plethora
of applications ranging from single molecule detection
!Schedin et al., 2007; Wehling et al., 2008" to spin injec-
tion !Cho et al., 2007; Hill et al., 2007; Ohishi et al., 2007;
Tombros et al., 2007".

Because of its unusual structural and electronic flex-
ibility, graphene can be tailored chemically and/or struc-
turally in many different ways: deposition of metal at-
oms !Calandra and Mauri, 2007; Uchoa et al., 2008" or
molecules !Schedin et al., 2007; Leenaerts et al., 2008;
Wehling et al., 2008" on top; intercalation #as done in
graphite intercalated compounds !Dresselhaus et al.,
1983; Tanuma and Kamimura, 1985; Dresselhaus and
Dresselhaus, 2002"$; incorporation of nitrogen and/or
boron in its structure !Martins et al., 2007; Peres,
Klironomos, Tsai, et al., 2007" #in analogy with what has
been done in nanotubes !Stephan et al., 1994"$; and using
different substrates that modify the electronic structure
!Calizo et al., 2007; Giovannetti et al., 2007; Varchon et
al., 2007; Zhou et al., 2007; Das et al., 2008; Faugeras et
al., 2008". The control of graphene properties can be
extended in new directions allowing for the creation of
graphene-based systems with magnetic and supercon-
ducting properties !Uchoa and Castro Neto, 2007" that
are unique in their 2D properties. Although the
graphene field is still in its infancy, the scientific and
technological possibilities of this new material seem to
be unlimited. The understanding and control of this ma-
terial’s properties can open doors for a new frontier in
electronics. As the current status of the experiment and
potential applications have recently been reviewed
!Geim and Novoselov, 2007", in this paper we concen-
trate on the theory and more technical aspects of elec-
tronic properties with this exciting new material.

II. ELEMENTARY ELECTRONIC PROPERTIES OF
GRAPHENE

A. Single layer: Tight-binding approach

Graphene is made out of carbon atoms arranged in
hexagonal structure, as shown in Fig. 2. The structure
can be seen as a triangular lattice with a basis of two
atoms per unit cell. The lattice vectors can be written as

a1 =
a
2

!3,%3", a2 =
a
2

!3,− %3" , !1"

where a&1.42 Å is the carbon-carbon distance. The
reciprocal-lattice vectors are given by

b1 =
2!

3a
!1,%3", b2 =

2!

3a
!1,− %3" . !2"

Of particular importance for the physics of graphene are
the two points K and K! at the corners of the graphene
Brillouin zone !BZ". These are named Dirac points for
reasons that will become clear later. Their positions in
momentum space are given by

K = '2!

3a
,

2!

3%3a
(, K! = '2!

3a
,−

2!

3%3a
( . !3"

The three nearest-neighbor vectors in real space are
given by

!1 =
a
2

!1,%3" !2 =
a
2

!1,− %3" "3 = − a!1,0" !4"

while the six second-nearest neighbors are located at
"1!= ±a1, "2!= ±a2, "3!= ± !a2−a1".

The tight-binding Hamiltonian for electrons in
graphene considering that electrons can hop to both
nearest- and next-nearest-neighbor atoms has the form
!we use units such that #=1"

H = − t )
*i,j+,$

!a$,i
† b$,j + H.c."

− t! )
**i,j++,$

!a$,i
† a$,j + b$,i

† b$,j + H.c." , !5"

where ai,$ !ai,$
† " annihilates !creates" an electron with

spin $ !$= ↑ , ↓ " on site Ri on sublattice A !an equiva-
lent definition is used for sublattice B", t!&2.8 eV" is the
nearest-neighbor hopping energy !hopping between dif-
ferent sublattices", and t! is the next nearest-neighbor
hopping energy1 !hopping in the same sublattice". The
energy bands derived from this Hamiltonian have the
form !Wallace, 1947"

E±!k" = ± t%3 + f!k" − t!f!k" ,

1The value of t! is not well known but ab initio calculations
!Reich et al., 2002" find 0.02t% t!%0.2t depending on the tight-
binding parametrization. These calculations also include the
effect of a third-nearest-neighbors hopping, which has a value
of around 0.07 eV. A tight-binding fit to cyclotron resonance
experiments !Deacon et al., 2007" finds t!&0.1 eV.
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twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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• we can tune M by means of electric field along z (~1-4 meV/Å) 

• from D6h to C3v

Material realization?

trino” billiards !Berry and Modragon, 1987; Miao et al.,
2007". It has also been suggested that Coulomb interac-
tions are considerably enhanced in smaller geometries,
such as graphene quantum dots !Milton Pereira et al.,
2007", leading to unusual Coulomb blockade effects
!Geim and Novoselov, 2007" and perhaps to magnetic
phenomena such as the Kondo effect. The transport
properties of graphene allow for their use in a plethora
of applications ranging from single molecule detection
!Schedin et al., 2007; Wehling et al., 2008" to spin injec-
tion !Cho et al., 2007; Hill et al., 2007; Ohishi et al., 2007;
Tombros et al., 2007".

Because of its unusual structural and electronic flex-
ibility, graphene can be tailored chemically and/or struc-
turally in many different ways: deposition of metal at-
oms !Calandra and Mauri, 2007; Uchoa et al., 2008" or
molecules !Schedin et al., 2007; Leenaerts et al., 2008;
Wehling et al., 2008" on top; intercalation #as done in
graphite intercalated compounds !Dresselhaus et al.,
1983; Tanuma and Kamimura, 1985; Dresselhaus and
Dresselhaus, 2002"$; incorporation of nitrogen and/or
boron in its structure !Martins et al., 2007; Peres,
Klironomos, Tsai, et al., 2007" #in analogy with what has
been done in nanotubes !Stephan et al., 1994"$; and using
different substrates that modify the electronic structure
!Calizo et al., 2007; Giovannetti et al., 2007; Varchon et
al., 2007; Zhou et al., 2007; Das et al., 2008; Faugeras et
al., 2008". The control of graphene properties can be
extended in new directions allowing for the creation of
graphene-based systems with magnetic and supercon-
ducting properties !Uchoa and Castro Neto, 2007" that
are unique in their 2D properties. Although the
graphene field is still in its infancy, the scientific and
technological possibilities of this new material seem to
be unlimited. The understanding and control of this ma-
terial’s properties can open doors for a new frontier in
electronics. As the current status of the experiment and
potential applications have recently been reviewed
!Geim and Novoselov, 2007", in this paper we concen-
trate on the theory and more technical aspects of elec-
tronic properties with this exciting new material.

II. ELEMENTARY ELECTRONIC PROPERTIES OF
GRAPHENE

A. Single layer: Tight-binding approach

Graphene is made out of carbon atoms arranged in
hexagonal structure, as shown in Fig. 2. The structure
can be seen as a triangular lattice with a basis of two
atoms per unit cell. The lattice vectors can be written as

a1 =
a
2

!3,%3", a2 =
a
2

!3,− %3" , !1"

where a&1.42 Å is the carbon-carbon distance. The
reciprocal-lattice vectors are given by

b1 =
2!

3a
!1,%3", b2 =

2!

3a
!1,− %3" . !2"

Of particular importance for the physics of graphene are
the two points K and K! at the corners of the graphene
Brillouin zone !BZ". These are named Dirac points for
reasons that will become clear later. Their positions in
momentum space are given by

K = '2!

3a
,

2!

3%3a
(, K! = '2!
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,−

2!

3%3a
( . !3"

The three nearest-neighbor vectors in real space are
given by

!1 =
a
2

!1,%3" !2 =
a
2

!1,− %3" "3 = − a!1,0" !4"

while the six second-nearest neighbors are located at
"1!= ±a1, "2!= ±a2, "3!= ± !a2−a1".

The tight-binding Hamiltonian for electrons in
graphene considering that electrons can hop to both
nearest- and next-nearest-neighbor atoms has the form
!we use units such that #=1"

H = − t )
*i,j+,$

!a$,i
† b$,j + H.c."

− t! )
**i,j++,$

!a$,i
† a$,j + b$,i

† b$,j + H.c." , !5"

where ai,$ !ai,$
† " annihilates !creates" an electron with

spin $ !$= ↑ , ↓ " on site Ri on sublattice A !an equiva-
lent definition is used for sublattice B", t!&2.8 eV" is the
nearest-neighbor hopping energy !hopping between dif-
ferent sublattices", and t! is the next nearest-neighbor
hopping energy1 !hopping in the same sublattice". The
energy bands derived from this Hamiltonian have the
form !Wallace, 1947"

E±!k" = ± t%3 + f!k" − t!f!k" ,

1The value of t! is not well known but ab initio calculations
!Reich et al., 2002" find 0.02t% t!%0.2t depending on the tight-
binding parametrization. These calculations also include the
effect of a third-nearest-neighbors hopping, which has a value
of around 0.07 eV. A tight-binding fit to cyclotron resonance
experiments !Deacon et al., 2007" finds t!&0.1 eV.
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FIG. 2. !Color online" Honeycomb lattice and its Brillouin
zone. Left: lattice structure of graphene, made out of two in-
terpenetrating triangular lattices !a1 and a2 are the lattice unit
vectors, and "i, i=1,2 ,3 are the nearest-neighbor vectors".
Right: corresponding Brillouin zone. The Dirac cones are lo-
cated at the K and K! points.
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Fig. 3: Influence of 180○ twisting and electric fields on band structure and topology. a, Band structure for 180○
twisted CCDW 1T-TaSe2 bilayer without (solid red) and with (dashed blue) SOC included. The degeneracy of the bands is
lifted due to the absence of the inversion symmetry after twisting. b, Influence of vertical electric fields on the low-energy
band structure for 180○ twisted CCDW 1T-TaSe2 bilayer. The gap at K closes and a parabolic band touching point occurs
when the Semeno↵ mass term is �M � = �M0 +�M � = 1.87 meV at Ez = −4.2 mV/Å. c, Non-interacting �R vs �M topological
phase diagrams for non-twisted, 180○ twisted CCDW bilayer and two cases in between, where the spin valley coupling B of the
non-twisted CCDW 1T-TaSe2 bilayer is varied. For B = 0 the system shows the symmetric ”onion”-like shape similar to Ref.
[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
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twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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trino” billiards !Berry and Modragon, 1987; Miao et al.,
2007". It has also been suggested that Coulomb interac-
tions are considerably enhanced in smaller geometries,
such as graphene quantum dots !Milton Pereira et al.,
2007", leading to unusual Coulomb blockade effects
!Geim and Novoselov, 2007" and perhaps to magnetic
phenomena such as the Kondo effect. The transport
properties of graphene allow for their use in a plethora
of applications ranging from single molecule detection
!Schedin et al., 2007; Wehling et al., 2008" to spin injec-
tion !Cho et al., 2007; Hill et al., 2007; Ohishi et al., 2007;
Tombros et al., 2007".

Because of its unusual structural and electronic flex-
ibility, graphene can be tailored chemically and/or struc-
turally in many different ways: deposition of metal at-
oms !Calandra and Mauri, 2007; Uchoa et al., 2008" or
molecules !Schedin et al., 2007; Leenaerts et al., 2008;
Wehling et al., 2008" on top; intercalation #as done in
graphite intercalated compounds !Dresselhaus et al.,
1983; Tanuma and Kamimura, 1985; Dresselhaus and
Dresselhaus, 2002"$; incorporation of nitrogen and/or
boron in its structure !Martins et al., 2007; Peres,
Klironomos, Tsai, et al., 2007" #in analogy with what has
been done in nanotubes !Stephan et al., 1994"$; and using
different substrates that modify the electronic structure
!Calizo et al., 2007; Giovannetti et al., 2007; Varchon et
al., 2007; Zhou et al., 2007; Das et al., 2008; Faugeras et
al., 2008". The control of graphene properties can be
extended in new directions allowing for the creation of
graphene-based systems with magnetic and supercon-
ducting properties !Uchoa and Castro Neto, 2007" that
are unique in their 2D properties. Although the
graphene field is still in its infancy, the scientific and
technological possibilities of this new material seem to
be unlimited. The understanding and control of this ma-
terial’s properties can open doors for a new frontier in
electronics. As the current status of the experiment and
potential applications have recently been reviewed
!Geim and Novoselov, 2007", in this paper we concen-
trate on the theory and more technical aspects of elec-
tronic properties with this exciting new material.

II. ELEMENTARY ELECTRONIC PROPERTIES OF
GRAPHENE

A. Single layer: Tight-binding approach

Graphene is made out of carbon atoms arranged in
hexagonal structure, as shown in Fig. 2. The structure
can be seen as a triangular lattice with a basis of two
atoms per unit cell. The lattice vectors can be written as

a1 =
a
2

!3,%3", a2 =
a
2

!3,− %3" , !1"

where a&1.42 Å is the carbon-carbon distance. The
reciprocal-lattice vectors are given by

b1 =
2!

3a
!1,%3", b2 =

2!

3a
!1,− %3" . !2"

Of particular importance for the physics of graphene are
the two points K and K! at the corners of the graphene
Brillouin zone !BZ". These are named Dirac points for
reasons that will become clear later. Their positions in
momentum space are given by

K = '2!

3a
,

2!

3%3a
(, K! = '2!

3a
,−

2!

3%3a
( . !3"

The three nearest-neighbor vectors in real space are
given by

!1 =
a
2

!1,%3" !2 =
a
2

!1,− %3" "3 = − a!1,0" !4"

while the six second-nearest neighbors are located at
"1!= ±a1, "2!= ±a2, "3!= ± !a2−a1".

The tight-binding Hamiltonian for electrons in
graphene considering that electrons can hop to both
nearest- and next-nearest-neighbor atoms has the form
!we use units such that #=1"

H = − t )
*i,j+,$

!a$,i
† b$,j + H.c."

− t! )
**i,j++,$

!a$,i
† a$,j + b$,i

† b$,j + H.c." , !5"

where ai,$ !ai,$
† " annihilates !creates" an electron with

spin $ !$= ↑ , ↓ " on site Ri on sublattice A !an equiva-
lent definition is used for sublattice B", t!&2.8 eV" is the
nearest-neighbor hopping energy !hopping between dif-
ferent sublattices", and t! is the next nearest-neighbor
hopping energy1 !hopping in the same sublattice". The
energy bands derived from this Hamiltonian have the
form !Wallace, 1947"

E±!k" = ± t%3 + f!k" − t!f!k" ,

1The value of t! is not well known but ab initio calculations
!Reich et al., 2002" find 0.02t% t!%0.2t depending on the tight-
binding parametrization. These calculations also include the
effect of a third-nearest-neighbors hopping, which has a value
of around 0.07 eV. A tight-binding fit to cyclotron resonance
experiments !Deacon et al., 2007" finds t!&0.1 eV.
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FIG. 2. !Color online" Honeycomb lattice and its Brillouin
zone. Left: lattice structure of graphene, made out of two in-
terpenetrating triangular lattices !a1 and a2 are the lattice unit
vectors, and "i, i=1,2 ,3 are the nearest-neighbor vectors".
Right: corresponding Brillouin zone. The Dirac cones are lo-
cated at the K and K! points.
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Fig. 3: Influence of 180○ twisting and electric fields on band structure and topology. a, Band structure for 180○
twisted CCDW 1T-TaSe2 bilayer without (solid red) and with (dashed blue) SOC included. The degeneracy of the bands is
lifted due to the absence of the inversion symmetry after twisting. b, Influence of vertical electric fields on the low-energy
band structure for 180○ twisted CCDW 1T-TaSe2 bilayer. The gap at K closes and a parabolic band touching point occurs
when the Semeno↵ mass term is �M � = �M0 +�M � = 1.87 meV at Ez = −4.2 mV/Å. c, Non-interacting �R vs �M topological
phase diagrams for non-twisted, 180○ twisted CCDW bilayer and two cases in between, where the spin valley coupling B of the
non-twisted CCDW 1T-TaSe2 bilayer is varied. For B = 0 the system shows the symmetric ”onion”-like shape similar to Ref.
[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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trino” billiards !Berry and Modragon, 1987; Miao et al.,
2007". It has also been suggested that Coulomb interac-
tions are considerably enhanced in smaller geometries,
such as graphene quantum dots !Milton Pereira et al.,
2007", leading to unusual Coulomb blockade effects
!Geim and Novoselov, 2007" and perhaps to magnetic
phenomena such as the Kondo effect. The transport
properties of graphene allow for their use in a plethora
of applications ranging from single molecule detection
!Schedin et al., 2007; Wehling et al., 2008" to spin injec-
tion !Cho et al., 2007; Hill et al., 2007; Ohishi et al., 2007;
Tombros et al., 2007".

Because of its unusual structural and electronic flex-
ibility, graphene can be tailored chemically and/or struc-
turally in many different ways: deposition of metal at-
oms !Calandra and Mauri, 2007; Uchoa et al., 2008" or
molecules !Schedin et al., 2007; Leenaerts et al., 2008;
Wehling et al., 2008" on top; intercalation #as done in
graphite intercalated compounds !Dresselhaus et al.,
1983; Tanuma and Kamimura, 1985; Dresselhaus and
Dresselhaus, 2002"$; incorporation of nitrogen and/or
boron in its structure !Martins et al., 2007; Peres,
Klironomos, Tsai, et al., 2007" #in analogy with what has
been done in nanotubes !Stephan et al., 1994"$; and using
different substrates that modify the electronic structure
!Calizo et al., 2007; Giovannetti et al., 2007; Varchon et
al., 2007; Zhou et al., 2007; Das et al., 2008; Faugeras et
al., 2008". The control of graphene properties can be
extended in new directions allowing for the creation of
graphene-based systems with magnetic and supercon-
ducting properties !Uchoa and Castro Neto, 2007" that
are unique in their 2D properties. Although the
graphene field is still in its infancy, the scientific and
technological possibilities of this new material seem to
be unlimited. The understanding and control of this ma-
terial’s properties can open doors for a new frontier in
electronics. As the current status of the experiment and
potential applications have recently been reviewed
!Geim and Novoselov, 2007", in this paper we concen-
trate on the theory and more technical aspects of elec-
tronic properties with this exciting new material.

II. ELEMENTARY ELECTRONIC PROPERTIES OF
GRAPHENE

A. Single layer: Tight-binding approach

Graphene is made out of carbon atoms arranged in
hexagonal structure, as shown in Fig. 2. The structure
can be seen as a triangular lattice with a basis of two
atoms per unit cell. The lattice vectors can be written as

a1 =
a
2

!3,%3", a2 =
a
2

!3,− %3" , !1"

where a&1.42 Å is the carbon-carbon distance. The
reciprocal-lattice vectors are given by

b1 =
2!

3a
!1,%3", b2 =

2!

3a
!1,− %3" . !2"

Of particular importance for the physics of graphene are
the two points K and K! at the corners of the graphene
Brillouin zone !BZ". These are named Dirac points for
reasons that will become clear later. Their positions in
momentum space are given by

K = '2!

3a
,

2!

3%3a
(, K! = '2!

3a
,−

2!

3%3a
( . !3"

The three nearest-neighbor vectors in real space are
given by

!1 =
a
2

!1,%3" !2 =
a
2

!1,− %3" "3 = − a!1,0" !4"

while the six second-nearest neighbors are located at
"1!= ±a1, "2!= ±a2, "3!= ± !a2−a1".

The tight-binding Hamiltonian for electrons in
graphene considering that electrons can hop to both
nearest- and next-nearest-neighbor atoms has the form
!we use units such that #=1"

H = − t )
*i,j+,$

!a$,i
† b$,j + H.c."

− t! )
**i,j++,$

!a$,i
† a$,j + b$,i

† b$,j + H.c." , !5"

where ai,$ !ai,$
† " annihilates !creates" an electron with

spin $ !$= ↑ , ↓ " on site Ri on sublattice A !an equiva-
lent definition is used for sublattice B", t!&2.8 eV" is the
nearest-neighbor hopping energy !hopping between dif-
ferent sublattices", and t! is the next nearest-neighbor
hopping energy1 !hopping in the same sublattice". The
energy bands derived from this Hamiltonian have the
form !Wallace, 1947"

E±!k" = ± t%3 + f!k" − t!f!k" ,

1The value of t! is not well known but ab initio calculations
!Reich et al., 2002" find 0.02t% t!%0.2t depending on the tight-
binding parametrization. These calculations also include the
effect of a third-nearest-neighbors hopping, which has a value
of around 0.07 eV. A tight-binding fit to cyclotron resonance
experiments !Deacon et al., 2007" finds t!&0.1 eV.
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FIG. 2. !Color online" Honeycomb lattice and its Brillouin
zone. Left: lattice structure of graphene, made out of two in-
terpenetrating triangular lattices !a1 and a2 are the lattice unit
vectors, and "i, i=1,2 ,3 are the nearest-neighbor vectors".
Right: corresponding Brillouin zone. The Dirac cones are lo-
cated at the K and K! points.
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Fig. 3: Influence of 180○ twisting and electric fields on band structure and topology. a, Band structure for 180○
twisted CCDW 1T-TaSe2 bilayer without (solid red) and with (dashed blue) SOC included. The degeneracy of the bands is
lifted due to the absence of the inversion symmetry after twisting. b, Influence of vertical electric fields on the low-energy
band structure for 180○ twisted CCDW 1T-TaSe2 bilayer. The gap at K closes and a parabolic band touching point occurs
when the Semeno↵ mass term is �M � = �M0 +�M � = 1.87 meV at Ez = −4.2 mV/Å. c, Non-interacting �R vs �M topological
phase diagrams for non-twisted, 180○ twisted CCDW bilayer and two cases in between, where the spin valley coupling B of the
non-twisted CCDW 1T-TaSe2 bilayer is varied. For B = 0 the system shows the symmetric ”onion”-like shape similar to Ref.
[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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lifted due to the absence of the inversion symmetry after twisting. b, Influence of vertical electric fields on the low-energy
band structure for 180○ twisted CCDW 1T-TaSe2 bilayer. The gap at K closes and a parabolic band touching point occurs
when the Semeno↵ mass term is �M � = �M0 +�M � = 1.87 meV at Ez = −4.2 mV/Å. c, Non-interacting �R vs �M topological
phase diagrams for non-twisted, 180○ twisted CCDW bilayer and two cases in between, where the spin valley coupling B of the
non-twisted CCDW 1T-TaSe2 bilayer is varied. For B = 0 the system shows the symmetric ”onion”-like shape similar to Ref.
[29]. When B increases, the QSH region shrinks and disappears when B = �SOC. For B > �SOC, the system behaves as a trivial
band insulator. The yellow arrows in the leftmost and rightmost panels indicate the path in phase space accessible by varying
the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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• we can tune M by means of electric field along z (~1-4 meV/Å) 

• from D6h to C3v

Material realization?
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Two-dimensional (2D) Mott insulators emerge when the 
Coulomb interaction (U) exceeds the bandwidth (W) in 
partially filled band systems that can be described by 2D 

Hubbard-like models1. Correlated electronic behaviour in quasi-2D 
Mott insulators leads to collective quantum phenomena2,3 such as 
high-temperature superconductivity that is widely believed to arise 
through doping of Mott insulating copper–oxygen layers4,5. Certain 
stacked graphene systems have also recently been found to exhibit 
Mott-like insulating behaviour and unconventional superconduc-
tivity on gating6–9. Layered transition metal dichalcogenides offer 
another family of correlated quasi-2D materials, two examples being 
bulk 1T-TaS2 and the surface of bulk 1T-TaSe2, which have long 
been known to host unusual insulating phases in the star-of-David 
charge density wave (CDW) state10–13. Although widely believed to 
be Mott insulators11,14,15, the insulating nature of these bulk systems 
is complicated by interlayer CDW stacking whose effects on the 
insulating phase remain controversial16. Interlayer hopping (which 
increases W) and interlayer dielectric screening (which decreases U)  
are expected to suppress Mott insulating behaviour1,17,18, but orbital 
stacking has also been predicted to open a hybridization gap even in 
the absence of electron correlation16,19,20.

Atomically thin 1T transition metal dichalcogenides offer an ideal 
platform to differentiate the contributions of electron correlation 
and interlayer effects in quasi-2D materials since single-layer sys-
tems can be fully characterized in the absence of interlayer coupling. 
Without interlayer coupling, the reduced screening environment  

of a single layer leads to increased Coulomb interaction and poten-
tially enhanced correlation phenomena21–25. The effects of interlayer 
coupling can then be systematically determined by adding new 
layers to a material one at a time and mapping out the resulting 
stacking order and wavefunction properties. Previous studies on 
single-layer 1T-NbSe2 and 1T-TaSe2 have found unusual insulating 
behaviour26,27, but electronic wavefunction texture and interlayer 
coupling effects were not examined. The nature of the insulating 
phase in these single-layer materials thus remains inconclusive.

Here we report a combined scanning tunnelling microscopy/
spectroscopy (STM/STS), angle-resolved photoemission spectros-
copy (ARPES), and theoretical study of the electronic structure of 
single-layer 1T-TaSe2. Our results show that in the absence of inter-
layer coupling single-layer 1T-TaSe2 hosts a Mott insulating ground 
state that exhibits a 109 ± 18 meV energy gap and unusual orbital 
texture. Bilayer and trilayer 1T-TaSe2 with shifted stacking order 
exhibit successively smaller energy gaps and show no signs of the 
unusual orbital texture seen in the single-layer limit. The single-
layer band structure and density of states of 1T-TaSe2 are found to 
be consistent with density functional theory (DFT) + U calcula-
tions, confirming its Mott insulator nature. The unusual single-layer 
orbital texture, however, is not captured by DFT + U, but is consis-
tent with the behaviour expected for a weakly screened, strongly 
correlated 2D insulator. Reduction of the 1T-TaSe2 bandgap and 
quenching of the unusual orbital texture by the addition of new 
layers show that the effect of interlayer coupling on shifted-stacked 
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Coulomb interaction (U) exceeds the bandwidth (W) in 
partially filled band systems that can be described by 2D 

Hubbard-like models1. Correlated electronic behaviour in quasi-2D 
Mott insulators leads to collective quantum phenomena2,3 such as 
high-temperature superconductivity that is widely believed to arise 
through doping of Mott insulating copper–oxygen layers4,5. Certain 
stacked graphene systems have also recently been found to exhibit 
Mott-like insulating behaviour and unconventional superconduc-
tivity on gating6–9. Layered transition metal dichalcogenides offer 
another family of correlated quasi-2D materials, two examples being 
bulk 1T-TaS2 and the surface of bulk 1T-TaSe2, which have long 
been known to host unusual insulating phases in the star-of-David 
charge density wave (CDW) state10–13. Although widely believed to 
be Mott insulators11,14,15, the insulating nature of these bulk systems 
is complicated by interlayer CDW stacking whose effects on the 
insulating phase remain controversial16. Interlayer hopping (which 
increases W) and interlayer dielectric screening (which decreases U)  
are expected to suppress Mott insulating behaviour1,17,18, but orbital 
stacking has also been predicted to open a hybridization gap even in 
the absence of electron correlation16,19,20.

Atomically thin 1T transition metal dichalcogenides offer an ideal 
platform to differentiate the contributions of electron correlation 
and interlayer effects in quasi-2D materials since single-layer sys-
tems can be fully characterized in the absence of interlayer coupling. 
Without interlayer coupling, the reduced screening environment  

of a single layer leads to increased Coulomb interaction and poten-
tially enhanced correlation phenomena21–25. The effects of interlayer 
coupling can then be systematically determined by adding new 
layers to a material one at a time and mapping out the resulting 
stacking order and wavefunction properties. Previous studies on 
single-layer 1T-NbSe2 and 1T-TaSe2 have found unusual insulating 
behaviour26,27, but electronic wavefunction texture and interlayer 
coupling effects were not examined. The nature of the insulating 
phase in these single-layer materials thus remains inconclusive.

Here we report a combined scanning tunnelling microscopy/
spectroscopy (STM/STS), angle-resolved photoemission spectros-
copy (ARPES), and theoretical study of the electronic structure of 
single-layer 1T-TaSe2. Our results show that in the absence of inter-
layer coupling single-layer 1T-TaSe2 hosts a Mott insulating ground 
state that exhibits a 109 ± 18 meV energy gap and unusual orbital 
texture. Bilayer and trilayer 1T-TaSe2 with shifted stacking order 
exhibit successively smaller energy gaps and show no signs of the 
unusual orbital texture seen in the single-layer limit. The single-
layer band structure and density of states of 1T-TaSe2 are found to 
be consistent with density functional theory (DFT) + U calcula-
tions, confirming its Mott insulator nature. The unusual single-layer 
orbital texture, however, is not captured by DFT + U, but is consis-
tent with the behaviour expected for a weakly screened, strongly 
correlated 2D insulator. Reduction of the 1T-TaSe2 bandgap and 
quenching of the unusual orbital texture by the addition of new 
layers show that the effect of interlayer coupling on shifted-stacked 
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Two-dimensional (2D) Mott insulators emerge when the 
Coulomb interaction (U) exceeds the bandwidth (W) in 
partially filled band systems that can be described by 2D 

Hubbard-like models1. Correlated electronic behaviour in quasi-2D 
Mott insulators leads to collective quantum phenomena2,3 such as 
high-temperature superconductivity that is widely believed to arise 
through doping of Mott insulating copper–oxygen layers4,5. Certain 
stacked graphene systems have also recently been found to exhibit 
Mott-like insulating behaviour and unconventional superconduc-
tivity on gating6–9. Layered transition metal dichalcogenides offer 
another family of correlated quasi-2D materials, two examples being 
bulk 1T-TaS2 and the surface of bulk 1T-TaSe2, which have long 
been known to host unusual insulating phases in the star-of-David 
charge density wave (CDW) state10–13. Although widely believed to 
be Mott insulators11,14,15, the insulating nature of these bulk systems 
is complicated by interlayer CDW stacking whose effects on the 
insulating phase remain controversial16. Interlayer hopping (which 
increases W) and interlayer dielectric screening (which decreases U)  
are expected to suppress Mott insulating behaviour1,17,18, but orbital 
stacking has also been predicted to open a hybridization gap even in 
the absence of electron correlation16,19,20.

Atomically thin 1T transition metal dichalcogenides offer an ideal 
platform to differentiate the contributions of electron correlation 
and interlayer effects in quasi-2D materials since single-layer sys-
tems can be fully characterized in the absence of interlayer coupling. 
Without interlayer coupling, the reduced screening environment  

of a single layer leads to increased Coulomb interaction and poten-
tially enhanced correlation phenomena21–25. The effects of interlayer 
coupling can then be systematically determined by adding new 
layers to a material one at a time and mapping out the resulting 
stacking order and wavefunction properties. Previous studies on 
single-layer 1T-NbSe2 and 1T-TaSe2 have found unusual insulating 
behaviour26,27, but electronic wavefunction texture and interlayer 
coupling effects were not examined. The nature of the insulating 
phase in these single-layer materials thus remains inconclusive.

Here we report a combined scanning tunnelling microscopy/
spectroscopy (STM/STS), angle-resolved photoemission spectros-
copy (ARPES), and theoretical study of the electronic structure of 
single-layer 1T-TaSe2. Our results show that in the absence of inter-
layer coupling single-layer 1T-TaSe2 hosts a Mott insulating ground 
state that exhibits a 109 ± 18 meV energy gap and unusual orbital 
texture. Bilayer and trilayer 1T-TaSe2 with shifted stacking order 
exhibit successively smaller energy gaps and show no signs of the 
unusual orbital texture seen in the single-layer limit. The single-
layer band structure and density of states of 1T-TaSe2 are found to 
be consistent with density functional theory (DFT) + U calcula-
tions, confirming its Mott insulator nature. The unusual single-layer 
orbital texture, however, is not captured by DFT + U, but is consis-
tent with the behaviour expected for a weakly screened, strongly 
correlated 2D insulator. Reduction of the 1T-TaSe2 bandgap and 
quenching of the unusual orbital texture by the addition of new 
layers show that the effect of interlayer coupling on shifted-stacked 
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1T-TaSe2 is to weaken the Mott behaviour. The single-layer limit of 
1T-TaSe2 is thus unique in that strong correlation effects here are 
most pronounced, affecting both the energy gap and electron wave-
function symmetry.

Electronic structure of single-layer 1T-TaSe2
Our experiments were carried out on 1T-TaSe2 thin films grown 
by molecular beam epitaxy on epitaxial bilayer-graphene (BLG)-
terminated 6H-SiC(0001), as sketched in Fig. 1a. The crystal struc-
ture of 1T-TaSe2 consists of a layer of Ta atoms sandwiched between 
two layers of Se atoms in an octahedral coordination. Figure 1b 
illustrates the hexagonal morphology of our 1T-TaSe2 islands, indi-
cating high epitaxial growth quality. A triangular CDW superlattice 
is observed on single-layer, bilayer and trilayer 1T-TaSe2, as seen in 
Fig. 1b,c and Supplementary Fig. 1 where each bright spot corre-
sponds to a star-of-David CDW supercell. Fourier analysis of STM 
images (Supplementary Fig. 2) together with low-energy electron 
diffraction patterns (Supplementary Fig. 3) confirms the formation 
of a 
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 CDW in single-layer 1T-TaSe2, similar to the com-

mensurate CDW phase of bulk 1T-TaSe2 at T < 473 K (ref. 28) (the 
atomic lattice and CDW superlattice are observed to have a rela-
tive rotation angle of approximately 13.9°). Reflection high-energy  
electron diffraction patterns (Fig. 1e) and X-ray photoelectron 
spectroscopy (Fig. 1f) show the structural and chemical integ-
rity of our single-layer 1T-TaSe2 samples (1T and 1H islands do  
coexist in our samples due to the metastability of 1T-TaSe2 
(Supplementary Fig. 4)).

We experimentally determined the electronic structure of single-
layer 1T-TaSe2 in the star-of-David CDW phase using ARPES and 
STS. Figure 2a,b shows the ARPES spectra of single-layer 1T-TaSe2 
for p- and s-polarized light, respectively, obtained at T = 12 K. At 
low binding energies, the single-layer 1T-TaSe2 ARPES spectra 

show a strongly diminished intensity at all observed momenta, 
indicating insulating behaviour (some ARPES intensity from coex-
isting 1H-TaSe2 islands can be seen crossing the Fermi level (EF) 
at the wavevector k ≈ 0.5 Å−1 (represented by white dashed lines)29). 
The CDW superlattice potential induces band folding into a smaller 
CDW Brillouin zone (Fig. 2b inset). One such band can be seen 
in the ARPES spectrum for p-polarized light (Fig. 2a) that shows 
a prominent flat band centred at E – EF ≈ −0.26 eV within the first 
CDW Brillouin zone (black dashed box). A more dispersive band can 
be resolved outside the first CDW Brillouin zone boundary (vertical 
dashed lines labelled A and B mark this boundary). These features 
have no obvious photon-energy dependence (Supplementary Fig. 5) 
and are similar to bands observed by ARPES at the surface of bulk 
samples of 1T-TaS2 (refs. 16,30) and 1T-TaSe2 (ref. 12). For s-polarized 
light (Fig. 2b), the flat band is much less visible and a manifold of 
highly dispersive bands near the Γ-point dominates the spectrum.

Our STM dI/dV spectrum (Fig. 3a (black curve)) confirms the 
insulating nature of single-layer 1T-TaSe2. The electronic local 
density of states (LDOS) reflected in dI/dV exhibits a pronounced 
valence band peak at V = −0.33 V (labelled V1) while dropping 
steeply at higher energy until reaching zero at V ≈ −0.05 V. The 
zero LDOS region bracketing the Fermi level yields an energy 
gap of magnitude 109 ± 18 meV (see Supplementary Fig. 6 for gap 
determination). The experimental LDOS does not rise again until 
a narrow conduction band peak is observed centred at V = 0.20 V 
(labelled C1) in the empty-state regime. The LDOS drops to zero 
again above the C1 peak until higher-lying conduction band features 
are seen to rise at V > 0.45 V (for example, at C2 and C3). Aside from 
spatial variation in the relative peak heights, this gapped electronic 
structure is observed uniformly over the entire single-layer 1T-TaSe2 
surface (Supplementary Fig. 7). No significant band-bending effects 
are observed for different tip–sample separations (Supplementary  
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1T-TaSe2 is to weaken the Mott behaviour. The single-layer limit of 
1T-TaSe2 is thus unique in that strong correlation effects here are 
most pronounced, affecting both the energy gap and electron wave-
function symmetry.

Electronic structure of single-layer 1T-TaSe2
Our experiments were carried out on 1T-TaSe2 thin films grown 
by molecular beam epitaxy on epitaxial bilayer-graphene (BLG)-
terminated 6H-SiC(0001), as sketched in Fig. 1a. The crystal struc-
ture of 1T-TaSe2 consists of a layer of Ta atoms sandwiched between 
two layers of Se atoms in an octahedral coordination. Figure 1b 
illustrates the hexagonal morphology of our 1T-TaSe2 islands, indi-
cating high epitaxial growth quality. A triangular CDW superlattice 
is observed on single-layer, bilayer and trilayer 1T-TaSe2, as seen in 
Fig. 1b,c and Supplementary Fig. 1 where each bright spot corre-
sponds to a star-of-David CDW supercell. Fourier analysis of STM 
images (Supplementary Fig. 2) together with low-energy electron 
diffraction patterns (Supplementary Fig. 3) confirms the formation 
of a 
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mensurate CDW phase of bulk 1T-TaSe2 at T < 473 K (ref. 28) (the 
atomic lattice and CDW superlattice are observed to have a rela-
tive rotation angle of approximately 13.9°). Reflection high-energy  
electron diffraction patterns (Fig. 1e) and X-ray photoelectron 
spectroscopy (Fig. 1f) show the structural and chemical integ-
rity of our single-layer 1T-TaSe2 samples (1T and 1H islands do  
coexist in our samples due to the metastability of 1T-TaSe2 
(Supplementary Fig. 4)).

We experimentally determined the electronic structure of single-
layer 1T-TaSe2 in the star-of-David CDW phase using ARPES and 
STS. Figure 2a,b shows the ARPES spectra of single-layer 1T-TaSe2 
for p- and s-polarized light, respectively, obtained at T = 12 K. At 
low binding energies, the single-layer 1T-TaSe2 ARPES spectra 

show a strongly diminished intensity at all observed momenta, 
indicating insulating behaviour (some ARPES intensity from coex-
isting 1H-TaSe2 islands can be seen crossing the Fermi level (EF) 
at the wavevector k ≈ 0.5 Å−1 (represented by white dashed lines)29). 
The CDW superlattice potential induces band folding into a smaller 
CDW Brillouin zone (Fig. 2b inset). One such band can be seen 
in the ARPES spectrum for p-polarized light (Fig. 2a) that shows 
a prominent flat band centred at E – EF ≈ −0.26 eV within the first 
CDW Brillouin zone (black dashed box). A more dispersive band can 
be resolved outside the first CDW Brillouin zone boundary (vertical 
dashed lines labelled A and B mark this boundary). These features 
have no obvious photon-energy dependence (Supplementary Fig. 5) 
and are similar to bands observed by ARPES at the surface of bulk 
samples of 1T-TaS2 (refs. 16,30) and 1T-TaSe2 (ref. 12). For s-polarized 
light (Fig. 2b), the flat band is much less visible and a manifold of 
highly dispersive bands near the Γ-point dominates the spectrum.

Our STM dI/dV spectrum (Fig. 3a (black curve)) confirms the 
insulating nature of single-layer 1T-TaSe2. The electronic local 
density of states (LDOS) reflected in dI/dV exhibits a pronounced 
valence band peak at V = −0.33 V (labelled V1) while dropping 
steeply at higher energy until reaching zero at V ≈ −0.05 V. The 
zero LDOS region bracketing the Fermi level yields an energy 
gap of magnitude 109 ± 18 meV (see Supplementary Fig. 6 for gap 
determination). The experimental LDOS does not rise again until 
a narrow conduction band peak is observed centred at V = 0.20 V 
(labelled C1) in the empty-state regime. The LDOS drops to zero 
again above the C1 peak until higher-lying conduction band features 
are seen to rise at V > 0.45 V (for example, at C2 and C3). Aside from 
spatial variation in the relative peak heights, this gapped electronic 
structure is observed uniformly over the entire single-layer 1T-TaSe2 
surface (Supplementary Fig. 7). No significant band-bending effects 
are observed for different tip–sample separations (Supplementary  
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two layers of Se atoms in an octahedral coordination. Figure 1b 
illustrates the hexagonal morphology of our 1T-TaSe2 islands, indi-
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indicating insulating behaviour (some ARPES intensity from coex-
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at the wavevector k ≈ 0.5 Å−1 (represented by white dashed lines)29). 
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CDW Brillouin zone (black dashed box). A more dispersive band can 
be resolved outside the first CDW Brillouin zone boundary (vertical 
dashed lines labelled A and B mark this boundary). These features 
have no obvious photon-energy dependence (Supplementary Fig. 5) 
and are similar to bands observed by ARPES at the surface of bulk 
samples of 1T-TaS2 (refs. 16,30) and 1T-TaSe2 (ref. 12). For s-polarized 
light (Fig. 2b), the flat band is much less visible and a manifold of 
highly dispersive bands near the Γ-point dominates the spectrum.

Our STM dI/dV spectrum (Fig. 3a (black curve)) confirms the 
insulating nature of single-layer 1T-TaSe2. The electronic local 
density of states (LDOS) reflected in dI/dV exhibits a pronounced 
valence band peak at V = −0.33 V (labelled V1) while dropping 
steeply at higher energy until reaching zero at V ≈ −0.05 V. The 
zero LDOS region bracketing the Fermi level yields an energy 
gap of magnitude 109 ± 18 meV (see Supplementary Fig. 6 for gap 
determination). The experimental LDOS does not rise again until 
a narrow conduction band peak is observed centred at V = 0.20 V 
(labelled C1) in the empty-state regime. The LDOS drops to zero 
again above the C1 peak until higher-lying conduction band features 
are seen to rise at V > 0.45 V (for example, at C2 and C3). Aside from 
spatial variation in the relative peak heights, this gapped electronic 
structure is observed uniformly over the entire single-layer 1T-TaSe2 
surface (Supplementary Fig. 7). No significant band-bending effects 
are observed for different tip–sample separations (Supplementary  
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indicating insulating behaviour (some ARPES intensity from coex-
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and are similar to bands observed by ARPES at the surface of bulk 
samples of 1T-TaS2 (refs. 16,30) and 1T-TaSe2 (ref. 12). For s-polarized 
light (Fig. 2b), the flat band is much less visible and a manifold of 
highly dispersive bands near the Γ-point dominates the spectrum.

Our STM dI/dV spectrum (Fig. 3a (black curve)) confirms the 
insulating nature of single-layer 1T-TaSe2. The electronic local 
density of states (LDOS) reflected in dI/dV exhibits a pronounced 
valence band peak at V = −0.33 V (labelled V1) while dropping 
steeply at higher energy until reaching zero at V ≈ −0.05 V. The 
zero LDOS region bracketing the Fermi level yields an energy 
gap of magnitude 109 ± 18 meV (see Supplementary Fig. 6 for gap 
determination). The experimental LDOS does not rise again until 
a narrow conduction band peak is observed centred at V = 0.20 V 
(labelled C1) in the empty-state regime. The LDOS drops to zero 
again above the C1 peak until higher-lying conduction band features 
are seen to rise at V > 0.45 V (for example, at C2 and C3). Aside from 
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trino” billiards !Berry and Modragon, 1987; Miao et al.,
2007". It has also been suggested that Coulomb interac-
tions are considerably enhanced in smaller geometries,
such as graphene quantum dots !Milton Pereira et al.,
2007", leading to unusual Coulomb blockade effects
!Geim and Novoselov, 2007" and perhaps to magnetic
phenomena such as the Kondo effect. The transport
properties of graphene allow for their use in a plethora
of applications ranging from single molecule detection
!Schedin et al., 2007; Wehling et al., 2008" to spin injec-
tion !Cho et al., 2007; Hill et al., 2007; Ohishi et al., 2007;
Tombros et al., 2007".

Because of its unusual structural and electronic flex-
ibility, graphene can be tailored chemically and/or struc-
turally in many different ways: deposition of metal at-
oms !Calandra and Mauri, 2007; Uchoa et al., 2008" or
molecules !Schedin et al., 2007; Leenaerts et al., 2008;
Wehling et al., 2008" on top; intercalation #as done in
graphite intercalated compounds !Dresselhaus et al.,
1983; Tanuma and Kamimura, 1985; Dresselhaus and
Dresselhaus, 2002"$; incorporation of nitrogen and/or
boron in its structure !Martins et al., 2007; Peres,
Klironomos, Tsai, et al., 2007" #in analogy with what has
been done in nanotubes !Stephan et al., 1994"$; and using
different substrates that modify the electronic structure
!Calizo et al., 2007; Giovannetti et al., 2007; Varchon et
al., 2007; Zhou et al., 2007; Das et al., 2008; Faugeras et
al., 2008". The control of graphene properties can be
extended in new directions allowing for the creation of
graphene-based systems with magnetic and supercon-
ducting properties !Uchoa and Castro Neto, 2007" that
are unique in their 2D properties. Although the
graphene field is still in its infancy, the scientific and
technological possibilities of this new material seem to
be unlimited. The understanding and control of this ma-
terial’s properties can open doors for a new frontier in
electronics. As the current status of the experiment and
potential applications have recently been reviewed
!Geim and Novoselov, 2007", in this paper we concen-
trate on the theory and more technical aspects of elec-
tronic properties with this exciting new material.

II. ELEMENTARY ELECTRONIC PROPERTIES OF
GRAPHENE

A. Single layer: Tight-binding approach

Graphene is made out of carbon atoms arranged in
hexagonal structure, as shown in Fig. 2. The structure
can be seen as a triangular lattice with a basis of two
atoms per unit cell. The lattice vectors can be written as

a1 =
a
2

!3,%3", a2 =
a
2

!3,− %3" , !1"

where a&1.42 Å is the carbon-carbon distance. The
reciprocal-lattice vectors are given by

b1 =
2!

3a
!1,%3", b2 =

2!

3a
!1,− %3" . !2"

Of particular importance for the physics of graphene are
the two points K and K! at the corners of the graphene
Brillouin zone !BZ". These are named Dirac points for
reasons that will become clear later. Their positions in
momentum space are given by

K = '2!

3a
,

2!

3%3a
(, K! = '2!

3a
,−

2!

3%3a
( . !3"

The three nearest-neighbor vectors in real space are
given by

!1 =
a
2

!1,%3" !2 =
a
2

!1,− %3" "3 = − a!1,0" !4"

while the six second-nearest neighbors are located at
"1!= ±a1, "2!= ±a2, "3!= ± !a2−a1".

The tight-binding Hamiltonian for electrons in
graphene considering that electrons can hop to both
nearest- and next-nearest-neighbor atoms has the form
!we use units such that #=1"

H = − t )
*i,j+,$

!a$,i
† b$,j + H.c."

− t! )
**i,j++,$

!a$,i
† a$,j + b$,i

† b$,j + H.c." , !5"

where ai,$ !ai,$
† " annihilates !creates" an electron with

spin $ !$= ↑ , ↓ " on site Ri on sublattice A !an equiva-
lent definition is used for sublattice B", t!&2.8 eV" is the
nearest-neighbor hopping energy !hopping between dif-
ferent sublattices", and t! is the next nearest-neighbor
hopping energy1 !hopping in the same sublattice". The
energy bands derived from this Hamiltonian have the
form !Wallace, 1947"

E±!k" = ± t%3 + f!k" − t!f!k" ,

1The value of t! is not well known but ab initio calculations
!Reich et al., 2002" find 0.02t% t!%0.2t depending on the tight-
binding parametrization. These calculations also include the
effect of a third-nearest-neighbors hopping, which has a value
of around 0.07 eV. A tight-binding fit to cyclotron resonance
experiments !Deacon et al., 2007" finds t!&0.1 eV.
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FIG. 2. !Color online" Honeycomb lattice and its Brillouin
zone. Left: lattice structure of graphene, made out of two in-
terpenetrating triangular lattices !a1 and a2 are the lattice unit
vectors, and "i, i=1,2 ,3 are the nearest-neighbor vectors".
Right: corresponding Brillouin zone. The Dirac cones are lo-
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the vertical electric field Ez.

twisted case but largely unexplored. The band touch-
ing at Ez = −4.2 mV/Å implements a situation similar
to saddle points in a two-dimensional dispersion, where
already arbitrarily weak interactions would trigger di↵er-
ent kinds of magnetic or excitonic instabilities [36]. How
these instabilities translate into the intermediately corre-
lated and strongly spin-orbit coupled case of 180○ twisted
TaSe2 is a completely open question.

V. CONCLUSIONS AND OUTLOOK

The field of ”twistronics” with materials like bilayer
graphene is based on the idea that weak interlayer cou-
pling can flatten highly dispersive bands and thereby
boost electronic correlations [37–39]. The system intro-
duced here takes the opposite route of deconfining for-
merly Mott localized electrons. This approach should
be generally applicable to interfaces of Mott localized
electrons under two conditions: the interlayer coupling
should substantially exceed the in-plane one and at the
same time define a connected graph linking all sites of
the system. Possible example systems range from stack-
ing faults in the bulk of CCDW layered Mott materials
[17] to molecular systems [40].

Especially the twisting degree of freedom opens new di-

rections to experiments. Since interlayer hopping is the
dominant kinetic term in deconfined Mott systems like
bilayers of CCDW 1T-TaSe2, we expect incommensura-
bility e↵ects to be much more pronounced than in twisted
graphene systems [37]. ✓ = 30○ twisted CCDW 1T-TaSe2
bilayer should realize a quasicrystal with twelvefold ro-
tation symmetry and provide an experimental route to
correlated electrons and emerging collective states in a
quasicrystalline environment.

The prototypical case of CCDW 1T-TaSe2 bilayer
demonstrates how deconfinement of Mott electrons leads
to exotic states of quantum matter: the non-twisted bi-
layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
emerge. Clearly, the phase space for manipulating de-
confined Mott electrons is high dimensional. We here
identified the combination of twist angle and perpendic-
ular electric field as decisive for TaSe2 bilayers. Further
means to control emerging electronic states include di-
electric engineering [41] and charge doping. Our calcu-
lations showed that the non-twisted CCDW 1T-TaSe2
bilayer in honeycomb stacking approximates the (Kane-
Mele) Hubbard model on the honeycomb lattice with
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ing faults in the bulk of CCDW layered Mott materials
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layer approaches a quantum tricritical region of compet-
ing QSH, trivial band insulating, and antiferromagnetic
insulating states. At 180○ twist angle novel kinds of elec-
trically controllable band degeneracies with associated
many-body instabilities, hypothetically of excitonic type,
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confined Mott electrons is high dimensional. We here
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means to control emerging electronic states include di-
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Top and three-dimensional side view of honeycomb stacked CCDW 1T-TaSe2 bilayer. Only the Ta atoms in the SoD centers
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top layer. The inset illustrates the leading terms of the e↵ective low-energy Hamiltonian, i.e. the nearest-neighbor hopping
t = −34 meV and the local interaction U ≈ 130 meV. c, Side view of 1T-TaSe2 bilayers embedded in field e↵ect transistor
structures for the application of vertical electric fields. A non-twisted and a 180○ twisted bilayer are shown with Ta atoms (red
and blue) and Se atoms (yellow).
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t = −34 meV and the local interaction U ≈ 130 meV. c, Side view of 1T-TaSe2 bilayers embedded in field e↵ect transistor
structures for the application of vertical electric fields. A non-twisted and a 180○ twisted bilayer are shown with Ta atoms (red
and blue) and Se atoms (yellow).


