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FIG. 3. (Color online) Symmetrized normal-state energy-distribution curves (EDCs) recorded on La2−xSrxCuO4 (LSCO) and
La1.6−xNd0.4SrxCuO4 (Nd-LSCO). All spectra were taken just above Tc. (a)–(f) Raw symmetrized spectra; (g)–(l) background-subtracted
spectra. (a),(b) Symmetrized EDCs taken in the antinodal region, for doping concentrations of LSCO and Nd-LSCO as indicated. ARPES data
on LSCO x = 0.105 and 0.145 were previously presented in Refs. [51–53] and all LSCO samples were characterized by neutron-scattering
experiments [54–56]. (c),(d) Momentum dependence of symmetrized energy-distribution curves (EDCs) taken at kF moving from antinodal
(bottom) to nodal (top) region for Nd-LSCO p = 0.12 and 0.20. (e),(f) Temperature dependence of antinodal symmetrized EDCs recorded on
Nd-LSCO p = 0.12 and 0.20. For clarity, each spectrum has been given an arbitrary vertical shift. Solid lines in bottom panels are fits; see text
for an explanation.

to a broader line and weaker peak amplitude. The absence
of a peaked structure may therefore be a signature of strong
quasiparticle scattering.

B. Spectral gap and scattering

Using Eq. (2), an analysis of background-subtracted spectra
[61,62] was carried out. Resolution effects are modeled by
Gaussian convolution of the model function A(kF ,ω) [Eqs. (1)
and (2)]. In this fashion, " and # were extracted along the
underlying Fermi surface of Nd-LSCO p = 0.20. As shown
in Fig. 5, a correlation between the gap # and the scattering rate
" is found. A similar trend is observed when the gap # is weak-
ened by increasing temperature in Nd-LSCO p = 0.20. This
relation between the antinodal gap (usually referred to as the
pseudogap) and electron scattering is consistent with previous
observations. It is, for example, established that the pseudogap
is largest near the zone boundary [7,11,47]. At the same

time, the scattering rate " has been shown to increase when
moving from nodal to antinodal regions [63,64]. Furthermore,
the photoemission line shape broadens and the pseudogap
increases when doping is reduced from the overdoped side of
the phase diagram [49]. The same trend has been reported by
scanning tunneling microscopy studies of the density of states
[65,66]. The exact experimental relation between scattering
and the pseudogap (normal-state gap) has, however, not been
discussed much [67]. A correlation between scattering and
the spectral gap has previously been predicted by dynamical
mean-field theory (DMFT) calculations for the Hubbard model
[68]. Within the DMFT approach [69–72], the pseudogap
emerges from electron correlations as a primary effect that,
in turn, enhances the tendency for the system to undergo su-
perconducting and charge-density-wave instabilities, at lower
temperatures. Notice, however, that opposed to superconduc-
tivity, charge order has not yet been found directly in DMFT
calculations.
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Figure 3. (Color online) Symmetrized normal state energy distribution curves (EDCs) recorded on La2−xSrxCuO4 (LSCO) and
La1.6−xNd0.4SrxCuO4 (Nd-LSCO). All spectra were taken just above Tc. In top panels (a)-(f) are raw symmetrized spectra
while in bottom panels (g)-(l) are background subtracted spectra. (a-b) Symmetrized EDCs taken in the anti-nodal region,
for doping concentrations of LSCO and Nd-LSCO as indicated. ARPES data on LSCO x = 0.105 and 0.145 were previously
presented in Ref. 51–53 and all LSCO samples were characterized by neutron scattering experiments54–56. (c-d) Momentum
dependence of symmetrized energy distribution curves (EDCs) taken at kF moving from anti-nodal (bottom) to nodal (top)
region for Nd-LSCO p = 0.12 and 0.20. (e-f) Temperature dependence of anti-nodal symmetrized EDCs recorded on Nd-LSCO
p = 0.12 and 0.20. For clarity, each spectrum has been given an arbitrary vertical shift. Solid lines in bottom panels are fits,
see text for an explanation.

ImΣ = Γ is comparable to the applied energy resolution,
a Voigt lineshape is effectively observed. This is the case
for anti-nodal spectra of Nd-LSCO p = 0.24 (Fig. 3h).
The intrinsic linewidth Γ is a measure of the ”quasiparti-
cle” scattering. With increasing scattering, the linewidth
broadens (Γ increases) and the peak amplitude – some-
times referred to as the ”quasiparticle residue Z” – is
lowered. In this fashion, a metal can loose its coherence.

In presence of a spectral gap, Eliashberg theory ap-
plied to the normal state finds the Green’s function
G(kF ,ω) = [(ω + iΓ) − ∆2/(ω + iΓ)]−1 to be given
by two parameters: the gap ∆ and the scattering rate
Γ57. This functional form mimics roughly the observed
lineshape, but does not provide a fulfilling description
of the experimental spectra. We, therefore, adopted a
simpler phenomenological Green’s function, G(kF ,ω) =
[(ω+ iΓ)−∆2/ω]−1, that contains the same two parame-

ters and has previously been used to analyze symmetrized
energy distribution curves8,51,52,58–60. The spectral func-
tion A(kF ,ω) = π−1ImG(kF ,ω) can now be expressed
by two dimensionless quantities,

A(x) ∼
1

∆

γ

(x− 1/x)2 + γ2
(2)

where x = ω/∆ and γ = Γ/∆. This phenomenological
spectral function preserves the Lorentzian lineshape and
total spectral weight, but shifts the peaks to x = ±1
(ω = ±∆) while the linewidth Γ/∆ is renormalized by the
spectral gap. For a fixed gap ∆, increasing quasiparticle
scattering still leads to a broader line and weaker peak
amplitude. Absence of a peaked structure may therefore
be a signature of strong quasiparticle scattering.

Nd-LSCO	

Collignon	et	al.,	PRB	95,	224517	(2017)		

ARPES 



Putzke et al., arXiv:1909.08102 (2019)

Hall number in cuprates

Badoux et al., Nature 531, 210 (2016)

Collignon et al., PRB 95, 224517 (2017)



SIGNATURES OF THE PSEUDOGAP PHASE

1) Carrier density n = 1 + p   —>   n = p Generic
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lowest-order harmonic components satisfying the body-
centered-tetragonal symmetry of Tl2201 [8],
 

kF!!; ’" # k00 $ k40 cos4’ $ k21 cos!kzc=2" sin2’

$ k61 cos!kzc=2" sin6’ $ k101 cos!kzc=2"
% sin10’; (1)

where kz is the c-axis wave vector and c the interlayer
spacing. An eightfold term k80 cos!8’" had a negligible
effect on the parameterization and was therefore not in-
cluded in the fitting procedure. Note that the c-axis warp-
ing parameters k21, k61, and k101 are small compared to k00,
the radius of the cylindrical FS (about the zone corners),
and k40, its in-plane squareness, and only ratios (e.g.,
k61=k21) can be determined to good accuracy. To minimize
the number of free parameters, we fix k101=k21 #
k61=k21 $ 1 such that t?!’" vanishes at ’ # 0& and 45&

[9,15] and fix k00 using the empirical relation Tc=Tmax
c #

1 $ 82:6!p $ 0:16"2 with Tmax
c # 92 K and

!"k2
00"=!2"=a"2 # !1 ' p"=2 [16]. # depends largely on

our choice of k61=k21 with the best least-square values
giving # # 0 ( 0:1 for 0:6 ) k61=k21 ) 0:8 for all
samples [17]. The sum $ ' # was much less sensitive to
variations in k61=k21 and for simplicity, we assume here-
after !c!’" # !0

c. For completeness however, in Table I
we list the values for $ ' #.

The best fits, shown in the panels to the right of each data
set, are all excellent and the four remaining fitting parame-
ters displayed in Table I appear well constrained due to the
wide range of polar and azimuthal angles studied [18].
Within our experimental resolution, the FS parameters
appear to have negligible doping dependence. Moreover,
the projected in-plane FS is found to be in good agreement
with a recent ARPES study on the same compound [12].
The anisotropy parameter $ increases with rising Tc while
!0
c%0 shows the opposite trend (reflecting the overall re-

duction in the ADMR in Fig. 1).
Our previous analysis of Tl15Ka implied the existence

of both isotropic and anisotropic components in the scat-
tering rate in OD Tl2201 [10]. Accordingly we split
1=!0

c%!’" into two components &iso # !1 $ $"=!0
c%0

and &aniso # 2$=!0
c%0cos22’. In Tl15Ka, &iso * A '

BT2, due to a combination of impurity and electron-
electron scattering, while &aniso * CT (setting # # 0)
[10], the microscopic origin of which has yet to be identi-
fied. The doping (Tc) dependence of &iso and &aniso (at T #
40 K) are shown in the top and bottom panels of Fig. 2,
respectively. Although we cannot say anything about the T
dependence of the two components, it is clear that while
&iso is essentially doping independent, &aniso shows a clear
linear scaling with Tc, extrapolating to zero at the onset of
superconductivity (on the OD side). Within a standard rigid
band model, one would expect anisotropy in vF!’" and
hence in !c!’" to increase with doping as the FS at the
Brillouin zone boundary approaches the saddle points. The
fact that the data show the opposite trend is therefore
significant and justifies our key assumption that the
basal-plane anisotropy in Tl2201 is dominated by anisot-
ropy in 1=%!’" [10,17], which, surprisingly for such highly
OD samples, remains significant (the absolute anisotropy
+ 2 for Tl35K at T # 40 K).

This empirical correlation between &aniso and Tc has
several implications for the normal state of OD cuprates.
First, given that the carrier concentration is varying only
weakly (as 1 ' p) in this doping range, it is apparent that

TABLE I. Parameters obtained from the least-square fitting of
AMRO data for six different Tl2201 crystals at 40 K. Errors
given in parentheses determine the error bars in Fig. 2.

Tc k00! !A$ 1" k40! !A$ 1" k61=k21 !0
c%0 $ ' #

15 K 0.730 0.038(3) 0.73(8) 0.27(1) 0.31(2)
15 K 0.730 0.034(3) 0.71(13) 0.28(2) 0.32(3)
17 K 0.729 0.035(3) 0.68(12) 0.29(2) 0.29(3)
20 K 0.728 0.033(3) 0.67(10) 0.26(2) 0.36(4)
32 K 0.726 0.037(3) 0.67(10) 0.21(2) 0.42(3)
35 K 0.725 0.030(3) 0.71(11) 0.21(2) 0.45(3)
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FIG. 1 (color online). Angle-dependent magnetoresistance sweeps for two overdoped Tl2201 single crystals with Tc of 15 K
(Tl15Kb—left side) and 32 K (Tl32K—right side) measured at 40 K and 45 T. The least-square fits to the data are displayed on the
right of each plot. The labels refer to the azimuthal angle of the magnetic field with respect to the Cu-O-Cu bond direction.
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towards the crystalline â-axis (ϕ = 0°) than towards the b̂-axis
(ϕ = 90°). As we demonstrate below, this directly indicates that
Fermi surface has strongly broken C4 symmetry.
In order to understand the connection between AMR and the

Fermi surface, we first perform a qualitative analysis of the three
most salient features in the data: C2 symmetry; negative AMR at
low θ near the ϕ = 90° directions; and suppression of AMR along
the ϕ = 90° direction at high θ. The semi-classical conductivity of a
metal is given by the velocity-velocity correlation function of all
quasiparticles on the Fermi surface, averaged over their lifetime
τ.36, 37 Magnetoresistance arises because the quasiparticle velocity
—which is always perpendicular to the Fermi surface—is altered
by the Lorentz force, which induces cyclotron motion perpendi-
cular to the magnetic field (see Fig. 2a for a schematic cyclotron
orbit). If τ is sufficiently long, orbiting quasiparticles sample a
significant portion of the Fermi surface perimeter before scatter-
ing. Depending on the specific geometry of the cyclotron orbit,
components of the quasiparticle velocity (vz, for example) may
average to zero, resulting in a vanishingly small contribution to
the conductivity for that field direction. The total magnetoresis-
tance at a particular field orientation is then given by the
ensemble of all quasiparticle orbits on the Fermi surface at that
angle, and AMR, therefore, encodes the Fermi surface geometry.
Underdoped YBa2Cu3O6+δ contains, at a minimum, two sections

of Fermi surface due to its bilayer crystal structure (Fig. 3a). The
phenomenon of magnetic breakdown, whereby quasiparticles in a
magnetic field can jump between Fermi surfaces separated by
small energy gaps,38 leads to multiple possible cyclotron orbits for
the reconstructed Fermi surface of YBa2Cu3O6.58 (refs 17, 39, 40).
For the purpose of simulating our AMR, we calculate the
conductivity for each breakdown path separately and then sum
the conductivities in parallel. In general, the interlayer dispersion
of a quasi-2D Fermi surface—which determines the interlayer
resistivity ρzz—can be expanded in cylindrical harmonics, three of
which are shown in Fig. 2b. The simplest harmonic cos kz produces
magnetoresistance that increases with θ for all ϕ. The harmonic
sin 2ϕcoskz produces fourfold symmetric AMR that decreases with
increasing θ, with a weaker effect along the diagonal directions.
The simplest harmonic to break C4 symmetry in the interlayer
tunneling is sin 2ϕcoskz, which has twofold symmetry and gives

Fig. 1 The angle-dependent magnetoresistance of YBa2 Cu3 O6.58 .
The raw resistance (a) as a function of θ at 45 T and 15 K, for several
values of ϕ spanning between the â-axis (ϕ= 0°) andb̂-axis (ϕ= 90°).
The rapid drop in resistivity beyond θ= 60° is due to the onset of
superconductivity when insufficient magnetic field is parallel to the
ĉ-axis. The inset defines the field angles ϕ and θ with respect to the
crystallographic â, b̂, and ĉ axes. This data was taken at a
temperature of 15 K to increase the polar angular range over which
the normal resistive state is accessed,64 and to thermally suppress
QOs. Broken C4 symmetry is clearly shown in a polar plot of the data
b, where the radius is the polar angle θ, and the amplitude and color
correspond to the magnitude of the resistance

Fig. 2 Quasiparticle trajectory and magnetoresistance for different interlayer tunneling symmetries. Schematic Fermi surface with a cyclotron
orbit. a Quasiparticles experience a Lorentz force in a magnetic field (red arrow), inducing cyclotron motion perpendicular to the field
direction. Gray arrows indicate the Fermi velocity along a cyclotron orbit (black line). Dispersion along the kz direction modulates the ẑ
component of the velocity and changes the sign of vz around the cyclotron orbit. Panel b shows the three dominant ĉ-axis dispersion shapes
allowed by symmetry in YBa2 Cu3 O6.58 (top panels) and their subsequent contributions to the AMR (bottom panels). Full rotational symmetry is
preserved for the coskz dispersion, while sinϕcoskz has C2 symmetry. sin2 ϕcoskz has C2 symmetry but produces C4 symmetric AMR once all
cyclotron orbits are accounted for. For clarity we have presented these Fermi surfaces with isotropic kF to emphasize the symmetry of the
warping: in Fig. 4a these warpings will be superimposed on the actual diamond-like kF that we obtain from modeling the AMR

Broken rotational symmetry on the Fermi surface
BJ Ramshaw et al
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Planckian dissipation

Table 1  |  Slope of T-linear resistivity and Planckian limit in seven materials.

Material n 
(1027 m-3)

 m*
(m0)

A1 / d  
(! / K)

h / (2e2 TF)
(! / K)

⍺

Bi2212 p = 0.23 6.8 8.4 ± 1.6 8.0 ± 0.9 7.4 ± 1.4 1.1 ± 0.3

Bi2201 p ~ 0.4 3.5 7 ± 1.5 8 ± 2 8 ± 2 1.0 ± 0.4

LSCO p = 0.26 7.8 9.8 ± 1.7 8.2 ± 1.0 8.9 ± 1.8 0.9 ± 0.3

Nd-LSCO p = 0.24 7.9 12 ± 4 7.4 ± 0.8 10.6 ± 3.7 0.7 ± 0.4

PCCO x = 0.17 8.8 2.4 ± 0.1 1.7 ± 0.3 2.1 ± 0.1 0.8 ± 0.2

LCCO x = 0.15 9.0 3.0 ± 0.3 3.0 ± 0.45 2.6 ± 0.3 1.2 ± 0.3

TMTSF P = 11 kbar 1.4 1.15 ± 0.2 2.8 ± 0.3 2.8 ± 0.4 1.0 ± 0.3

5 

pseudogap at p = 0.22 and p = 0.23 (see Supplementary Section 4). In Fig. 1d,                       

we present our data on PCCO at x = 0.17 (see also Supplementary Section 5),             

and compare with prior data on LCCO (ref. 14; Supplementary Section 6). In Fig. 4b, 

we plot A1
☐ vs x for electron-doped cuprates, and see that A1

☐ also increases with 

decreasing x, from A1
☐ ~ 1.5 Ω / K at x = 0.17 to A1

☐ ~ 3 Ω / K at x = 0.15 (see Table 5, 

Methods). Note that these values are 5 times smaller than in hole-doped cuprates.  

To summarize : i) A1
☐ increases as the doping is reduced in both hole-doped and 

electron-doped cuprates; ii) A1
☐ is much larger in hole-doped cuprates; iii) T-linear 

resistivity as T → 0 is observed over a range of doping, not just at one doping; iv) T-

linear resistivity does not depend on the nature of the inelastic scattering process (hole-

doped vs electron-doped) or on the topology of the Fermi surface (LSCO vs NCCO, 

Bi2212 vs Nd-LSCO; Supplementary Section 1). 

To explain these experimental facts, we consider the empirical observation that 

the strength of the T-linear resistivity for several metals is approximately given by a 

scattering rate that has a universal value, namely ħ / τ = kB T (ref. 10), and test it in 

cuprates. This observation suggests that a T-linear regime will be observed whenever    

1 / τ  reaches its Planckian limit, kB T / ħ, irrespective of the underlying mechanism      

for inelastic scattering9. In the simple case of an isotropic Fermi surface, the   

connection between ρ and τ is given by the Drude formula, ρ = (m* / n e2 ) (1 / τ),  

where n is the carrier density and m* is the effective mass. So when ρ(T) = ρ0 + A1T, 

then A1 = (m* / n e2 ) (1/ τ) (1/T) = α ( m* / n ) (kB / e2 ħ ), with ħ / τ ≡ α kB T.                   

In 2D, this can be written as : 

A1
☐  =  α ( h / 2e2 )  1 / TF  ,             (1) 

where TF  = (π ħ2 / kB) (n d / m*) is the Fermi temperature. 

Let us first evaluate α in electron-doped cuprates, where the Drude formula is 

expected to work well, since their single Fermi surface is highly 2D and circular               
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Planckian limit : 

dynamically, therefore, Sr3Ru2O7 can be thought
of as two metallic fluids, one which participates
directly in the quantum criticality and another, con-
taining a higher density of quasiparticles, which
does not.

Given the extensive knowledge of the thermo-
dynamic and quasiparticle properties of Sr3Ru2O7,
it is natural to investigate its electrical transport
properties both below and above T* (11). In Fig. 1,
we show the temperature evolution of the data
at representative magnetic fields from across the
range studied, for T > Tc. In zero field, r varies
approximately quadratically with temperature for
1.2 K < T < 10 K, which is in qualitative agree-

ment with previous reports (2, 12). As the field is
increased toward Hc, the temperature range over
which the approximately quadratic temperature
dependence occurs shrinks, until at the critical
field of 7.9 T, the resistivity varies linearly with
temperature over the whole range shown, with
a gradient of 1.1 microhm·cm/K. For H > Hc

(Fig. 1B) there is a small negative magnetoresist-
ance, but the gradient of the resistivity once it has
become linear is almost independent of field.

That T-linear resistivity is seen in Sr3Ru2O7 is
surprising. As discussed above, the majority of
the quasiparticles do not participate in the mass
divergence at Hc. If they were simply an inde-
pendent Fermi liquid contributing to the conduc-
tivity in parallel with the quantum critical fluid,
they would be expected to short out the contribu-
tion of the small number of carriers that are be-
coming heavy on the approach to Hc, giving a
dominantT2 contribution to the resistivity. The data
of Fig. 1 strongly suggest that as well as inducing
a mass divergence in a subset of the carriers, the
quantum criticality in Sr3Ru2O7 is associated with
the onset of efficient scattering, with strength pro-
portional to T, which affects all the quasiparticles.

Qualitative support for this basic picture comes
from the data presented in Fig. 1C, in which we
show the resistivity of Sr3Ru2O7 for the same
set of fields as in Fig. 1A, but for temperatures
extending to 400 K. Above 100 K, r is again
T-linear, in this case at all applied fields, but with
a gradient ~30% lower than that seen at Hc for

T < 20 K. There is an interesting correlation be-
tween this observation and previous studies of the
specific heat. Measurements to elevated temper-
atures show that forT>T*, g is field-independent
and ~65%of the low temperature valuemeasured
in zero applied field (8). This implies a similar fall
in the average effective mass, or equivalently, a
35% rise in the average Fermi velocity. The data
in Fig. 1C therefore suggest that there is a similar
scattering rate per kelvin below T* atHc and well
above T* at all applied fields.

Although attention is typically focused on the
power law dependence of the resistivity, the ab-
solute magnitude of the scattering rate is also an
important quantity. A phenomenological argument
for a T-linear scattering rate has been discussed
by a number of authors in the context of the
cuprates and quantum critical metals and fluids
(13–15). Because quantum criticality is associ-
ated with the depression of energy scales toward
T = 0, temperature becomes the only relevant en-
ergy scale. Equipartition of energy then applies,
and the characteristic energy of any quantum crit-
ical degree of freedom is just kBT, where kB is
Boltzmann’s constant. This in turn implies the ex-
istence of a characteristic time, sometimes referred
to as the Planck time tP ~ ħ/kBT, where ħ is Planck’s
constant divided by 2p. Although the simplic-
ity of this expression is appealing, it is far from
obvious that (TtP)

−1 ~ kB/ħ defines a scattering
rate relevant to a measurement of electrical re-
sistivity. Resistive scattering processesmust relax

Fig. 1. (A) Resistivity (r) of high-purity single
crystal Sr3Ru2O7 at 0 T (red), 4 T (blue), 6 T (green),
7 T (orange), and its critical field moHc= 7.9 T (black).
The gray dashed lines are fits of the type r0 + AT2

to the low-temperature data, which illustrate the
suppression of the temperature at which the re-
sistivity crosses over to being quadratic in temper-
ature as H is tuned toward Hc. (B) r at Hc (black),
12 T (blue), and 14 T (red). (C) r at 0 T, 4 T, 6 T, 7 T,
and Hc over an extended temperature range up to
400 K. Above 20 K, there is a negative magneto-
resistance, but it is so small that data at all fields
overlap when plotted on this scale. The dotted line
shows the extrapolation of the low-temperature
linear resistivity at 7.9 T.

Fig. 2. In spite of two orders of magnitude variations in their Fermi velocities (vF), a wide range of metals
in which the resistivity varies linearly with temperature have similar scattering rates per kelvin. These
include heavy fermion, oxide, pnictide, and organic metals for which T-linear resistivity can be seen down
to low temperatures with appropriate tuning by magnetic field, chemical composition, or hydrostatic
pressure, and more conventional metals for which T-linear resistivity is seen at high temperatures (blue
symbols). At low temperatures, the scattering rate per kelvin of a conventional metal is orders of mag-
nitude lower, as illustrated for the case of Cu at 10 K, shown in the lower right hand corner (11). On the
graph, the line marked a = 1 corresponds to (tT )−1 = kB/ℏ. The near-universality of the scattering rates is
observed in spite of the fact that the scattering mechanisms vary across the range of materials. The point
for Bi2Sr2Ca0.92Y0.08Cu2O8+d is based on the value a = 1.3, which is determined from optical conductivity
(21), combined with the measured value of vF for this material (44). For all others, the analysis is based on
resistivity data combined with knowledge of the Fermi volume and average Fermi velocity. Full details of
the determination of the parameters in the axis labels are given in (11).
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t0 = 0

t0 6= 0

Sr2RuO4

Consider a square lattice in two dimensions with the

crystal potential:

U(x, y) = �4U cos(2⇡x/a) cos(2⇡y/a). (83)

Find the energy gap at the corner of the first Brillouin

zone.

Calculate the frequency F of quantum oscillations (in

1/B) for potassium, using the free electron model.

What is the circumference of the corresponding cy-

clotron orbit (in real space), for a field B = 10 T ?

A two-dimensional metal in the form of a square lattice

with spacing a has two conduction electrons per atom.

In the nearly-free electron approximation, sketch care-

fully the electron and hole Fermi surfaces. Are these

both closed? What is the quantum oscillation frequency

expected from each?

(a) Show for a simple square lattice (2D) that the ki-

netic energy of a free electron at the corner of the 1st

Brillouin zone is higher than that of an electron at mid-

point of a face of the zone by a factor 2.

(b) What is the corresponding factor for a simple cubic

lattice (3D)?

(c) What bearing might the result of (b) have on the

conductivity of divalent metals?
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3) ADMR Fermi surface changes at  p*

p = 0.21 consistent with small nodal hole Fermi pockets 

p = 0.24 excellent agreement with large ARPES Fermi surface 
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One of the distinctive features of hole-doped cuprate superconductors is the onset of a “pseudogap”
below a temperature T!. Recent experiments suggest that there may be a connection between the existence
of the pseudogap and the topology of the Fermi surface. Here, we address this issue by studying the two-
dimensional Hubbard model with two distinct numerical methods. We find that the pseudogap only exists
when the Fermi surface is holelike and that, for a broad range of parameters, its opening is concomitant
with a Fermi-surface topology change from electronlike to holelike. We identify a common link between
these observations: The polelike feature of the electronic self-energy associated with the formation of the
pseudogap is found to also control the degree of particle-hole asymmetry, and hence the Fermi-surface
topology transition. We interpret our results in the framework of an SU(2) gauge theory of fluctuating
antiferromagnetism. We show that a mean-field treatment of this theory in a metallic state with U(1)
topological order provides an explanation of this polelike feature and a good description of our numerical
results. We discuss the relevance of our results to experiments on cuprates.

DOI: 10.1103/PhysRevX.8.021048 Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials,
Superconductivity

I. INTRODUCTION

A very debated topic in the physics of high-temperature
superconductors is the nature of the “pseudogap” [1,2] in
their phase diagram. Below a temperature T!ðpÞ, which is a
decreasing function of the hole-doping level p, a pseudo-
gap develops, corresponding to a suppression of low-
energy excitations apparent in many experimental probes.
Extrapolated to zero temperature, T!ðpÞ defines a critical
hole doping p! above which the pseudogap disappears as
doping is increased. Another important critical value of the
doping, denoted here pFS, is that at which the Fermi-surface
topology changes from holelike to electronlike, corre-
sponding to a Lifshitz transition. Recent experiments on
Bi2Sr2CaCu2O8þ δ (Bi2212) have suggested that the pseu-
dogap may be very sensitive to the Fermi-surface (FS)

topology and that p! ≃ pFS in this compound [3,4]. In a
simultaneous and independent manner from the present
theoretical work, Doiron-Leyraud et al. [5] recently per-
formed a systematic experimental study using hydrostatic
pressure as a control parameter in the La1.6−xNd0.4SrxCuO4

(Nd-LSCO) system, and an unambiguous connection
between FS topology and the pseudogap was found.
In this work, we investigate this interplay by studying the

two-dimensional Hubbard model. In the weak-coupling
scenarios of pseudogap physics, there is a natural con-
nection between the FS topology and the coherence of low-
energy quasiparticles. Indeed, for a holelike Fermi surface,
coherence is suppressed at the “hot spots,” where the Fermi
surface intersects the antiferromagnetic zone boundary.
When the Fermi surface turns electronlike, increased quasi-
particle coherence is restored all along the Fermi surface (see
Appendix E for a more detailed analysis) [6–11]. At stronger
coupling, several methods [9,12–28] have established that
the Hubbard model displays a pseudogap that originates
from antiferromagnetic correlations. These correlations
become short range as the coupling strength or doping level
is increased, as found in experiments [29]. The FS topology,
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The properties of cuprate high-temperature superconductors are largely shaped by com-

peting phases whose nature is often a mystery. Chiefly among them is the pseudogap phase,

which sets in at a doping p* that is material-dependent. What determines p* is currently an

open question. Here we show that the pseudogap cannot open on an electron-like Fermi

surface, and can only exist below the doping pFS at which the large Fermi surface goes from

hole-like to electron-like, so that p*≤ pFS. We derive this result from high-magnetic-field

transport measurements in La1.6−xNd0.4SrxCuO4 under pressure, which reveal a large and

unexpected shift of p* with pressure, driven by a corresponding shift in pFS. This necessary

condition for pseudogap formation, imposed by details of the Fermi surface, is a strong

constraint for theories of the pseudogap phase. Our finding that p* can be tuned with a

modest pressure opens a new route for experimental studies of the pseudogap.
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A central puzzle of cuprate superconductors1, the pseu-
dogap is a partial gap that opens in their spectral func-
tion, detected most directly by angle-resolved

photoemission spectroscopy (ARPES). It opens below a tem-
perature T* that decreases monotonically with increasing hole
concentration (doping) p. For example, T* = 130 ± 20 K in La2-
xSrxCuO4 (LSCO) at p = 0.152 and T* = 75 ± 5 K in La1.6
−xNd0.4SrxCuO4 (Nd-LSCO) at p = 0.203. Transport properties
like the electrical resistivity ρ(T) and the Nernst coefficient ν(T)
are affected by the opening of the pseudogap and so may be used
to detect T*, as previously reported in refs. 4,5 and ref. 6,
respectively.

In Fig. 1a, we show the temperature-doping phase diagram of
LSCO, Nd-LSCO and La1.8-xEu0.2SrxCuO4 (Eu-LSCO). We see
that all three materials have the same T* up to p ~0.17, irre-
spective of their different crystal structures6. Indeed, Nernst data6

show, for example, that T* = 120 ± 10 K at p = 0.15 in both LSCO
and Nd-LSCO, whose structure in that part of the phase diagram
is orthorhombic, and T* = 115 ± 10 K at p = 0.16 in Eu-LSCO,
whose structure in that part of the phase diagram is tetragonal
(LTT) (Supplementary Fig. 1). In Nd-LSCO and Eu-LSCO, T*
decreases linearly all the way from p ~0.08 to p ~0.23 (blue line in
Fig. 1a). On its trajectory, the T* line goes unperturbed through
the LTT transition at p ~0.14 for Eu-LSCO (short green line) and

at p ~0.19 for Nd-LSCO (short red line). Clearly, the pseudogap
mechanism does not care about the crystal structure (Note that it
is also robust against disorder7).

The critical doping p* at which the pseudogap phase comes to
an end, however, is material-specific. In LSCO, the linear decrease
in T* vs p comes to an end at p* = 0.18 ± 0.018,9. In Nd-LSCO,
resistivity measurements4,5 at p = 0.20 and above show that the T*
line only comes to an end at p* = 0.23 ± 0.01. Why does T* not
continue to track the dashed blue line in Fig. 1 beyond p = 0.17 for
LSCO, or beyond p = 0.23 for Nd-LSCO? In Fig. 1e, we plot p* for
the three single-layer cuprates LSCO, Nd-LSCO and Bi220110, as
a function of pFS, the doping at which the Fermi surface under-
goes a change from hole-like to electron-like as determined by
ARPES measurements2,3,11,12. Within error bars, we observe that
p* = pFS, in other words, it appears that what limits p* is the
constraint that the pseudogap cannot open on an electron-like
Fermi surface.

In the following, we examine whether this connection is acci-
dental or not, by independently probing how p* and pFS evolve
under the effect of hydrostatic pressure in Nd-LSCO. With a
maximal Tc of only 20 K, this cuprate provides a window into the
pseudogap phase near its end point at p*, free of super-
conductivity, down to the T = 0 limit, achieved by applying a
magnetic field of 30 T (or greater), whose sole effect is to suppress
superconductivity and reveal the underlying normal state (ref. 5).
Our measurements reveal a large and unexpected downward shift
of p* with pressure, which we find to be driven by a corre-
sponding change in pFS, so that the relation p* ≤ pFS is obeyed.
This fundamental property has direct and fundamental implica-
tions for the mechanism of pseudogap formation.

Results
Determination of p* and pFS. Our study is based on transport
signatures of p* and pFS. We begin with p*. When p< p*, the
electrical resistivity ρ(T), Nernst coefficient and Hall coefficient
RH(T) all exhibit large upturns at low temperature4,5,6,9—
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Fig. 1 Phase diagram and correlation between p* and pFS. a Temperature-
doping phase diagram, showing the pseudogap temperature T* measured
by ARPES (triangles), electrical resistivity (circles) and Nernst effect
(squares), in LSCO (black), Nd-LSCO (red) and Eu-LSCO (green) (adapted
from ref. 6; see references therein). The diamonds mark the critical doping
p* at which the pseudogap phase ends at T= 0 (in the absence of
superconductivity), for LSCO (black; p*= 0.18, refs. 8,9) and Nd-LSCO (red;
p*= 0.23, refs. 4,5). The short solid lines mark the transition into the low-
temperature tetragonal structure (LTT) for Eu-LSCO (green; ref. 36 and Nd-
LSCO (red; ref. 34), in the interval where it crosses T*. The grey line is the
superconducting critical temperature Tc of LSCO. The dashed line is a linear
extension of the T* line (blue). The red arrow illustrates the effect of
applying hydrostatic pressure to Nd-LSCO: it shifts p* down in doping. b, c,
d Sketch of the Fermi surface in the first Brillouin zone (frame), as
measured by ARPES in LSCO (ref. 11) at p= 0.17 (b) and in Nd-LSCO (ref. 3)
at p= 0.20 (c) and p= 0.24 (d). The red dashed line is the anti
ferromagnetic zone boundary (AFZB), which intersects the hole-like Fermi
surface of Nd-LSCO at p= 0.20, but not its electron-like surface at p=
0.24. e Correlation between p* and pFS in single-layer cuprates. p* is
measured in the normal state at T= 0, by high-field transport in Nd-LSCO
(p*= 0.23 ± 0.01, ref. 5) and LSCO (p*= 0.18 ± 0.01, refs. 8,9), and by high-
field NMR in Bi2201 (p*= 0.38 ± 0.02, ref. 10). pFS is measured by ARPES in
LSCO (pFS= 0.19 ± 0.01, refs. 2,11), Nd-LSCO (pFS= 0.22 ± 0.01; ref. 3) and
Bi2201 (pFS= 0.41 ± 0.02, ref. 12). The red arrow shows the effect of
applying pressure to Nd-LSCO (red square). We find that p* and pFS
decrease in tandem, preserving the equality p*= pFS and thereby showing
that p* is constrained by the condition p*≤ pFS. The grey shading marks the
forbidden region
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signatures of the pseudogap phase, attributed to a drop in carrier
density n from n= 1 + p above p* to n= p below p*5,9,13. In Nd-
LSCO at p = 0.20, ARPES sees a gap opening at T* = 75 K (ref. 3),
precisely the temperature below which the resistivity exhibits an
upward deviation from its high-T linear behaviour4,5. By contrast,
at p = 0.24 the three transport coefficients show no trace of any
upturn at low T4,5,6 ,, with the resistivity remaining linear down to
T → 0 (Fig. 2a), consistent with the absence of a gap in ARPES
data3.

In Fig. 3, we reproduce published data5 for ρ(T) (Fig. 3a) and
RH(T) (Fig. 3c) in Nd-LSCO at different dopings. The upturns
decrease as p approaches p* from below. We determine p* as the
doping where the upturns in ρ(T) and RH(T) vanish, giving p* =
0.23 ± 0.01 (Fig. 4). (Note that at that doping ρ(T) displays a
slight upturn while RH(T) remains flat. This difference comes
possibly from the fact that ρ(T) is sensitive to the total carrier
density while RH(T) is balanced by electron- and hole-like
contributions, as in the reconstructed Fermi surface just below p*
for an anti ferromagnetic scenario14. See discussion in ref. 5).

We now turn to pFS. In a single-layer cuprate, the Fermi
surface changes topology from hole-like at p< pFS (Fig. 1c) to
electron-like at p> pFS (Fig. 1d). (pFS is the doping at which
the van Hove singularity in the density of states crosses the
Fermi level.) ARPES studies show that the Fermi surface is
hole-like in LSCO at p = 0.1711 and Nd-LSCO at p = 0.203,
while it is electron-like at p = 0.202 and p = 0.243, respectively,

so that pFS = 0.19 ± 0.01 in LSCO and pFS = 0.22 ± 0.01 in Nd-
LSCO.

Changes under hydrostatic pressure. We now examine the effect
of pressure on pFS and p*. Pressure is known to change the crystal
structure of Nd-LSCO from LTT at ambient pressure to HTT at
P> 4.2 GPa15. Our band–structure calculations based on a stan-
dard tight-binding model (see 'Methods' section and Supple-
mentary Fig. 2) show that this causes a decrease in the ratio |t’/t|,
where t and t’ are nearest- and next-nearest-neighbour hopping
parameters. It is a property of this model that the Fermi surface
goes from hole-like to electron-like with decreasing |t’/t| (at
fixed p), consistent with fits to ARPES data on LSCO2,11. Pressure
applied to Nd-LSCO is therefore expected to reduce pFS (Fig. 5c).
Although the maximum pressure in our experiment is 2.0 GPa, it
still reduces the CuO6 octahedron tilt angle of the LTT structure
significantly towards the HTT phase15, which decreases |t’/t|.

Experimentally, we study the pressure dependence of pFS by
looking at RH for p ≥ p*. In LSCO in the regime above pFS ~0.19,
RH decreases linearly with doping as the system moves away from
pFS (Supplementary Fig. 3), to eventually become negative
above p ~0.3516 ,17. Quantitatively, an increase in doping by δp
= 0.02 corresponds to a ~13% drop in RH (Fig. 5b). Since all there
is in this regime is a single large electron-like Fermi surface, Nd-
LSCO in the regime above pFS ~0.22 must display a similar linear
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Fig. 2 Effect of pressure on Nd-LSCO. Transport properties of Nd-LSCO as a function of temperature, at different dopings as indicated. In a, c and d, grey
data are in zero field and coloured data are in magnetic field. a Resistivity of Nd-LSCO at p= 0.22 from ref. 5 (blue) and at p= 0.24 from ref. 4 (red), in H=
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Fig. 1). c Resistivity of Nd-LSCO at p= 0.22 and H= 33 T, at ambient pressure (blue, ref. 5) and P= 2.0 GPa (red, this work), with a linear fit (black line) to
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EXPERIMENT — Pseudogap phase confined by Fermi surface topology

Doiron-Leyraud et al., Nature Comm. 8, 2044 (2017)



t0. T! is identified as follows: We calculate the zero-
frequency extrapolated value of the spectral function at
the antinodal point ðπ; 0Þ; we find that its temperature
dependence displays a maximum, which we identify as T!.
Below this scale, the antinodal spectral intensity decreases,
signaling the opening of a pseudogap. TFS is identified as
the temperature where the Fermi surface crosses the ðπ; 0Þ
point and turns from holelike to electronlike as temperature
decreases (see below). Note that our definition of a Fermi
surface is a pragmatic one: strictly speaking a Fermi surface
only exists at zero temperature. At finite temperatures, we
define the Fermi surface as the surface in momentum space
corresponding to the maximum of the spectral intensity as it
would be observed, e.g., in an angle-resolved photoemis-
sion (ARPES) experiment [44].
When extrapolated to zero temperature, these data define

two critical doping levels: p! such that the pseudogap
disappears for p > p!, and pFS that marks the transition
from a holelike FS (p < pFS) to an electronlike FS
(p > pFS). Strikingly, the two curves in Fig. 1 suggest
that the pseudogap can only exist when the Fermi surface is
holelike, i.e., that p! ≤ pFS. It appears that, for values
of t0 ≥ −0.1, both transitions happen at the same doping
p! ¼ pFS within our error bars. For more negative values of
t0, the Fermi surface first becomes holelike as p is reduced,
and the pseudogap opens at a lower doping, i.e., p! < pFS.
We never observe a pseudogap with an electronlike Fermi
surface, which would correspond to p! > pFS.
This can be documented further by repeating this

analysis for several doping levels’ p and t0 values. The
resulting map in the ðp-t0Þ parameter space is displayed in
Fig. 2. A first observation is that the topological transition
of the FS (blue line) that separates the regions with holelike
and electronlike Fermi surfaces is strongly renormalized
with respect to its noninteracting (U ¼ 0) location (dashed
line in Fig. 2 and arrows in Fig. 1). The black line defines
the onset of the pseudogap. These lines define three
regions: At large doping above the blue line, the Fermi

surface is electronlike and no pseudogap is present. In the
intermediate region between the two lines, the Fermi
surface is holelike but without a pseudogap. The topologi-
cal transition and pseudogap opening coincide for a range
of t0, while, for more negative t0, the two lines split apart
and, as doping is reduced, the pseudogap only opens after
the Fermi surface has already turned holelike at higher
doping level (p! < pFS). The pseudogap and FS topology
transition lines are dependent on the value ofU. As detailed
in the Appendix B, a larger value of U yields a more

(c)(b)(a)

FIG. 1. Pseudogap and Lifshitz transition temperatures. Evolution of the pseudogap onset temperature T! (black) and the Lifshitz
transition temperature TFS (blue) as a function of the hole doping p, for several values of t0 andU ¼ 7. The finite temperature data points
are extrapolated to zero temperature and yield two critical dopings p! and pFS. It is apparent that p! ≃ pFS for t0 ¼ 0 and t0 ¼ −0.1,
while p! < pFS for t0 ¼ −0.2. The solid lines are linear (for T!) and quadratic (for TFS) least-squares fits to the data points, except the
TFS line of t0 ¼ 0, where TFS collapses to zero close to p!. Error bars estimate all uncertainties in finding T! and TFS with DCA (see also
Appendix B). Note that the change of topology of the Fermi surface for the interacting system occurs at a larger doping than that of the
noninteracting system (indicated by a light blue arrow).

FIG. 2. Zero-temperature Fermi-surface topology and pseudo-
gap in the p-t0 plane. The black line separates a region with no
pseudogap (no PG) from a region where a pseudogap exists (PG).
The blue line indicates where the interacting Fermi surface changes
its topology fromelectronlike (e-FS) to holelike (h-FS). Thedashed
blue line signals the same transition in the noninteracting case. The
red curve locates the change in particle-hole asymmetry at the
antinode: above the red line the real part of the self-energymodifies
the Fermi surface towards a more holelike shape. On the red line,
the self-energy pole crosses zero energy and approximate particle-
hole symmetry is restored, corresponding also to amaximumof the
low-energy scattering rate as t0 is varied for fixed p. Points A–D
label a set of parameters that are discussed further in Fig. 4.

PSEUDOGAP AND FERMI-SURFACE TOPOLOGY IN THE … PHYS. REV. X 8, 021048 (2018)
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THEORY — Pseudogap phase confined by Fermi surface topology



SIGNATURES OF THE PSEUDOGAP PHASE

1) Carrier density

2) Resistivity

n = 1 + p   —>   n = p

T - linear   as  T —> 0
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Planckian limit

4) Limit on QCP p* < van Hove point

3) ADMR Fermi surface changes at  p*
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Universal behavior of the anomalous thermal Hall conductivity
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We report theoretical and experimental analyses of the anomalous thermal Hall conductivity in
correlated systems. For both fermionic and bosonic excitations with nontrivial topology, we show
that at “intermediate” temperatures, the anomalous thermal Hall conductivity exhibits an unex-
pected universal scaling with a simple exponential form. At low temperatures, it behaves differently
and reflects the spectral properties of underlying excitations. Our predictions are examined as exam-
ples in two prototype compounds, the quantum paraelectric SrTiO3 and the spin-liquid compound
RuCl3. The experimental data can be largely covered by our proposed minimal phenomenological
model independent of microscopic details, revealing dominant bosonic contributions in SrTiO3 and
gapped fermionic excitations in RuCl3. Our work establishes a phenomenological link between mi-
croscopic models and experimental data and provides a unified basis for analyzing the anomalous
thermal Hall conductivity in correlated systems over a wide temperature region.

Introduction - The anomalous thermal Hall conduc-
tivity probes topologically nontrivial excitations in a cor-
related insulator. In particular, the recent observation of
“giant” anomalous thermal Hall conductivity in cuprates
[1] has stimulated intensive interest in understanding its
underlying mechanism and potential topological excita-
tions [2–6], although the issue is still highly controversial.
Previously, the anomalous thermal Hall conductivity has
also been observed in spin liquid systems such as RuCl3
but the signal is ten times smaller [7–9]. By contrast, a
twice larger effect was lately reported in SrTiO3 and at-
tributed to phonons [10]. While the cuprate experiment
has yet to be confirmed by other groups, it has posed an
urgent challenge for our theoretical understanding of this
unusual phenomena in general. Complicated microscopic
models have since been developed but involve various ad-
justing parameters that prevent straightforward compar-
isons with experiments [2–6, 11–15]. So far, all scenarios
remain preliminary and no well-established connection
has been known between existing experimental observa-
tions and theoretical proposals. From the viewpoint of
a more complete theory of the anomalous thermal Hall
conductivity, there is obviously a missing link between
microscopic models and experimental data.

To fill in this gap, we notice that, in resemblance
of the Fermi liquid theory, instead of starting with a
material-dependent Hamiltonian for individual systems,
it is possible to make minimal assumptions on underlying
fermionic or bosonic excitations and look for generic fea-
tures (similarities and differences) to be compared with
existing experiments. This allows us to identify if and
to what extent the data may be understandable without

resorting to microscopic details. As a result, we find that
the experiment can be well covered by two temperature
regions: a universal exponential scaling of the thermal
Hall conductivity at intermediate temperatures and dif-
ferent low-temperature signatures (saturation, power-law
or activation) for different types of charge neutral exci-

FIG. 1: Sketch of three temperature regions for the anomalous
thermal Hall conductivity: the low-temperature region with
saturating (const), power-law (Tα), or activation (e−∆/T ) be-
haviors that reflect different spectral properties of underly-
ing excitations; the “intermediate” temperature region with a
universal scaling of the exponential form (e−T/T0) for T ∼ D,
where D represents the characteristic energy for topologically
nontrivial excitations; the high T limit with T−γ scaling,
where γ = 1 for bosons and γ = 3 for fermions. Only the
former two regions are relevant in experiment.

arXiv:2001.08385v1  [cond-mat.str-el]  23 Jan 2020
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Phonons have Berry curvature ?

Grissonnanche et al., arXiv:2003.00111 (2020)



SIGNATURES OF THE PSEUDOGAP PHASE

1) Carrier density

2) Resistivity

n = 1 + p   —>   n = p

T - linear   as  T —> 0

Generic

Generic
Planckian limit

4) Limit on QCP p* < van Hove point

3) ADMR Fermi surface changes at  p*

5) Thermal Hall phonons become chiral


