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current-control of quantum states

q Overview 

q Two Model Systems: Sr2IrO4 and Ca2RuO4

q Outlook 
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Extended 4d/5d-Orbitals, Competing Energies
q Strong Spin-Orbit Interactions lso

lso ~  Z2 L∙S, e.g., Z = 29 for Cu and 77 for Ir

0.4 - 1 eV (5d)
0.1 - 0.3 eV (4d) 
0.01 - 0.1 eV (3d)

q Reduced Coulomb Interaction U
0.4 - 2.0 eV (5d)

2 - 3  eV (4d)  
5 - 7eV (3d)

q Reduced Hund’s Rule Coupling JH

~ 0.5 eV (5d)
0.5 - 0.6 eV (4d)
0.7 - 0.9 eV (3d)

4d/5d electrons
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Comparison between 3d and 4d/5d electrons

Electron
Type

U (eV) lso (eV) JH (eV) Key Interactions Exemplary 
Phenomena

3d 5-7 0.01-0.1 0.7-0.9 U >> JH > lso HTSC/CMR

4d 2-3 0.1-0.3 0.5-0.6 U > JH > lso Orbital order/
Novel SC

5d 0.4-2.0 0.4-1 ~ 0.5 U ~ JH ~ lso Novel 
insulating 

state
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A new balance between relevant energies drives new physics



(c-axis, B=0.01 T)

Ferromagnetic Metals
Srn+1RunO3n+1

Antiferromagnetic Insulators
Can+1RunO3n+1

Lattice-Driven Ground States
Magnetization and Resistivity for Layered Ruthenates
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introduction

Frontiers of 4d- and 5d-Transition Metal Oxides, GC and DeLong, 2013



Empirical Trends in Iridates

q Iridates tend to be magnetic insulators 
q Unusual correlation between magnetic and insulating states
q No metallization at high pressure (e.g., Sr2IrO4 remains insulating 

up to 185 GPa)
q A metallic state can be readily realized upon chemical doping 
q Yet, superconductivity remains unconfirmed despite similarities to 

cuprates. 
q There is a growing list of theoretical predictions or proposals (spin 

liquids, various topological states, superconducting state, etc.), but 
they have met limited experimental confirmation

q Extremely sensitive to disorder and structural distortions

GC & P. Schlottmann, Reports on Progress in Physics, A Key Issues Review (2018) 

introduction
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Key Characteristics 

q Lattice-driven physical properties

q Strong interlocking between the lattice and magnetic moments  

introduction



Model System: Sr2IrO4

Feng Ye et al. Phys. Rev. B 2013

Key Point: Strong interlocking between the lattice and moments

The moments rigidly track the octahedral rotation about c-axis (a=11.8o) by 
deviating from the a-axis by f=13.2o at 4 K. 
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FIG. 4. (Color online) (a) Illustration of an IrO2 plane in
Sr2IrO4. The oxygen octahedra rotate about the c-axis by
±α creating a two sublattice structure. The magnetic mo-
ments couple to the lattice and exhibit canting angles ±φ.
(b) An unequal tetragonal distortion (∆1 and ∆2) on the two
sublattices as required by the I41/a space group. (c) The
ratio φ/α as a function of both λ and ∆ calculated for the
case of uniform and (d) staggered (∆1 = −∆2) tetragonal
distortion using eqn.(1) assuming a Coulomb energy U1=2.4
eV, a Hund’s coupling JH=0.3 eV, hopping t=0.13 eV and
α=11.5◦.

Jackeli and Khaliullin (JK) assuming an I41/acd space
group, which only allows for a uniform tetragonal distor-
tion. In the JK model, the ratio φ/α depends only on a
parameter θ defined by tan(2θ) = 2

√
2λ/(λ−2∆), where

λ and ∆ are the strengths of SOC and uniform tetragonal
CEF splitting, respectively. A perfect magneto-elastic
locking (φ/α = 1) is predicted in the cubic limit (∆=0)
where the local magnetic degrees of freedom are derived
from a Jeff = 1/2 Kramers doublet. Any mixing be-
tween the Jeff = 1/2 and Jeff = 3/2 states introduced
through tetragonal distortion causes φ/α to be either
smaller or larger than 1 depending on whether the oxygen
octahedra are elongated (∆ > 0) or compressed (∆ < 0).
Using commonly accepted [2, 10, 20, 38, 39] values of λ
(∼ 400 meV) and ∆ (∼ 140 meV) or their experimentally
derived ratio (∆/λ ∼ 0.34) [37] in Sr2IrO4, the JK model
predicts that φ/α ≈ 0.7. This, however, is incompatible
with recent neutron and resonant x-ray diffraction stud-
ies that report values of φ = 13(1)◦ [15] and 12.2(8)◦ [19]
and α = 11.8(1)◦ [15], which indicate a nearly perfect
magneto-elastic locking.

To investigate how perfect magneto-elastic locking can
remain robust even under substantial departure from cu-
bic symmetry, we developed an extension of the JK model

that accounts for a staggered tetragonal distortion. The
starting point of our model is a microscopic single-ion
Hamiltonian that includes both SOC and tetragonal CEF
distortion [20]. Its ground state is a Kramers doublet
whose orbital and spin composition is determined by the
relative strengths of SOC and tetragonal splitting, which
will depart from a Jeff = 1/2 description for any non-
zero value of the tetragonal splitting. By allowing for un-
equal tetragonal splitting (∆1 and ∆2) on the two sub-
lattices, the doublets on each sublattice will in general
possess different spin and orbital compositions. We treat
the resulting doublets as pseudospin-1/2 degrees of free-
dom (S) that interact via the following super-exchange
Hamiltonian derived in Ref. [20]:

H = Σn,n′JSnSn′ −D(Sx
nS

y
n′ − Sy

nS
x
n′) (1)

+δJzS
z
nS

z
n′ + δJxy (Sn · rn,n′) (Sn′ · rn,n′)

where the isotropic exchange J , exchange anisotropies
δJz and δJxy, and Dzyaloshinsky-Moriya interaction D
are functions of the microscopic parameters λ, ∆1, ∆2,
Coulomb interaction and Hund’s coupling. The x and
y axes point along the a and b directions, respectively,
and rn,n′ is the unit vector along the n, n′ bond. Clas-
sical minimization of the super-exchange Hamiltonian is
employed to calculate the moment canting angles. These
methods are fully described in Ref.[20].

In the case of a uniform tetragonal distortion
(∆1=∆2 ≡ ∆) as required for an I41/acd space group,
we find that for a fixed value of λ, φ/α sharply decreases
from 1 as a function of ∆ consistent with the JK model
(Fig. 4c). However if the sign of the tetragonal distortion
is staggered between sublattices (∆1=−∆2 ≡ ∆), which
is consistent with an I41/a space group, then φ/α be-
comes remarkably insensitive to both λ and ∆ (Fig. 4d).
This shows that the magnitude of φ/α is more strongly
influenced by the spatially averaged value of the tetrago-
nal distortion rather than its local value on an individual
oxygen octahedron, which allows the existence of a large
local tetragonal distortion to be reconciled with the ob-
servation of perfect magneto-elastic locking.

In conclusion, our SHG-RA and THG-RA measure-
ments reveal a globally lowered bulk structural symme-
try in Sr2IrO4 that is induced by a staggered tetragonal
distortion of the oxygen octahedra. Although we cur-
rently cannot obtain a quantitative measure of ∆1 and
∆2, we propose that a staggering of the sign of tetrago-
nal CEF splitting naturally explains the observations of
perfect magneto-elastic locking in the presence of non-
cubic structural distortions. Quantitative measures of
∆1 and ∆2 using other techniques will be important for
understanding the detailed spin and orbital composition
of the ground state doublet [40, 41] and the robustness
of a Jeff = 1/2 description to these lattice distortions
[42]. More generally, we have demonstrated a technique
to perform symmetry refinement on micron length scales
that can be highly complementary to diffraction based

D. Torchinsky et al. Phys. Rev. Lett.2015
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example 1 – Sr2IrO4 



GC  et al, 1998

q Neel temperature
TN=240 K

q Charge gap
D < 620 meV

(S.J. Moon, et al., 2008; B.J. Kim,
et al., 2011; Q. Wang, et al., 2012; 
D. Hsieh et al, 2012; J. Dai, et al., 2013; 
J. Nichols, et al., 2013)

Magnetization and Resistivity of Sr2IrO4 

No corresponding anomaly
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example 1 – Sr2IrO4 



GC  et al, 1998

Early Observation of Unusual I-V 
Characteristics  in Sr2IrO4 
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example 1 – Sr2IrO4 



X-ray

Gold electrical
leads and 
single-crystal
sample

Copper electrical
wires to current 
source

Single-Crystal X-ray Diffraction as a Function of Current

Temperature control
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example 1 – Sr2IrO4 



I = 0 mA I = 0 mA

I = 105 mA I = 105 mAI = 105 mA

(a) (b) (c)

Sample	on	
sample	holder	

Electrical
leads

X	ray	

Cold	nitrogen	
Cryo stream		

GC et al, Phys. Rev. Lett., 2018

Bragg peaks as a Function of Current

example 1 – Sr2IrO4 

3000 
counts

900 
counts



Coupling of the Lattice and Magnetic Order
Electrical-current controlled lattice change:

The a-axis grows by about 1% !
Pure thermal expansion without current:

The a-axis expands by only 0.1% 
from 90 K to 300 K

GC et al, Phys. Rev. Lett., 2018
12

example 1 – Sr2IrO4 



Anisotropic response of the lattice to 
current I applied to the a-axis and c-axis
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example 1 – Sr2IrO4 

Recall the moments 
within the basal plane



X-ray

Electrical
wires

Single-Crystal Neutron Diffraction as a Function of Current
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example 1 – Sr2IrO4 



Ir-O-Ir Bond Angle Increases with Applied Current I
(Neutron Diffraction) 

TN

Dq ~ 1 degree at 100 K due to I = 80 mA
15

example 1 – Sr2IrO4 



Electrical-Current Controlled Magnetic Properties

q q

q q

M (H) drops by 16 % TN drops by 40 K
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example 1 – Sr2IrO4 



Electrical-Current Controlled Transport Properties 
I-V Characteristics & Switching  Coupling of Vth and M; dI/DV 

GC et al, Phys. Rev. Lett., 2018
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example 1 – Sr2IrO4 
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Electrical-Current Controlled Resistive Switching
I-V curves closely track the current-controlled a-axis expansion   
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example 1 – Sr2IrO4 



Ru4+ (4d4)
Jahn-Teller-type
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example 2 – Ca2RuO4 

r

Model System: Ca2RuO4

First-order structural/orbital transition 
TMI = 357 K

Antiferromagnetic transition 
TN = 110 K 



Neutron diffraction as a function of current density 

Current suppresses the structural distortions in 3% Mn doped Ca2RuO4

b axis
a axis

c axis

example 2 – Ca2RuO4 



5 mm

150o 151o

91o 90.2o

Current J

(i)

Current J

(h)

J = 0         J = 5 A/cm2

Current J

(g)

(b)

(b)

Neutron diffraction as a function of current density 

Current suppresses the structural distortions in 3% Mn doped Ca2RuO4

H. D. Zhao et al  PRB Rapid, 2019

example 2 – Ca2RuO4 



Increasing  J

Current suppresses the antiferromagnetic order and insulating state
Simultaneously measured magnetization and resistivity

example 2 – Ca2RuO4 

H. D. Zhao et al  PRB Rapid, 2019



Current induces a new orbital order below 80 K
Magnetization and resistivity as a function of temperature 

example 2 – Ca2RuO4 
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Direct correlation between orthorhombicity and resistivity

example 2 – Ca2RuO4 

H. D. Zhao et al  PRB Rapid, 2019



Phase Diagram

Fig.5
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The applied current drives the system from the native AFM state (purple) through the critical
regime near 0.15 A/cm2 (gray) to the current-induced, nonequilibrium orbital state (blue).

example 2 – Ca2RuO4 

H. D. Zhao et al  PRB Rapid, 2019



outlook

q Magnetic and insulating ground state, which is not enabled by large U but
is driven by subtle interactions assisted by spin-orbit interactions (SOI).

q Susceptible to slight lattice changes.

q Distorted crystal structures/canted moments, which allow current to tune
rotations/tilts via a strong magnetoelastic coupling.

q Current-controlled phenomena are seen a range of high-Z materials where
the role of SOI is significant and electron orbitals are extended – SOI lock
magnetic moments to MO6-octahedra and the extended orbitals facilitate a
strong coupling of current and electron orbitals.

Empirical Trends in Current-Controlled Materials  



outlook

q How can we adequately describe the coupling of current and the
lattice/orbitals?

q How can we better understand nonequilibrium states?

q How can we adequately describe current-controlled changes in band
structures responsible for non-Ohmic I-V characteristics?

q ……..

Challenges
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Current suppresses the antiferromagnetic order and insulating state

The home-made probe for simultaneous measurements 
of magnetization and resistivity
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example 2 – Ca2RuO4 



I-V characteristics for Ca2Ru0.97Mn0.03O4 at T = 200 and 250 K

example 2 – Ca2RuO4 



Current induces a new orbital order below 80 K
Magnetization and resistivity as a function of temperature 

C. Sow…Y. Maeno et al Science 358, 1084 (2017)

current-control of quantum states



Orbital 
Order

Glassy 
behavior

TO

Magnetization and resistivity as a function of temperature 

Current induces a glassy state above 80 K 
current-control of quantum states


