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5d Transition Metal Oxides:
Strong Spin-Orbit Coupling

Large-U

small-U

Ir

3d: U ~ 2-10 eV Weak Spin-Orbit coupling

Strong Spin-
Orbit coupling

5d: U ~ 0.5 eV

Interplay of U and �SO

~ 0.5 eV�SO



5d transition metal (Ir) oxides
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Pyrochlore Iridates (bulk and film)
R2Ir2O7

General Intro: Iridates

Brief Introduction:
Topological Phases
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Iridates:
New Platforms for Discovery



5d orbitals of Ir4+: large spin-orbit coupling

Ir4+ = [Xe] 4f14 5d5
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FIG. 1: Schematic energy diagrams for the 5d5 (t52g) configuration (a) without SO and Hubbard

U , (b) with an unrealistically large U but no SO, (c) with SO but no U , and (d) with both 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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5d orbitals of Ir4+: large spin-orbit coupling

Ir4+ = [Xe] 4f14 5d5

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic band diagrams of 5d Srn+1IrnO3n+1 compounds, which are well described by the 

effective total angular moment Jeff states due to strong spin-orbit coupling: (a) Mott insulator 

Sr2IrO4, (b) barely insulator Sr3Ir2O7, and (c) correlated metal SrIrO3. EF represents the Fermi 

level and the arrow indicates the direction for the bandwidth W increase. 
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 Sr2IrO4 is a Spin-Orbit 
Mott Insulator



5d transition metal (Ir) oxides 

❏ Small Charge Gap Weak Mott Insulator
Often close to a Metal-Insulator Transition 

❏ Moderate strength of U Mott Insulator

❏ Strong Spin-Orbit Coupling   Clever way to lift  
the orbital degeneracy !

Avoid Kugel-Khomski  
+ Large quantum fluctuations 

for Jeff=1/2 moment 
Quantum Spin Liquid ?

❏ Doping half-filled Jeff=1/2 band High Tc Superconductor ?

❏ Strong Spin-Orbit Coupling Often semi-metal or  
could be a Topological Insulator

❏ Sensitive to Strain/Lattice sensitive electronic properties
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✓O ⇠ 11�

(a) IrO2 layer in Sr2IrO4

ĉ
b̂

â

(b) Sr2IrO4 (c) Sr3Ir2O7

FIG. 3: Illustration of octahedral rotations and magnetic canted antiferromagnetic order in
Sr2IrO4

15,21. (a) The octahedral rotations and moment directions in a single IrO2 plane of Sr2IrO4.
(b-c) Illustration of the stacking of planes and the ordering in (b) Sr2IrO4

15,21 and (c) Sr3Ir2O7
20.

x̂, ŷ or ẑ. Including the SOC, the atomic energy levels can be straightforwardly found, with the
highest lying doublet being a mixture of the j = 1/2 and j = 3/2 states as2

|±i = cos ✓
�����
1
2
,±1

2

+
± sin ✓

�����
3
2
,±1

2

+
, (7)

where the mixing angle is tan(2✓) = 4
p

2�/(2� + 9�). Including these distortions removes the
e↵ective four-fold rotation symmetry, allowing an additional Ising-like anisotropy ⇠ �zzJz

i Jz
j on

each bond in the plane perpendicular to the distortion22.
In addition, octahedral rotations are present and break some of the rotational and translational

symmetry of the ideal lattice, enlarging the unit cell. In Sr2IrO4 and Sr3Ir2O7 the octahedra are
rotated about the [001] axis in a staggered fashion6–8, characterized by a deviation of the bond
angle of ⇠ 11� ⌘ ✓O from the ideal 180�, as illustrated in Fig. 3a. We leave the more involved
octahedral tilting of orthorhombic SrIrO3 to the literature9,10. Such rotations lower the bond sym-
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x̂, ŷ or ẑ. Including the SOC, the atomic energy levels can be straightforwardly found, with the
highest lying doublet being a mixture of the j = 1/2 and j = 3/2 states as2

|±i = cos ✓
�����
1
2
,±1

2

+
± sin ✓

�����
3
2
,±1

2

+
, (7)

where the mixing angle is tan(2✓) = 4
p

2�/(2� + 9�). Including these distortions removes the
e↵ective four-fold rotation symmetry, allowing an additional Ising-like anisotropy ⇠ �zzJz

i Jz
j on

each bond in the plane perpendicular to the distortion22.
In addition, octahedral rotations are present and break some of the rotational and translational

symmetry of the ideal lattice, enlarging the unit cell. In Sr2IrO4 and Sr3Ir2O7 the octahedra are
rotated about the [001] axis in a staggered fashion6–8, characterized by a deviation of the bond
angle of ⇠ 11� ⌘ ✓O from the ideal 180�, as illustrated in Fig. 3a. We leave the more involved
octahedral tilting of orthorhombic SrIrO3 to the literature9,10. Such rotations lower the bond sym-
metry, breaking the inversion symmetry about the bond center and allow pseudo-spin dependent
hoppings and Dzyaloshinskii-Moriya (DM) exchange22,28. Schematically, a tight-binding model
for the j = 1/2 electrons in a single IrO2 plane that includes such e↵ects is

X

hi ji

2
666664�t
X

↵

⇣
c†i↵c j↵ + h.c.

⌘
+ itz

X

↵↵0
(�1)i

⇣
c†i↵�zc j↵0 + h.c.

⌘3777775 , (8)

where (�1)i = ±1 is a staggered sign, as illustrated in Fig. 3a and one expects t ⇠ cos 2✓O and
tz ⇠ sin 2✓O. The pseudo-spin dependent term tz can be removed by rotating the pseudo-spin at

9

✓O ⇠ 11�

(a) IrO2 layer in Sr2IrO4

ĉ
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FIG. 5: (a) An illustration of the energy levels for the iridium and oxygen atoms. A hole on the
oxygen is more costly than one in the j = 3/2 states. (b) Schematic phase diagram for Sr2IrO4 as
a function of filling n and Hund’s coupling JH, based on Ref. [47]. A variety of phases appear
such as an antiferromagnetic insulator (AF-I) and metal (AF-M), a paramagnetic metal (PM-M),
a ferromagnetic metal (FM-M) as well as possibly two distinct superconducting (SC) phases.

Moving to 5d transition metals, the large SOC can no longer be ignored and the system may
display a complex combination of spin-singlet and spin-triplet SC order parameters. As the SOC
and other electronic interactions such as Hund’s coupling become comparable, the determination
of the ground states in such multi-orbital systems is highly non-trivial. In particular, we will
discuss how the physics of doping in Sr2IrO4 is both similar to, but di↵erent from the case of
cuprate superconductors. We then discuss some recent theoretical work that explore possible
pairing symmetries and mechanisms for superconductors arising from doped Mott insulators with
strong SOC. From there, we review the on-going experimental search for superconductivity in
doped iridates, focusing in particular on progress in doping Sr2IrO4.

The physics of doping electrons into these j = 1/2 Mott insulators is familiar. Given the filled
2p orbitals of the neighbouring oxygens and the filled j = 3/2 states, the least costly place to put
an extra electron is in the j = 1/2 states themselves. The penalty is the Coulomb energy U; much
smaller than filling any of the higher-lying electronic states. We caution that this is purely at the
atomic level and electronic structure e↵ects can alter this identification. For example for Sr2IrO4

it has been argued that the electron doping is similar to the hole-doped cuprates due to an opposite
sign in the next-nearest neighbour hopping integral28. However when iridates are hole-doped, the
multi-orbital nature can become active and it may not be this simple. The key distinction is in
the energy gap to the nearest 5d states, the j = 3/2 levels. In the cuprates, tetragonal distortion
separates the ground state doublet from the nearest 3d levels by a gap of ⇠ 1�2 eV48. This is larger
or comparable to the cost of putting the hole onto the neighbouring oxygens once hybridization
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Odd-parity triplet superconductivity in multi-orbital materials with strong spin-orbit
coupling: applications to doped Sr2IrO4
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We explore possible superconducting states in t2g multi-orbital correlated electron systems with
strong spin-orbit coupling (SOC). In order to study such systems in a controlled manner, we em-
ploy large-scale dynamical mean-field theory (DMFT) simulations with the hybridization expansion
continuous-time Quantum Monte Carlo (CTQMC) impurity solver. To determine the pairing sym-
metry, we go beyond the local DMFT formalism using parquet equations to introduce the momentum
dependence in the two-particle vertex and correlation functions. In the strong SOC limit, a singlet,
d-wave pairing state in the electron-doped side of the phase diagram is observed at weak Hund’s
coupling, which is triggered by antiferromagnetic fluctuations. When the Hund’s coupling is com-
parable to SOC, a two-fold degenerate, triplet p-wave pairing state with relatively high transition
temperature emerges in the hole-doped side of the phase diagram, which is associated with enhanced
charge fluctuations. Experimental implications to doped Sr2IrO4 are discussed.

PACS numbers: 74.20.-z, 74.20.Rp, 74.70.-b, 71.10.Fd

Introduction.- The investigation of novel electronic
states in correlated electron systems with spin-orbit cou-
pling has been a recent subject of intensive research [1].
Early experiments that prompted such activities are the
studies of the iridium perovskite oxide Sr2IrO4 [2–10].
Due to strong SOC, the t2g orbitals of Ir4+ ions split into
Jeff = 1/2 doublet and Jeff = 3/2 quadruplet, leading to a
spin-orbit-induced Mott insulator, with a moderate Hub-
bard interaction U . Given the similarity in lattice struc-
ture and Mott physics between Sr2IrO4 and La2CuO4,
it was proposed that a spin singlet d-wave high tem-
perature (high Tc) superconductivity emerges in doped
iridates [6, 11]. If this turns out to be true, it would
be a significant progress in decades-long efforts to find
high Tc superconductivity in other oxides materials be-
sides cuprates. On the other hand, doped iridates are
inherently multi-orbital systems and the analogy to the
cuprates may be justified only in the extremely strong
SOC limit. The determination of the ground states in
such multi-orbital systems is a highly challenging theo-
retical work when the SOC and some of the multi-orbital
interactions such as Hund’s coupling become comparable
to each other, which could easily be the case in 4d or 5d
electron systems.

In this letter, we provide a theoretical study of pos-
sible superconductivity in t2g multi-orbital systems with
SOC using the combination of the DMFT with CTQMC
impurity solver [12–15] and self-consistent relations be-
tween two-particle correlation/vertex functions in par-
quet equations [16–20]. The DMFT with CTQMC can
capture the local correlation effects, but cannot provide
the momentum dependence of the vertex functions or
two-particle correlation functions, which is necessary for
the determination of the dominant pairing channel and

d-wave SC

FL

SC - d

AFM-I

AFM-M

SC - p

FM-M

p-wave SC

AFM-I

FIG. 1. (color online) Phase diagram of the t2g Hubbard
model in terms of J/U and filling n, obtained from DMFT
with CTQMC and parquet formulation, where J and U rep-
resent the Hund’s and intra-orbital Hubbard interaction, re-
spectively. The tight-binding parameters and spin-orbit cou-
pling strength are fixed (see main text), and the lowest tem-
perature achieved in the simulation is 0.05t. Symbols corre-
spond to the parameter sets where simulations are performed.
FL, SC-d, AFM-I, AFM-M, SC-p and FM-M stand for Fermi
liquid, d-wave singlet pairing, antiferromagnetic insulator, an-
tiferromagnetic metal, p-wave triplet pairing and ferromag-
netic metal, respectively. The shaded areas are guides to the
eye, and the two crosses highlight the two selected parameter
sets where the instability analyses are presented in Fig. 4 and
Fig. 5.

other instabilities. A standard way to introduce the mo-
mentum dependence is to generalize the single-site ef-
fective impurity problem to a finite cluster. While the
cluster DMFT has been successful for one-band Hub-
bard models [21–24], it would be computationally too
costly if one applies it to the multi-orbital models with
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FIG. 2. Temperature dependence of the gap. The data were collected for three representative momenta. Symmetrized
EDCs (open circles) are fit to the Dynes formula (solid lines) for (a) near-node spectra (17� from the node), (b) nodal spectra,
and (c) antinodal spectra. (d) The gap magnitude as a function of temperature. Error bars represent standard error in the
fitting procedure.

indicated by the strong temperature and doping depen-
dence of the arc length, and its position displaced from
the large Fermi surface1. These features distinguish the
Fermi arcs in electron-doped Sr2IrO4 from other Fermi-
arc-like features in manganites11 or nickelates12, which
merely show anisotropic suppression of spectral weights
at the Fermi level but otherwise are consistent with their
density-functional descriptions.

To further investigate the connection between the
Fermi arcs and the nodal Fermi surface, we follow in
Fig. 2a the temperature evolution at a k point on the
Fermi arc, 17� away from the node. With decreasing
temperature, a finite gap (2�) is resolved below T=30 K
reaching a maximum of ⇡22 meV at T=10 K (Fig. 2d).
The temperature evolution of the spectra at the node
(Fig. 2b) and the antinode (Fig. 2c) is insensitive to
the near-nodal gap opening, indicating that the near-
nodal gap is a defining feature that di↵erentiates between
the low-temperature nodal metal phase and the high-
temperature Fermi arc phase. This k-dependent temper-
ature evolution of the spectra is strikingly reminiscent of
that observed in the cuprates10,13.

It is unclear based on our data whether or not
the gap opening is associated with a phase transi-
tion. In superconducting cuprates, the near-nodal
gap follows a canonical temperature dependence of a
Bardeen-Cooper-Schrie↵er order parameter13. In non-
superconducting cuprates, such as the stripe compound
La2�x

Ba
x

CuO4 with one-eighth doping14 and a highly-
underdoped Bi2Sr2CaCu2O8+�

15, the Fermi arcs contin-
uously shrink to d-wave nodes without encountering a
phase transition. In either case, nodal fermions arise from
d-wave pairing correlations, which regardless of presence
of phase-coherent superconductivity results in a d-wave

gap in the single-particle excitation spectra16. However,
it is also plausible that some other phase distinct from
superconductivity leads to a similar gap structure. For
example, d-density wave, predicted long ago to compete
with d-wave superconductivity, may be consistent with
our data17,18.

Although we are not able to discriminate among such
possible scenarios, the symmetry of the gap structure
places a stringent constraint on the possible underlying
electronic phases. Figure 3a documents the gap extracted
from fitting to the Dynes formula as a function of the d-
wave form factor |cos(k

x

)�cos(k
y

)|/2. We have repeated
the measurements on two samples with same nominal
doping of ⇡7%, and two other samples with slightly lower
(Fig. 3b) and higher dopings lower (Fig. 3c). In all four
measured samples, we find a good agreement with the
d-wave form factor near the node, but a prominent devi-
ation from it in the anti-nodal region. A linear extrapo-
lation of the near-node gaps returns a d-wave gap max-
imum in the range 16 2�0 30 meV, which is smaller
roughly by a factor of two compared to the actual gaps
2�⇤ measured at the antinode.

We note that this particular gap profile deviating from
a simple d-wave form is observed across many di↵er-
ent families of underdoped cuprates, suggesting that the
near-nodal gap and the anti-nodal gap have two di↵erent
origins19,20. This in turn connects to the elusive rela-
tionship between the superconducting and the pseudo-
gap phase, which is one of the outstanding issues in the
field of HTSC widely believed to be important for un-
raveling its mechanism. Although the nature of the d-
wave instability in electron-doped Sr2IrO4 remains to be
understood, the striking parallel between the two micro-
scopically disparate systems points to a common origin of
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dence of the arc length, and its position displaced from
the large Fermi surface1. These features distinguish the
Fermi arcs in electron-doped Sr2IrO4 from other Fermi-
arc-like features in manganites11 or nickelates12, which
merely show anisotropic suppression of spectral weights
at the Fermi level but otherwise are consistent with their
density-functional descriptions.

To further investigate the connection between the
Fermi arcs and the nodal Fermi surface, we follow in
Fig. 2a the temperature evolution at a k point on the
Fermi arc, 17� away from the node. With decreasing
temperature, a finite gap (2�) is resolved below T=30 K
reaching a maximum of ⇡22 meV at T=10 K (Fig. 2d).
The temperature evolution of the spectra at the node
(Fig. 2b) and the antinode (Fig. 2c) is insensitive to
the near-nodal gap opening, indicating that the near-
nodal gap is a defining feature that di↵erentiates between
the low-temperature nodal metal phase and the high-
temperature Fermi arc phase. This k-dependent temper-
ature evolution of the spectra is strikingly reminiscent of
that observed in the cuprates10,13.

It is unclear based on our data whether or not
the gap opening is associated with a phase transi-
tion. In superconducting cuprates, the near-nodal
gap follows a canonical temperature dependence of a
Bardeen-Cooper-Schrie↵er order parameter13. In non-
superconducting cuprates, such as the stripe compound
La2�x

Ba
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CuO4 with one-eighth doping14 and a highly-
underdoped Bi2Sr2CaCu2O8+�

15, the Fermi arcs contin-
uously shrink to d-wave nodes without encountering a
phase transition. In either case, nodal fermions arise from
d-wave pairing correlations, which regardless of presence
of phase-coherent superconductivity results in a d-wave

gap in the single-particle excitation spectra16. However,
it is also plausible that some other phase distinct from
superconductivity leads to a similar gap structure. For
example, d-density wave, predicted long ago to compete
with d-wave superconductivity, may be consistent with
our data17,18.

Although we are not able to discriminate among such
possible scenarios, the symmetry of the gap structure
places a stringent constraint on the possible underlying
electronic phases. Figure 3a documents the gap extracted
from fitting to the Dynes formula as a function of the d-
wave form factor |cos(k
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)|/2. We have repeated
the measurements on two samples with same nominal
doping of ⇡7%, and two other samples with slightly lower
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measured samples, we find a good agreement with the
d-wave form factor near the node, but a prominent devi-
ation from it in the anti-nodal region. A linear extrapo-
lation of the near-node gaps returns a d-wave gap max-
imum in the range 16 2�0 30 meV, which is smaller
roughly by a factor of two compared to the actual gaps
2�⇤ measured at the antinode.

We note that this particular gap profile deviating from
a simple d-wave form is observed across many di↵er-
ent families of underdoped cuprates, suggesting that the
near-nodal gap and the anti-nodal gap have two di↵erent
origins19,20. This in turn connects to the elusive rela-
tionship between the superconducting and the pseudo-
gap phase, which is one of the outstanding issues in the
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doping level (potassium coverage). (a) A compilation of the extracted gaps as a function of d-wave form factor. Solid and dashed
lines indicate linear fits to the gap magnitude in the near-nodal region. Two samples for 0.8 ML coverage gave consistent results.
Error bars represent standard error in the fitting procedure. The gap magnitude was extracted by fitting the symmetrized EDC
(circles) to the Dynes formula (solid lines). Symmetrized EDCs are shown for (b ) 0.7 ML and (c) 0.9 ML, which approximately
are estimated to be in the doping range of 6-8% based on the previous study1. Inset in (b) shows the definition of the angle
that labels the EDCs.

the pseudogap that arises in close proximity to a d-wave
instability.

Some remark is in order regarding the origin of the d-
wave gap in Sr2IrO4. We believe that it is most likely
associated with HTSC. In fact, to the best of our knowl-
edge, all observations of d-wave gaps to date involve pair-
ing of electrons. d-wave superconductivity is also ex-
pected from theoretical studies9,21,22 of electron-doped
Sr2IrO4. On the other hand, it is well known that dop-
ing a spin-1/2 antiferromagnetic Mott insulator generates
a plethora of electronic orders23,24, such as spin/charge
density waves, electron liquid crystals, and loop current
orders25,26; and therefore it cannot be ruled out that the
d-wave gap in Sr2IrO4 represents an entirely new quan-
tum state of matter that competes with d-wave super-
conductivity. For guidance to future identification of
the precise nature of the d-wave nodal metal, we note
that well-defined quasiparticles, sharper at higher doing,
are observed along the entire k-trajectory from the node
to the antinode, which implies that the d-wave nodal
metal phase supports a coherent charge excitation with-
out a significant momentum anisotropy. We note that
the antinode quasiparticle intensity in cuprates has been
shown to correlate with the superfluid density27.

We now turn to describing our unique experimental
approach that allowed ARPES measurements of clean,
low-temperature phase of electron-doped Sr2IrO4. Un-
like cuprates, chemical doping of Sr2IrO4 turns out to be
challenging; we are not aware of any ARPES data mea-
sured on a chemically doped sample28–30 that show sharp
quasiparticles, which is a measure of a coherent charge
transport, let alone a d-wave gap. The in situ doping

method provides an alternative to conventional chemical
doping, and has been successfully applied across many
di↵erent systems31–33 including HTSC cuprates32.
This method involves evaporating alkali metals on a

clean sample surface prepared in a ultra-high vacuum,
and induces electron doping without disrupting the host
material, via di↵usion of alkali valence electrons into the
sample surface. In an earlier study using a combination
of in situ doping and ARPES, the single-particle spec-
tral function for the entire doping range from the Mott
insulator to a Fermi liquid metal on the electron-doped
side has been revealed using a parent insulator Sr2IrO4

1.
However, a drawback of this method is that doping is
limited to few surface layers and the bulk of the sample
is left undoped so that standard bulk-sensitive probes are
not applicable. Moreover, because insulators are intrin-
sically di�cult to measure using single-particle probes
due to sample charging, accessible temperature range is
limited as the sample becomes more insulating at lower
temperatures. This limits the ARPES measurement tem-
perature above T⇡70 K for pristine Sr2IrO4, leaving the
low-temperature region of the phase diagram unrevealed.
To circumvent the charging problem, we inserted few-

layers-thick slabs of Sr2IrO4 into its more conducting sis-
ter compound Sr3Ir2O7 (ref. 33) as illustrated in Fig. 4.
We did not find any sign of change in the physical
properties due to interfacing the two members of the
Ruddlesden-Popper series (Fig. S1). Indeed, we were able
to reproduce the previously reported high-temperature
Fermi arcs in our ‘engineered’ sample (Fig. S2). As
demonstrated in Fig. 2, our approach allows ARPES
measurement down to the base temperature of T=10 K.
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the pseudogap that arises in close proximity to a d-wave
instability.

Some remark is in order regarding the origin of the d-
wave gap in Sr2IrO4. We believe that it is most likely
associated with HTSC. In fact, to the best of our knowl-
edge, all observations of d-wave gaps to date involve pair-
ing of electrons. d-wave superconductivity is also ex-
pected from theoretical studies9,21,22 of electron-doped
Sr2IrO4. On the other hand, it is well known that dop-
ing a spin-1/2 antiferromagnetic Mott insulator generates
a plethora of electronic orders23,24, such as spin/charge
density waves, electron liquid crystals, and loop current
orders25,26; and therefore it cannot be ruled out that the
d-wave gap in Sr2IrO4 represents an entirely new quan-
tum state of matter that competes with d-wave super-
conductivity. For guidance to future identification of
the precise nature of the d-wave nodal metal, we note
that well-defined quasiparticles, sharper at higher doing,
are observed along the entire k-trajectory from the node
to the antinode, which implies that the d-wave nodal
metal phase supports a coherent charge excitation with-
out a significant momentum anisotropy. We note that
the antinode quasiparticle intensity in cuprates has been
shown to correlate with the superfluid density27.

We now turn to describing our unique experimental
approach that allowed ARPES measurements of clean,
low-temperature phase of electron-doped Sr2IrO4. Un-
like cuprates, chemical doping of Sr2IrO4 turns out to be
challenging; we are not aware of any ARPES data mea-
sured on a chemically doped sample28–30 that show sharp
quasiparticles, which is a measure of a coherent charge
transport, let alone a d-wave gap. The in situ doping

method provides an alternative to conventional chemical
doping, and has been successfully applied across many
di↵erent systems31–33 including HTSC cuprates32.
This method involves evaporating alkali metals on a

clean sample surface prepared in a ultra-high vacuum,
and induces electron doping without disrupting the host
material, via di↵usion of alkali valence electrons into the
sample surface. In an earlier study using a combination
of in situ doping and ARPES, the single-particle spec-
tral function for the entire doping range from the Mott
insulator to a Fermi liquid metal on the electron-doped
side has been revealed using a parent insulator Sr2IrO4

1.
However, a drawback of this method is that doping is
limited to few surface layers and the bulk of the sample
is left undoped so that standard bulk-sensitive probes are
not applicable. Moreover, because insulators are intrin-
sically di�cult to measure using single-particle probes
due to sample charging, accessible temperature range is
limited as the sample becomes more insulating at lower
temperatures. This limits the ARPES measurement tem-
perature above T⇡70 K for pristine Sr2IrO4, leaving the
low-temperature region of the phase diagram unrevealed.
To circumvent the charging problem, we inserted few-

layers-thick slabs of Sr2IrO4 into its more conducting sis-
ter compound Sr3Ir2O7 (ref. 33) as illustrated in Fig. 4.
We did not find any sign of change in the physical
properties due to interfacing the two members of the
Ruddlesden-Popper series (Fig. S1). Indeed, we were able
to reproduce the previously reported high-temperature
Fermi arcs in our ‘engineered’ sample (Fig. S2). As
demonstrated in Fig. 2, our approach allows ARPES
measurement down to the base temperature of T=10 K.
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Fig. 1. Corner-sharing lattices, clockwise from top left: the pyrochlore lattice. A projection of the lattice of the

gadolinium gallium garnet (GGG), which consists of two separate, interpenetrating sublattices of corner-sharing

triangles. The Kagome lattice.A side-on view of the trilayer lattice of SCGO, consisting of triangles and tetrahedra.

It can be thought of as two Kagome layers coupled by an intermediate triangular layer (circles).

frustrated SCGO, GGG, Kagome, and pyrochlore lattices (see Fig. 1) [4].2

Geometric frustration arises when the arrangement of spins on a lattice precludes satisfying all

interactions at the same time. The simplest case is provided by a group of three anti-ferromagnetically

coupled spins: once two spins point in opposite directions, the third one cannot be antiparallel to

both of them. Geometrically frustrated magnets are considered to be in a separate class both from

unfrustrated and from disordered magnets (spin glasses and the like). This article concentrates on

continuous, classical, disorder-free geometrically frustrated magnetism, although discrete, quantum,

and disordered models are also briefly discussed.

The popularity of geometrically frustrated magnets stems from the very rich behaviour they present.

For example, magnetic analogues of solid, glassy, liquid, and even ice phases have been identified in

this class of magnets, which is increasingly seen as providing a stage for studying generic questions in

many-body physics in a set of well-characterized compounds described by simple model Hamiltonians.

A wide range of experimental probes are available for their study — including neutron and X-ray

scattering, muon spin rotation (µSR), nuclear magnetic resonance (NMR), and susceptibility and heat

capacity measurements—which yield complementary information. For instance, recently begun NMR

measurements on SCGO are providing information about the local physics at the different inequivalent

sites of the magnetic Cr ions [5], complementing our knowledge obtained from the probes from which

such local information is harder to extract [4]. In the following, however, only cursory reference will

be made to experiment, since a number of detailed experimental reviews exist, to which the reader is

2 Several of these experiments, as well as related theoretical work, are treated in other articles of this volume.
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beam. The polarization of the scattered x rays was ana-
lyzed with pyrolytic graphite (0 0 8) and (0 0 10) reflec-
tions for the L3 and L2 edges, respectively. A single crystal
was mounted on a closed-cycle cryostat, and data were
collected at a temperature of about 5 K. No indications of
change in the magnetic structure were found in the mea-
surements repeated at 120 and 250 K. X-ray absorption
spectra were recorded simultaneously in partial fluores-
cence mode using an energy-dispersive detector.

Figure 1 shows the magnetic structure solved in the
present study along with the underlying crystal structure.
Sr3Ir2O7 was first reported to adopt the space group
I4= mmm [16] but was later assigned to Bbcb based on
single crystal diffraction and transmission electron micros-
copy [17–19]. In this orthorhombic structure, all neighbor-
ing octahedra are rotated in an opposite sense about the c
axis, breaking inversion symmetries with respect to the
shared oxygen ions and thereby allowing DM interactions.

The c-axis collinear AF structure [Fig. 1(b)] is unam-
biguously solved from analysis of data presented in
Figs. 2 and 3. Figure 2(a) shows magnetic Bragg peaks
scanned over a wide range of l, with (h, k) fixed at (1,0)
and (0,1). The crystallographically forbidden hþ k ¼ odd
reflections imply AF ordering within an IrO2 plane, and the
observed large intensity modulation along the l direction
reflects the bilayer magnetic structure factor. The magnetic
peaks were refined at each l, and the corresponding inten-
sities obtained from integrating rocking curves are plotted
in Fig. 2(b). The intensity modulation has a periodicity set
by the ratio between the lattice parameter c and the bilayer

distance d (see Fig. 1), i.e., c=d # 5:13 and agrees well
with the profile expected for AF ordering between two
neighboring IrO2 planes. Thus, it follows that all nearest-
neighbor pairs are AF ordered. The fact that the l scans do
not contain either (1 0 odd) or (0 1 even) reflections shows
that a single magnetic domain is sampled in our measure-
ment [15,20]. Figure 2(c) shows the temperature depen-
dence of the intensity of (0 1 19) reflection, which
disappears above# 285 K and correlates with the reported
anomalies in the magnetization and the resistivity data
[17], implying that these anomalies are associated with
the onset of long range AF ordering.
To determine the orientation of the magnetic moment,

we performed polarization analysis on two magnetic Bragg
peaks, as shown in Fig. 3. The (1 0 18) reflection was
recorded at the azimuthal angle ! ¼ 0$ defined such that
it is zero when the reference vector (1 0 0) is in the
scattering plane. The data show that (1 0 18) reflection
appears only in the !-" channel, demonstrating that the
component of the magnetic moment contributing to this
reflection is confined to the scattering plane defined by
(1 0 0) and (1 0 18) vectors. This implies the easy axis is in
the ac plane. Rotating ! by 90$, now (0 1 0) and (0 1 19)
vectors are contained in the scattering plane. In this

FIG. 1 (color online). (a) Crystal structure of Sr3Ir2O7 as
reported in Ref. [17]. Every neighboring IrO6 octahedra are
rotated in opposite sense about the c axis by ’ 12$.
(b) Magnetic order has a c-axis collinear G-type antiferromag-
netic structure. The up and down magnetic moments correlate
with counterclockwise and clockwise rotations of the IrO6

octahedra, respectively.

FIG. 2 (color online). (a) l scan measured in !-" polarization
channel showing magnetic Bragg peaks. (b) Integrated inten-
sities at each peak obtained from rocking curves (red dots). Red
solid (green dashed) line is bilayer structural factor expected for
antiferromagnetic (ferromagnetic) alignment of two adjacent
IrO2 planes in a bilayer expressed by cos2 2!d

c (sin2 2!d
c ).

(c) Temperature dependence of (0 1 19) peak.
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We used resonant inelastic x-ray scattering to reveal the nature of magnetic interactions in Sr2IrO4, a 5d
transition-metal oxide with a spin-orbit entangled ground state and Jeff ¼ 1=2 magnetic moments. The

magnon dispersion in Sr2IrO4 is well-described by an antiferromagnetic Heisenberg model with an

effective spin one-half on a square lattice, which renders the low-energy effective physics of Sr2IrO4 much

akin to that in superconducting cuprates. This point is further supported by the observation of exciton

modes in Sr2IrO4, whose dispersion is strongly renormalized by magnons, which can be understood by

analogy to hole propagation in the background of antiferromagnetically ordered spins in the cuprates.
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Quantum magnetism in transition-metal oxides (TMOs)
arises from superexchange interactions among spin mo-
ments that depend on spin-orbital configurations in the
ground and excited states. The array of magnetism in 3d
TMOs is now well-understood within the framework of
Goodenough-Kanamori-Anderson [1], which assumes
conservation of spin angular momentum in the virtual
charge fluctuations. However, it has been recently realized
that strong relativistic spin-orbit coupling (SOC) can dras-
tically modify the magnetic interactions and yield a far
richer spectrum of magnetic systems beyond the standard
picture. Such is the case in 5d TMOs, in which the energy
scale of SOC is on the order of 0.5 eV (as compared to
#10 meV in 3d TMOs). For example, A2IrO3 ((A ¼
Li;Na) is being discussed as a possible realization of the
long-sought-after Kitaev model with bond-dependent mag-
netic interactions [2–4]. Furthermore, strong SOC may
result in nontrivial band topology to realize exotic topo-
logical states of matter with broken time reversal symme-
try, such as a topological Mott insulator [5], a Weyl
semimetal, or an axion insulator [6]. Despite such intrigu-
ing proposals, the nature of magnetic interactions in sys-
tems with strong SOC remains experimentally an open
question.

In this Letter, we report on the magnetic interactions in a
5d TMO, Sr2IrO4, with a spin-orbit entangled ground state
carrying Jeff ¼ 1=2 moments [7,8], probed by resonant
inelastic x-ray scattering (RIXS). These Jeff ¼ 1=2 mo-
ments are distinct from pure spins because their interac-
tions are predicted to depend strongly on lattice and
bonding geometries [2] due to an admixture of spatially
anisotropic orbital moments in the Jeff ¼ 1=2 wave

function. In the particular case of corner-sharing oxygen
octahedra on a square lattice, relevant to Sr2IrO4 [9]
[Fig. 1(a)], the magnetic interactions of Jeff ¼ 1=2 mo-
ments are described by a pure Heisenberg model, barring
Hund’s coupling that contributes a weak dipolarlike an-
isotropy term [2,10]. This is surprising, considering that
strong SOC typically results in anisotropic magnetic cou-
plings that deviate from the pure Heisenberg-like spin
interaction in the weak SOC limit. A compelling outcome
is that a novel Heisenberg antiferromagnet can be realized

(a) (b)

Sr

O

Sr2IrO4

Ir

Jeff=1/2 moments

FIG. 1 (color online). (a) Because of a staggered in-layer
rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in
the unit cell [9], which coincides with the magnetic unit cell.
(b) Jeff ¼ 1=2 moments lie and are canted in the IrO2 plane [8].
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beam. The polarization of the scattered x rays was ana-
lyzed with pyrolytic graphite (0 0 8) and (0 0 10) reflec-
tions for the L3 and L2 edges, respectively. A single crystal
was mounted on a closed-cycle cryostat, and data were
collected at a temperature of about 5 K. No indications of
change in the magnetic structure were found in the mea-
surements repeated at 120 and 250 K. X-ray absorption
spectra were recorded simultaneously in partial fluores-
cence mode using an energy-dispersive detector.

Figure 1 shows the magnetic structure solved in the
present study along with the underlying crystal structure.
Sr3Ir2O7 was first reported to adopt the space group
I4= mmm [16] but was later assigned to Bbcb based on
single crystal diffraction and transmission electron micros-
copy [17–19]. In this orthorhombic structure, all neighbor-
ing octahedra are rotated in an opposite sense about the c
axis, breaking inversion symmetries with respect to the
shared oxygen ions and thereby allowing DM interactions.

The c-axis collinear AF structure [Fig. 1(b)] is unam-
biguously solved from analysis of data presented in
Figs. 2 and 3. Figure 2(a) shows magnetic Bragg peaks
scanned over a wide range of l, with (h, k) fixed at (1,0)
and (0,1). The crystallographically forbidden hþ k ¼ odd
reflections imply AF ordering within an IrO2 plane, and the
observed large intensity modulation along the l direction
reflects the bilayer magnetic structure factor. The magnetic
peaks were refined at each l, and the corresponding inten-
sities obtained from integrating rocking curves are plotted
in Fig. 2(b). The intensity modulation has a periodicity set
by the ratio between the lattice parameter c and the bilayer

distance d (see Fig. 1), i.e., c=d # 5:13 and agrees well
with the profile expected for AF ordering between two
neighboring IrO2 planes. Thus, it follows that all nearest-
neighbor pairs are AF ordered. The fact that the l scans do
not contain either (1 0 odd) or (0 1 even) reflections shows
that a single magnetic domain is sampled in our measure-
ment [15,20]. Figure 2(c) shows the temperature depen-
dence of the intensity of (0 1 19) reflection, which
disappears above# 285 K and correlates with the reported
anomalies in the magnetization and the resistivity data
[17], implying that these anomalies are associated with
the onset of long range AF ordering.
To determine the orientation of the magnetic moment,

we performed polarization analysis on two magnetic Bragg
peaks, as shown in Fig. 3. The (1 0 18) reflection was
recorded at the azimuthal angle ! ¼ 0$ defined such that
it is zero when the reference vector (1 0 0) is in the
scattering plane. The data show that (1 0 18) reflection
appears only in the !-" channel, demonstrating that the
component of the magnetic moment contributing to this
reflection is confined to the scattering plane defined by
(1 0 0) and (1 0 18) vectors. This implies the easy axis is in
the ac plane. Rotating ! by 90$, now (0 1 0) and (0 1 19)
vectors are contained in the scattering plane. In this

FIG. 1 (color online). (a) Crystal structure of Sr3Ir2O7 as
reported in Ref. [17]. Every neighboring IrO6 octahedra are
rotated in opposite sense about the c axis by ’ 12$.
(b) Magnetic order has a c-axis collinear G-type antiferromag-
netic structure. The up and down magnetic moments correlate
with counterclockwise and clockwise rotations of the IrO6

octahedra, respectively.

FIG. 2 (color online). (a) l scan measured in !-" polarization
channel showing magnetic Bragg peaks. (b) Integrated inten-
sities at each peak obtained from rocking curves (red dots). Red
solid (green dashed) line is bilayer structural factor expected for
antiferromagnetic (ferromagnetic) alignment of two adjacent
IrO2 planes in a bilayer expressed by cos2 2!d

c (sin2 2!d
c ).

(c) Temperature dependence of (0 1 19) peak.
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magnon dispersion in Sr2IrO4 is well-described by an antiferromagnetic Heisenberg model with an

effective spin one-half on a square lattice, which renders the low-energy effective physics of Sr2IrO4 much

akin to that in superconducting cuprates. This point is further supported by the observation of exciton

modes in Sr2IrO4, whose dispersion is strongly renormalized by magnons, which can be understood by

analogy to hole propagation in the background of antiferromagnetically ordered spins in the cuprates.
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Quantum magnetism in transition-metal oxides (TMOs)
arises from superexchange interactions among spin mo-
ments that depend on spin-orbital configurations in the
ground and excited states. The array of magnetism in 3d
TMOs is now well-understood within the framework of
Goodenough-Kanamori-Anderson [1], which assumes
conservation of spin angular momentum in the virtual
charge fluctuations. However, it has been recently realized
that strong relativistic spin-orbit coupling (SOC) can dras-
tically modify the magnetic interactions and yield a far
richer spectrum of magnetic systems beyond the standard
picture. Such is the case in 5d TMOs, in which the energy
scale of SOC is on the order of 0.5 eV (as compared to
#10 meV in 3d TMOs). For example, A2IrO3 ((A ¼
Li;Na) is being discussed as a possible realization of the
long-sought-after Kitaev model with bond-dependent mag-
netic interactions [2–4]. Furthermore, strong SOC may
result in nontrivial band topology to realize exotic topo-
logical states of matter with broken time reversal symme-
try, such as a topological Mott insulator [5], a Weyl
semimetal, or an axion insulator [6]. Despite such intrigu-
ing proposals, the nature of magnetic interactions in sys-
tems with strong SOC remains experimentally an open
question.

In this Letter, we report on the magnetic interactions in a
5d TMO, Sr2IrO4, with a spin-orbit entangled ground state
carrying Jeff ¼ 1=2 moments [7,8], probed by resonant
inelastic x-ray scattering (RIXS). These Jeff ¼ 1=2 mo-
ments are distinct from pure spins because their interac-
tions are predicted to depend strongly on lattice and
bonding geometries [2] due to an admixture of spatially
anisotropic orbital moments in the Jeff ¼ 1=2 wave

function. In the particular case of corner-sharing oxygen
octahedra on a square lattice, relevant to Sr2IrO4 [9]
[Fig. 1(a)], the magnetic interactions of Jeff ¼ 1=2 mo-
ments are described by a pure Heisenberg model, barring
Hund’s coupling that contributes a weak dipolarlike an-
isotropy term [2,10]. This is surprising, considering that
strong SOC typically results in anisotropic magnetic cou-
plings that deviate from the pure Heisenberg-like spin
interaction in the weak SOC limit. A compelling outcome
is that a novel Heisenberg antiferromagnet can be realized

(a) (b)

Sr

O

Sr2IrO4

Ir

Jeff=1/2 moments

FIG. 1 (color online). (a) Because of a staggered in-layer
rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in
the unit cell [9], which coincides with the magnetic unit cell.
(b) Jeff ¼ 1=2 moments lie and are canted in the IrO2 plane [8].
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beam. The polarization of the scattered x rays was ana-
lyzed with pyrolytic graphite (0 0 8) and (0 0 10) reflec-
tions for the L3 and L2 edges, respectively. A single crystal
was mounted on a closed-cycle cryostat, and data were
collected at a temperature of about 5 K. No indications of
change in the magnetic structure were found in the mea-
surements repeated at 120 and 250 K. X-ray absorption
spectra were recorded simultaneously in partial fluores-
cence mode using an energy-dispersive detector.

Figure 1 shows the magnetic structure solved in the
present study along with the underlying crystal structure.
Sr3Ir2O7 was first reported to adopt the space group
I4= mmm [16] but was later assigned to Bbcb based on
single crystal diffraction and transmission electron micros-
copy [17–19]. In this orthorhombic structure, all neighbor-
ing octahedra are rotated in an opposite sense about the c
axis, breaking inversion symmetries with respect to the
shared oxygen ions and thereby allowing DM interactions.

The c-axis collinear AF structure [Fig. 1(b)] is unam-
biguously solved from analysis of data presented in
Figs. 2 and 3. Figure 2(a) shows magnetic Bragg peaks
scanned over a wide range of l, with (h, k) fixed at (1,0)
and (0,1). The crystallographically forbidden hþ k ¼ odd
reflections imply AF ordering within an IrO2 plane, and the
observed large intensity modulation along the l direction
reflects the bilayer magnetic structure factor. The magnetic
peaks were refined at each l, and the corresponding inten-
sities obtained from integrating rocking curves are plotted
in Fig. 2(b). The intensity modulation has a periodicity set
by the ratio between the lattice parameter c and the bilayer

distance d (see Fig. 1), i.e., c=d # 5:13 and agrees well
with the profile expected for AF ordering between two
neighboring IrO2 planes. Thus, it follows that all nearest-
neighbor pairs are AF ordered. The fact that the l scans do
not contain either (1 0 odd) or (0 1 even) reflections shows
that a single magnetic domain is sampled in our measure-
ment [15,20]. Figure 2(c) shows the temperature depen-
dence of the intensity of (0 1 19) reflection, which
disappears above# 285 K and correlates with the reported
anomalies in the magnetization and the resistivity data
[17], implying that these anomalies are associated with
the onset of long range AF ordering.
To determine the orientation of the magnetic moment,

we performed polarization analysis on two magnetic Bragg
peaks, as shown in Fig. 3. The (1 0 18) reflection was
recorded at the azimuthal angle ! ¼ 0$ defined such that
it is zero when the reference vector (1 0 0) is in the
scattering plane. The data show that (1 0 18) reflection
appears only in the !-" channel, demonstrating that the
component of the magnetic moment contributing to this
reflection is confined to the scattering plane defined by
(1 0 0) and (1 0 18) vectors. This implies the easy axis is in
the ac plane. Rotating ! by 90$, now (0 1 0) and (0 1 19)
vectors are contained in the scattering plane. In this

FIG. 1 (color online). (a) Crystal structure of Sr3Ir2O7 as
reported in Ref. [17]. Every neighboring IrO6 octahedra are
rotated in opposite sense about the c axis by ’ 12$.
(b) Magnetic order has a c-axis collinear G-type antiferromag-
netic structure. The up and down magnetic moments correlate
with counterclockwise and clockwise rotations of the IrO6

octahedra, respectively.

FIG. 2 (color online). (a) l scan measured in !-" polarization
channel showing magnetic Bragg peaks. (b) Integrated inten-
sities at each peak obtained from rocking curves (red dots). Red
solid (green dashed) line is bilayer structural factor expected for
antiferromagnetic (ferromagnetic) alignment of two adjacent
IrO2 planes in a bilayer expressed by cos2 2!d

c (sin2 2!d
c ).

(c) Temperature dependence of (0 1 19) peak.
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transition-metal oxide with a spin-orbit entangled ground state and Jeff ¼ 1=2 magnetic moments. The

magnon dispersion in Sr2IrO4 is well-described by an antiferromagnetic Heisenberg model with an

effective spin one-half on a square lattice, which renders the low-energy effective physics of Sr2IrO4 much

akin to that in superconducting cuprates. This point is further supported by the observation of exciton

modes in Sr2IrO4, whose dispersion is strongly renormalized by magnons, which can be understood by

analogy to hole propagation in the background of antiferromagnetically ordered spins in the cuprates.
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Quantum magnetism in transition-metal oxides (TMOs)
arises from superexchange interactions among spin mo-
ments that depend on spin-orbital configurations in the
ground and excited states. The array of magnetism in 3d
TMOs is now well-understood within the framework of
Goodenough-Kanamori-Anderson [1], which assumes
conservation of spin angular momentum in the virtual
charge fluctuations. However, it has been recently realized
that strong relativistic spin-orbit coupling (SOC) can dras-
tically modify the magnetic interactions and yield a far
richer spectrum of magnetic systems beyond the standard
picture. Such is the case in 5d TMOs, in which the energy
scale of SOC is on the order of 0.5 eV (as compared to
#10 meV in 3d TMOs). For example, A2IrO3 ((A ¼
Li;Na) is being discussed as a possible realization of the
long-sought-after Kitaev model with bond-dependent mag-
netic interactions [2–4]. Furthermore, strong SOC may
result in nontrivial band topology to realize exotic topo-
logical states of matter with broken time reversal symme-
try, such as a topological Mott insulator [5], a Weyl
semimetal, or an axion insulator [6]. Despite such intrigu-
ing proposals, the nature of magnetic interactions in sys-
tems with strong SOC remains experimentally an open
question.

In this Letter, we report on the magnetic interactions in a
5d TMO, Sr2IrO4, with a spin-orbit entangled ground state
carrying Jeff ¼ 1=2 moments [7,8], probed by resonant
inelastic x-ray scattering (RIXS). These Jeff ¼ 1=2 mo-
ments are distinct from pure spins because their interac-
tions are predicted to depend strongly on lattice and
bonding geometries [2] due to an admixture of spatially
anisotropic orbital moments in the Jeff ¼ 1=2 wave

function. In the particular case of corner-sharing oxygen
octahedra on a square lattice, relevant to Sr2IrO4 [9]
[Fig. 1(a)], the magnetic interactions of Jeff ¼ 1=2 mo-
ments are described by a pure Heisenberg model, barring
Hund’s coupling that contributes a weak dipolarlike an-
isotropy term [2,10]. This is surprising, considering that
strong SOC typically results in anisotropic magnetic cou-
plings that deviate from the pure Heisenberg-like spin
interaction in the weak SOC limit. A compelling outcome
is that a novel Heisenberg antiferromagnet can be realized

(a) (b)

Sr

O

Sr2IrO4

Ir

Jeff=1/2 moments

FIG. 1 (color online). (a) Because of a staggered in-layer
rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in
the unit cell [9], which coincides with the magnetic unit cell.
(b) Jeff ¼ 1=2 moments lie and are canted in the IrO2 plane [8].
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Fig. 1. Corner-sharing lattices, clockwise from top left: the pyrochlore lattice. A projection of the lattice of the

gadolinium gallium garnet (GGG), which consists of two separate, interpenetrating sublattices of corner-sharing

triangles. The Kagome lattice.A side-on view of the trilayer lattice of SCGO, consisting of triangles and tetrahedra.

It can be thought of as two Kagome layers coupled by an intermediate triangular layer (circles).

frustrated SCGO, GGG, Kagome, and pyrochlore lattices (see Fig. 1) [4].2

Geometric frustration arises when the arrangement of spins on a lattice precludes satisfying all

interactions at the same time. The simplest case is provided by a group of three anti-ferromagnetically

coupled spins: once two spins point in opposite directions, the third one cannot be antiparallel to

both of them. Geometrically frustrated magnets are considered to be in a separate class both from

unfrustrated and from disordered magnets (spin glasses and the like). This article concentrates on

continuous, classical, disorder-free geometrically frustrated magnetism, although discrete, quantum,

and disordered models are also briefly discussed.

The popularity of geometrically frustrated magnets stems from the very rich behaviour they present.

For example, magnetic analogues of solid, glassy, liquid, and even ice phases have been identified in

this class of magnets, which is increasingly seen as providing a stage for studying generic questions in

many-body physics in a set of well-characterized compounds described by simple model Hamiltonians.

A wide range of experimental probes are available for their study — including neutron and X-ray

scattering, muon spin rotation (µSR), nuclear magnetic resonance (NMR), and susceptibility and heat

capacity measurements—which yield complementary information. For instance, recently begun NMR

measurements on SCGO are providing information about the local physics at the different inequivalent

sites of the magnetic Cr ions [5], complementing our knowledge obtained from the probes from which

such local information is harder to extract [4]. In the following, however, only cursory reference will

be made to experiment, since a number of detailed experimental reviews exist, to which the reader is

2 Several of these experiments, as well as related theoretical work, are treated in other articles of this volume.

©2001 NRC Canada
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beam. The polarization of the scattered x rays was ana-
lyzed with pyrolytic graphite (0 0 8) and (0 0 10) reflec-
tions for the L3 and L2 edges, respectively. A single crystal
was mounted on a closed-cycle cryostat, and data were
collected at a temperature of about 5 K. No indications of
change in the magnetic structure were found in the mea-
surements repeated at 120 and 250 K. X-ray absorption
spectra were recorded simultaneously in partial fluores-
cence mode using an energy-dispersive detector.

Figure 1 shows the magnetic structure solved in the
present study along with the underlying crystal structure.
Sr3Ir2O7 was first reported to adopt the space group
I4= mmm [16] but was later assigned to Bbcb based on
single crystal diffraction and transmission electron micros-
copy [17–19]. In this orthorhombic structure, all neighbor-
ing octahedra are rotated in an opposite sense about the c
axis, breaking inversion symmetries with respect to the
shared oxygen ions and thereby allowing DM interactions.

The c-axis collinear AF structure [Fig. 1(b)] is unam-
biguously solved from analysis of data presented in
Figs. 2 and 3. Figure 2(a) shows magnetic Bragg peaks
scanned over a wide range of l, with (h, k) fixed at (1,0)
and (0,1). The crystallographically forbidden hþ k ¼ odd
reflections imply AF ordering within an IrO2 plane, and the
observed large intensity modulation along the l direction
reflects the bilayer magnetic structure factor. The magnetic
peaks were refined at each l, and the corresponding inten-
sities obtained from integrating rocking curves are plotted
in Fig. 2(b). The intensity modulation has a periodicity set
by the ratio between the lattice parameter c and the bilayer

distance d (see Fig. 1), i.e., c=d # 5:13 and agrees well
with the profile expected for AF ordering between two
neighboring IrO2 planes. Thus, it follows that all nearest-
neighbor pairs are AF ordered. The fact that the l scans do
not contain either (1 0 odd) or (0 1 even) reflections shows
that a single magnetic domain is sampled in our measure-
ment [15,20]. Figure 2(c) shows the temperature depen-
dence of the intensity of (0 1 19) reflection, which
disappears above# 285 K and correlates with the reported
anomalies in the magnetization and the resistivity data
[17], implying that these anomalies are associated with
the onset of long range AF ordering.
To determine the orientation of the magnetic moment,

we performed polarization analysis on two magnetic Bragg
peaks, as shown in Fig. 3. The (1 0 18) reflection was
recorded at the azimuthal angle ! ¼ 0$ defined such that
it is zero when the reference vector (1 0 0) is in the
scattering plane. The data show that (1 0 18) reflection
appears only in the !-" channel, demonstrating that the
component of the magnetic moment contributing to this
reflection is confined to the scattering plane defined by
(1 0 0) and (1 0 18) vectors. This implies the easy axis is in
the ac plane. Rotating ! by 90$, now (0 1 0) and (0 1 19)
vectors are contained in the scattering plane. In this

FIG. 1 (color online). (a) Crystal structure of Sr3Ir2O7 as
reported in Ref. [17]. Every neighboring IrO6 octahedra are
rotated in opposite sense about the c axis by ’ 12$.
(b) Magnetic order has a c-axis collinear G-type antiferromag-
netic structure. The up and down magnetic moments correlate
with counterclockwise and clockwise rotations of the IrO6

octahedra, respectively.

FIG. 2 (color online). (a) l scan measured in !-" polarization
channel showing magnetic Bragg peaks. (b) Integrated inten-
sities at each peak obtained from rocking curves (red dots). Red
solid (green dashed) line is bilayer structural factor expected for
antiferromagnetic (ferromagnetic) alignment of two adjacent
IrO2 planes in a bilayer expressed by cos2 2!d

c (sin2 2!d
c ).

(c) Temperature dependence of (0 1 19) peak.
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transition-metal oxide with a spin-orbit entangled ground state and Jeff ¼ 1=2 magnetic moments. The

magnon dispersion in Sr2IrO4 is well-described by an antiferromagnetic Heisenberg model with an

effective spin one-half on a square lattice, which renders the low-energy effective physics of Sr2IrO4 much

akin to that in superconducting cuprates. This point is further supported by the observation of exciton

modes in Sr2IrO4, whose dispersion is strongly renormalized by magnons, which can be understood by

analogy to hole propagation in the background of antiferromagnetically ordered spins in the cuprates.
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Quantum magnetism in transition-metal oxides (TMOs)
arises from superexchange interactions among spin mo-
ments that depend on spin-orbital configurations in the
ground and excited states. The array of magnetism in 3d
TMOs is now well-understood within the framework of
Goodenough-Kanamori-Anderson [1], which assumes
conservation of spin angular momentum in the virtual
charge fluctuations. However, it has been recently realized
that strong relativistic spin-orbit coupling (SOC) can dras-
tically modify the magnetic interactions and yield a far
richer spectrum of magnetic systems beyond the standard
picture. Such is the case in 5d TMOs, in which the energy
scale of SOC is on the order of 0.5 eV (as compared to
#10 meV in 3d TMOs). For example, A2IrO3 ((A ¼
Li;Na) is being discussed as a possible realization of the
long-sought-after Kitaev model with bond-dependent mag-
netic interactions [2–4]. Furthermore, strong SOC may
result in nontrivial band topology to realize exotic topo-
logical states of matter with broken time reversal symme-
try, such as a topological Mott insulator [5], a Weyl
semimetal, or an axion insulator [6]. Despite such intrigu-
ing proposals, the nature of magnetic interactions in sys-
tems with strong SOC remains experimentally an open
question.

In this Letter, we report on the magnetic interactions in a
5d TMO, Sr2IrO4, with a spin-orbit entangled ground state
carrying Jeff ¼ 1=2 moments [7,8], probed by resonant
inelastic x-ray scattering (RIXS). These Jeff ¼ 1=2 mo-
ments are distinct from pure spins because their interac-
tions are predicted to depend strongly on lattice and
bonding geometries [2] due to an admixture of spatially
anisotropic orbital moments in the Jeff ¼ 1=2 wave

function. In the particular case of corner-sharing oxygen
octahedra on a square lattice, relevant to Sr2IrO4 [9]
[Fig. 1(a)], the magnetic interactions of Jeff ¼ 1=2 mo-
ments are described by a pure Heisenberg model, barring
Hund’s coupling that contributes a weak dipolarlike an-
isotropy term [2,10]. This is surprising, considering that
strong SOC typically results in anisotropic magnetic cou-
plings that deviate from the pure Heisenberg-like spin
interaction in the weak SOC limit. A compelling outcome
is that a novel Heisenberg antiferromagnet can be realized

(a) (b)

Sr

O

Sr2IrO4

Ir

Jeff=1/2 moments

FIG. 1 (color online). (a) Because of a staggered in-layer
rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in
the unit cell [9], which coincides with the magnetic unit cell.
(b) Jeff ¼ 1=2 moments lie and are canted in the IrO2 plane [8].
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beam. The polarization of the scattered x rays was ana-
lyzed with pyrolytic graphite (0 0 8) and (0 0 10) reflec-
tions for the L3 and L2 edges, respectively. A single crystal
was mounted on a closed-cycle cryostat, and data were
collected at a temperature of about 5 K. No indications of
change in the magnetic structure were found in the mea-
surements repeated at 120 and 250 K. X-ray absorption
spectra were recorded simultaneously in partial fluores-
cence mode using an energy-dispersive detector.

Figure 1 shows the magnetic structure solved in the
present study along with the underlying crystal structure.
Sr3Ir2O7 was first reported to adopt the space group
I4= mmm [16] but was later assigned to Bbcb based on
single crystal diffraction and transmission electron micros-
copy [17–19]. In this orthorhombic structure, all neighbor-
ing octahedra are rotated in an opposite sense about the c
axis, breaking inversion symmetries with respect to the
shared oxygen ions and thereby allowing DM interactions.

The c-axis collinear AF structure [Fig. 1(b)] is unam-
biguously solved from analysis of data presented in
Figs. 2 and 3. Figure 2(a) shows magnetic Bragg peaks
scanned over a wide range of l, with (h, k) fixed at (1,0)
and (0,1). The crystallographically forbidden hþ k ¼ odd
reflections imply AF ordering within an IrO2 plane, and the
observed large intensity modulation along the l direction
reflects the bilayer magnetic structure factor. The magnetic
peaks were refined at each l, and the corresponding inten-
sities obtained from integrating rocking curves are plotted
in Fig. 2(b). The intensity modulation has a periodicity set
by the ratio between the lattice parameter c and the bilayer

distance d (see Fig. 1), i.e., c=d # 5:13 and agrees well
with the profile expected for AF ordering between two
neighboring IrO2 planes. Thus, it follows that all nearest-
neighbor pairs are AF ordered. The fact that the l scans do
not contain either (1 0 odd) or (0 1 even) reflections shows
that a single magnetic domain is sampled in our measure-
ment [15,20]. Figure 2(c) shows the temperature depen-
dence of the intensity of (0 1 19) reflection, which
disappears above# 285 K and correlates with the reported
anomalies in the magnetization and the resistivity data
[17], implying that these anomalies are associated with
the onset of long range AF ordering.
To determine the orientation of the magnetic moment,

we performed polarization analysis on two magnetic Bragg
peaks, as shown in Fig. 3. The (1 0 18) reflection was
recorded at the azimuthal angle ! ¼ 0$ defined such that
it is zero when the reference vector (1 0 0) is in the
scattering plane. The data show that (1 0 18) reflection
appears only in the !-" channel, demonstrating that the
component of the magnetic moment contributing to this
reflection is confined to the scattering plane defined by
(1 0 0) and (1 0 18) vectors. This implies the easy axis is in
the ac plane. Rotating ! by 90$, now (0 1 0) and (0 1 19)
vectors are contained in the scattering plane. In this

FIG. 1 (color online). (a) Crystal structure of Sr3Ir2O7 as
reported in Ref. [17]. Every neighboring IrO6 octahedra are
rotated in opposite sense about the c axis by ’ 12$.
(b) Magnetic order has a c-axis collinear G-type antiferromag-
netic structure. The up and down magnetic moments correlate
with counterclockwise and clockwise rotations of the IrO6

octahedra, respectively.

FIG. 2 (color online). (a) l scan measured in !-" polarization
channel showing magnetic Bragg peaks. (b) Integrated inten-
sities at each peak obtained from rocking curves (red dots). Red
solid (green dashed) line is bilayer structural factor expected for
antiferromagnetic (ferromagnetic) alignment of two adjacent
IrO2 planes in a bilayer expressed by cos2 2!d

c (sin2 2!d
c ).

(c) Temperature dependence of (0 1 19) peak.
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We used resonant inelastic x-ray scattering to reveal the nature of magnetic interactions in Sr2IrO4, a 5d
transition-metal oxide with a spin-orbit entangled ground state and Jeff ¼ 1=2 magnetic moments. The

magnon dispersion in Sr2IrO4 is well-described by an antiferromagnetic Heisenberg model with an

effective spin one-half on a square lattice, which renders the low-energy effective physics of Sr2IrO4 much

akin to that in superconducting cuprates. This point is further supported by the observation of exciton

modes in Sr2IrO4, whose dispersion is strongly renormalized by magnons, which can be understood by

analogy to hole propagation in the background of antiferromagnetically ordered spins in the cuprates.
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Quantum magnetism in transition-metal oxides (TMOs)
arises from superexchange interactions among spin mo-
ments that depend on spin-orbital configurations in the
ground and excited states. The array of magnetism in 3d
TMOs is now well-understood within the framework of
Goodenough-Kanamori-Anderson [1], which assumes
conservation of spin angular momentum in the virtual
charge fluctuations. However, it has been recently realized
that strong relativistic spin-orbit coupling (SOC) can dras-
tically modify the magnetic interactions and yield a far
richer spectrum of magnetic systems beyond the standard
picture. Such is the case in 5d TMOs, in which the energy
scale of SOC is on the order of 0.5 eV (as compared to
#10 meV in 3d TMOs). For example, A2IrO3 ((A ¼
Li;Na) is being discussed as a possible realization of the
long-sought-after Kitaev model with bond-dependent mag-
netic interactions [2–4]. Furthermore, strong SOC may
result in nontrivial band topology to realize exotic topo-
logical states of matter with broken time reversal symme-
try, such as a topological Mott insulator [5], a Weyl
semimetal, or an axion insulator [6]. Despite such intrigu-
ing proposals, the nature of magnetic interactions in sys-
tems with strong SOC remains experimentally an open
question.

In this Letter, we report on the magnetic interactions in a
5d TMO, Sr2IrO4, with a spin-orbit entangled ground state
carrying Jeff ¼ 1=2 moments [7,8], probed by resonant
inelastic x-ray scattering (RIXS). These Jeff ¼ 1=2 mo-
ments are distinct from pure spins because their interac-
tions are predicted to depend strongly on lattice and
bonding geometries [2] due to an admixture of spatially
anisotropic orbital moments in the Jeff ¼ 1=2 wave

function. In the particular case of corner-sharing oxygen
octahedra on a square lattice, relevant to Sr2IrO4 [9]
[Fig. 1(a)], the magnetic interactions of Jeff ¼ 1=2 mo-
ments are described by a pure Heisenberg model, barring
Hund’s coupling that contributes a weak dipolarlike an-
isotropy term [2,10]. This is surprising, considering that
strong SOC typically results in anisotropic magnetic cou-
plings that deviate from the pure Heisenberg-like spin
interaction in the weak SOC limit. A compelling outcome
is that a novel Heisenberg antiferromagnet can be realized

(a) (b)

Sr

O

Sr2IrO4

Ir

Jeff=1/2 moments

FIG. 1 (color online). (a) Because of a staggered in-layer
rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in
the unit cell [9], which coincides with the magnetic unit cell.
(b) Jeff ¼ 1=2 moments lie and are canted in the IrO2 plane [8].
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beam. The polarization of the scattered x rays was ana-
lyzed with pyrolytic graphite (0 0 8) and (0 0 10) reflec-
tions for the L3 and L2 edges, respectively. A single crystal
was mounted on a closed-cycle cryostat, and data were
collected at a temperature of about 5 K. No indications of
change in the magnetic structure were found in the mea-
surements repeated at 120 and 250 K. X-ray absorption
spectra were recorded simultaneously in partial fluores-
cence mode using an energy-dispersive detector.

Figure 1 shows the magnetic structure solved in the
present study along with the underlying crystal structure.
Sr3Ir2O7 was first reported to adopt the space group
I4= mmm [16] but was later assigned to Bbcb based on
single crystal diffraction and transmission electron micros-
copy [17–19]. In this orthorhombic structure, all neighbor-
ing octahedra are rotated in an opposite sense about the c
axis, breaking inversion symmetries with respect to the
shared oxygen ions and thereby allowing DM interactions.

The c-axis collinear AF structure [Fig. 1(b)] is unam-
biguously solved from analysis of data presented in
Figs. 2 and 3. Figure 2(a) shows magnetic Bragg peaks
scanned over a wide range of l, with (h, k) fixed at (1,0)
and (0,1). The crystallographically forbidden hþ k ¼ odd
reflections imply AF ordering within an IrO2 plane, and the
observed large intensity modulation along the l direction
reflects the bilayer magnetic structure factor. The magnetic
peaks were refined at each l, and the corresponding inten-
sities obtained from integrating rocking curves are plotted
in Fig. 2(b). The intensity modulation has a periodicity set
by the ratio between the lattice parameter c and the bilayer

distance d (see Fig. 1), i.e., c=d # 5:13 and agrees well
with the profile expected for AF ordering between two
neighboring IrO2 planes. Thus, it follows that all nearest-
neighbor pairs are AF ordered. The fact that the l scans do
not contain either (1 0 odd) or (0 1 even) reflections shows
that a single magnetic domain is sampled in our measure-
ment [15,20]. Figure 2(c) shows the temperature depen-
dence of the intensity of (0 1 19) reflection, which
disappears above# 285 K and correlates with the reported
anomalies in the magnetization and the resistivity data
[17], implying that these anomalies are associated with
the onset of long range AF ordering.
To determine the orientation of the magnetic moment,

we performed polarization analysis on two magnetic Bragg
peaks, as shown in Fig. 3. The (1 0 18) reflection was
recorded at the azimuthal angle ! ¼ 0$ defined such that
it is zero when the reference vector (1 0 0) is in the
scattering plane. The data show that (1 0 18) reflection
appears only in the !-" channel, demonstrating that the
component of the magnetic moment contributing to this
reflection is confined to the scattering plane defined by
(1 0 0) and (1 0 18) vectors. This implies the easy axis is in
the ac plane. Rotating ! by 90$, now (0 1 0) and (0 1 19)
vectors are contained in the scattering plane. In this

FIG. 1 (color online). (a) Crystal structure of Sr3Ir2O7 as
reported in Ref. [17]. Every neighboring IrO6 octahedra are
rotated in opposite sense about the c axis by ’ 12$.
(b) Magnetic order has a c-axis collinear G-type antiferromag-
netic structure. The up and down magnetic moments correlate
with counterclockwise and clockwise rotations of the IrO6

octahedra, respectively.

FIG. 2 (color online). (a) l scan measured in !-" polarization
channel showing magnetic Bragg peaks. (b) Integrated inten-
sities at each peak obtained from rocking curves (red dots). Red
solid (green dashed) line is bilayer structural factor expected for
antiferromagnetic (ferromagnetic) alignment of two adjacent
IrO2 planes in a bilayer expressed by cos2 2!d

c (sin2 2!d
c ).

(c) Temperature dependence of (0 1 19) peak.
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We used resonant inelastic x-ray scattering to reveal the nature of magnetic interactions in Sr2IrO4, a 5d
transition-metal oxide with a spin-orbit entangled ground state and Jeff ¼ 1=2 magnetic moments. The

magnon dispersion in Sr2IrO4 is well-described by an antiferromagnetic Heisenberg model with an

effective spin one-half on a square lattice, which renders the low-energy effective physics of Sr2IrO4 much

akin to that in superconducting cuprates. This point is further supported by the observation of exciton

modes in Sr2IrO4, whose dispersion is strongly renormalized by magnons, which can be understood by

analogy to hole propagation in the background of antiferromagnetically ordered spins in the cuprates.

DOI: 10.1103/PhysRevLett.108.177003 PACS numbers: 74.10.+v, 74.72."h, 75.30.Ds, 78.70.Ck

Quantum magnetism in transition-metal oxides (TMOs)
arises from superexchange interactions among spin mo-
ments that depend on spin-orbital configurations in the
ground and excited states. The array of magnetism in 3d
TMOs is now well-understood within the framework of
Goodenough-Kanamori-Anderson [1], which assumes
conservation of spin angular momentum in the virtual
charge fluctuations. However, it has been recently realized
that strong relativistic spin-orbit coupling (SOC) can dras-
tically modify the magnetic interactions and yield a far
richer spectrum of magnetic systems beyond the standard
picture. Such is the case in 5d TMOs, in which the energy
scale of SOC is on the order of 0.5 eV (as compared to
#10 meV in 3d TMOs). For example, A2IrO3 ((A ¼
Li;Na) is being discussed as a possible realization of the
long-sought-after Kitaev model with bond-dependent mag-
netic interactions [2–4]. Furthermore, strong SOC may
result in nontrivial band topology to realize exotic topo-
logical states of matter with broken time reversal symme-
try, such as a topological Mott insulator [5], a Weyl
semimetal, or an axion insulator [6]. Despite such intrigu-
ing proposals, the nature of magnetic interactions in sys-
tems with strong SOC remains experimentally an open
question.

In this Letter, we report on the magnetic interactions in a
5d TMO, Sr2IrO4, with a spin-orbit entangled ground state
carrying Jeff ¼ 1=2 moments [7,8], probed by resonant
inelastic x-ray scattering (RIXS). These Jeff ¼ 1=2 mo-
ments are distinct from pure spins because their interac-
tions are predicted to depend strongly on lattice and
bonding geometries [2] due to an admixture of spatially
anisotropic orbital moments in the Jeff ¼ 1=2 wave

function. In the particular case of corner-sharing oxygen
octahedra on a square lattice, relevant to Sr2IrO4 [9]
[Fig. 1(a)], the magnetic interactions of Jeff ¼ 1=2 mo-
ments are described by a pure Heisenberg model, barring
Hund’s coupling that contributes a weak dipolarlike an-
isotropy term [2,10]. This is surprising, considering that
strong SOC typically results in anisotropic magnetic cou-
plings that deviate from the pure Heisenberg-like spin
interaction in the weak SOC limit. A compelling outcome
is that a novel Heisenberg antiferromagnet can be realized

(a) (b)

Sr

O

Sr2IrO4

Ir

Jeff=1/2 moments

FIG. 1 (color online). (a) Because of a staggered in-layer
rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in
the unit cell [9], which coincides with the magnetic unit cell.
(b) Jeff ¼ 1=2 moments lie and are canted in the IrO2 plane [8].
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Brief Introduction:
Topological Phases



Broken-Symmetry Phases

“Measure” Order Parameter experimentally to 
determine the broken symmetry  

X-ray: Crystal Structure,  
Charge Density Modulation

Neutron: Magnetic Structure,  
Spin Density Modulation

10

Landau says - “Electrons do their own thing”

• Explains why copper conducts and why

quartz does not, and why silicon is a

semiconductor and much, much more

• Enabled the computer revolution!

Landau’s Theory of Quantum Crystals

Lev Landau

up-spin

electron

But sometimes they don’t… 

Landau Order Parameter allows  
the classification of  

different broken-symmetry phases

e.g. Crystal Structure
Magnetic Order
Superconductivity
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Order is boring ? from Matthew P. A. Fisher



Beyond Landau Paradigm ?

Topological Phases



The First “Topological Insulator/Phase”:
Integer Quantum Hall States

IQHE
• The first “topological insulator” 

discovered was the IQHE

chiral edge states cannot backscatter

Types of order
In 1980, the first ordered phase beyond symmetry breaking was discovered.

Electrons confined to a plane and in a strong magnetic field show, at low enough 
temperature, plateaus in the “Hall conductance”:

force I along x and measure V along y

on a plateau, get

at least within 1 in 109 or so.

What type of order causes
this precise quantization?

Note I: the AC Josephson effect between superconductors similarly allows 
determination of e/h.
Note II: there are also fractional plateaus, about which more later.

σxy = n
e2

h
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Edge states are “half” of the low energy 
excitations in a 1D electron gas

IQHE
• Edge states are “half” of the low energy 

excitations of a 1DEG

RL

k

E

Halperin, 1982

large distance

IQHE
• Edge states are “half” of the low energy 

excitations of a 1DEG

RL

k

E

Halperin, 1982

large distance

The boundary chiral edge states cannot be realized in  
a stand-alone 1D electron system

B. I. Halperin 1982



~k̇ = �eṙ⇥B

ṙ = ~�1rk"n(k)

Topological Invariant
Semiclassical Dynamics of electrons 

Bloch states �n(r) = eik·run,k(r)

Net Berry Flux is the Chern Number Cn =
1

2�

Z
d2k Bz

n

The total Chern number of occupied states is  
an integer topological invariant, and gives the Hall conductance

�xy =
e2

h

X

�n<�F

Cn TKNN formula 1982

� k̇⇥ Bn(k)

Berry Gauge Field An = ⇥un,k|� i⌅k|un,k⇤ Bn = ⇥k �An



Z2 Spin Liquid

Cannot be fully characterized by  
a local order parameter 

such as magnetization in magnets

Topological Phases of Matter

Often characterized by a variety of  
“Topological Properties” or “Non-local Properties”

Cannot be transformed to “simple phases”  
via local perturbations/operations  

without going through phase transitions



Z2 Spin Liquid

Quantum Hall States
Spin Liquids  

(correlated quantum paramagnetic state)

Intrinsic Topological Phases  (Gapped Phases)

Topological Phases 

“simple phases” 

No “Path”  
(Local unitary transformations) 

without closing the bulk gap
X

(fully characterized by local order  
parameter/information)



Z2 Spin Liquid

Quantum Hall States

Non-trivial ground state degeneracy:
quantum Hall state has “3” degenerate 

ground states on torus, but “1” on sphere
� = 1/3

Non-trivial boundary states:
Edge state is a chiral Luttinger Liquid

Non-trivial excitations:
Fractionally charged e/3 Laughlin quasi-particles

Non-trivial topological invariant: �
xy

=
1

3

e2

h

Intrinsic Topological Phases  (Gapped Phases)



Z2 Spin Liquid

Spin Liquids Quantum Paramagnet �S⇥ = 0

Correlated insulator with no broken translational symmetry

I. Order in Mott insulators

Paramagnetic states 0j !S

A. Bond order and spin excitons

" #$%&%$!
2

1

N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989).

S=1/2 spinons are confined 

by a linear potential into a 

S=1 spin exciton

" #Such a state is obtained by quantum-``disordering'' collinear state with , :  

fluctuating becomes the =1 spin exciton and Berry phases induce bond order

K

S

' '!
!!"

N  

Valence Bond

Resonating Valence Bond state (RVB); 
Superposition of Valence Bond coverings

Ultimate frustration?

• Can quantum fluctuations prevent order 
even at T=0: f=!?

• Many theoretical suggestions since 
Anderson (73)

• “Resonating Valence Bond” QSL states

+ + … 

� =
P.W.Anderson

Rokhsar-Kivelson

|RV Bi =
X

vb

Avb|vbi

Intrinsic Topological Phases  (Gapped Phases)



Construction of a Spin Liquid

g(r − r
′)

■ BCS superconductor (L x L lattice)

average number of electrons per site = one (Half-filled)

Cooper pair wave function⇔

BCS wave function |BCS⇥ � e
P

r,r⇤ g(r�r⇤)c†r�c
†
r⇤⇥ |0⇥

PG

■ RVB wave function

exactly one particle per site; freeze charge fluctuations

|RV B⟩ = PG|BCS⟩ ∝
∑

vb

Avb|vb⟩

|vb⟩
Avb =

∏

all valence

g(r − r
′)

bond (r, r′)

valence bond covering

Uni"ni#U ! 1Hubbard in



Degenerate Ground States

|RV B� = PG|BCS� |RV B0� = PG|BCS0�

⟨RV B|RV B
′⟩ → 0 in the thermodynamic limit

No local measurement can distinguish these phases



Short ‘Coherence Length’ Limit 

|even⟩ =
1

2
(|RV B⟩ + |RV B

′⟩) |odd⟩ =
1

2
(|RV B⟩ − |RV B

′⟩)

TWO topologically distinct valence bond coverings

intersecting
even number

of dimers

intersecting
odd number
of dimers

Non-trivial ground state degeneracy
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Z2 Spin Liquid

“Symmetry-Protected” Topological Phases  
(Gapped Phases)

Topological Band Insulator  
(e.g. time-reversal symmetry)

Topological Phases 

“simple phases” 

No Symmetry- 
Preserving “Path”  
without closing  

the bulk gap

X
Symmetry- 

Breaking “Path”  
without closing  

the bulk gap



Topological Band Insulator
2D time reversal invariant band structure has 

a Z2 topological invariant  

C. L. Kane, E. Mele, L. Fu B. A. Bernevig, T. L. Hughes, X.-L. Qi, S. C. Zhang ....Bulk - Boundary Correspondence

Equivalence classes of surface/edge: even or odd number
of enclosed Dirac points

d=2

d=3

EF

Time Reversal Invariant 2 Topological Insulator 

Time Reversal Symmetry : 

Kramers’ Theorem :

( ) 1 ( )H H−Θ Θ = −k k *yiψ σ ψΘ =
2 1   Θ = −  All states doubly degenerate

2 : two ways to connect Kramers

pairs on surface

E

k=Λa k=Λb

E

k=Λa k=Λb

OR

2

22 3⊕ 

( )     dH T∈k k

EF
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kF

kx

ky

(weak Topo. Ins.)
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Trivial Band Insulator Topological Band Insulator
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Trivial Band Insulator Topological Band Insulator

⌫ = 0 ⌫ = 1

Inversion (P) Symmetry: Parity of occupied 2D Bloch states at

�1 �2

�3�4Bulk  
Brillouin  

zone

P |⇥n(�i)� = �n(�i)|⇥n(�i)�

⇠n(�i) = ±1
(�1)� =

4Y

i=1

Y

n

⇠2n(�i)

�1,2,3,4

Spin-Orbit driven inversion of two bands with opposite parity



3D Topological Band Insulator

Three Dimensional Topological Insulators
In 3D there are 4 Z2 invariants:  (!0 ; !1!2!3) characterizing 

the bulk.   These determine how surface states connect.

Fu, Kane & Mele PRL 07

Moore & Balents PRB 07

Roy, cond-mat 06

Surface Brillouin Zone

"4

"1 "2

"3

2D Dirac

Point

E

k="a k="b

E

k="a k="b

!0 = 1 : Strong Topological Insulator

Fermi surface encloses odd number of Dirac points

Topological Metal

     • Berry’s phase # around Fermi surface

     • Robust to disorder  (antilocalization)

!0 = 0 : Weak Topological Insulator

Fermi surface encloses even number of Dirac points

Normal Metal
     • Berry’s phase 0, less robust.

     • Equivalent to layered 2D QSHI

OR

EF
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L. Fu, C. L. Kane
J. E. Moore, L. Balents
R. Roy

� = 1

� = 0

: Strong Topological Insulator

: Weak Topological Insulator

In 3D there are four      invariants:             
         characterizing the bulk.  

                 These determine how surface states connect.  
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FIG. 4: Tight-binding bandstructure of Ir 5d orbitals when there
is no trigonal crystal field effect. Here we have chosen λSO=4.0,

ta=te=0.5. Note that the upper 4 bands corresponding to the spin-
orbit doublet (jeff=1/2) are well separated from the other 8 bands

which come from the spin-orbit quadruplet (jeff=3/2).

with jeff = 3/2. It is straight forward to extend the approach
described above for a three-site cluster to the full pyrochlore

lattice system. The resulting effective lattice hopping Hamil-

tonian is given by

Heff =
∑

⟨ij⟩

∑

n,n′

∑

α,α′

d†inαTnα,n′α′djn′α′ + h.c., (11)

where

Tnα,n′α′ =
∑

lσ,l′σ′

(A∗)α,lσT̃nlσ,n′l′σ′(AT )l′σ′,α′ . (12)

Here i is the unit cell index and the indexn refers to the four Ir
sites within a single tetrahedral unit cell. Including the on-site

potentials for the local spin-orbit eigenstates, the expression

for the effective tight-binding Hamiltonian is finally given by

Eq.(3).

III. EVOLUTION OF THE ELECTRONIC STRUCTURE

UNDER TRIGONAL CRYSTAL FIELD

In this section, we discuss the evolution of the electronic

structure of the Ir 5d system on the pyrochlore lattice in the

presence of the trigonal crystal field. We start with the case

where the Ir ions are under the perfect cubic crystal field with

large spin-orbit coupling. In Fig. 4, we plot the electron band

dispersion along the high symmetry directions in the Bril-

louin zone for the perfect cubic crystal field on the Ir ions

with λSO=4.0, ta=te=0.5. Since we have 4 sites within a unit
cell and each site supports 3 t2g orbitals, there are 24 bands
within the first Brioullin zone including spin degrees of free-

dom. Due to the time reversal and inversion symmetries, each

band is doubly degenerate. In Fig. 4, the upper 4 bands are de-

rived from the spin-orbit doublets with total angular momen-

tum jeff=1/2. On the other hand, the lower 8 bands come from

the quadruplets with jeff=3/2. Note that these two groups of
bands are well separated by a large energy gap with an energy

scale given by λSO .

Since each Ir atom contributes 5 electrons, 20 bands among

the 24 bands are filled. Namely, we have a band insulator with

the half-filled jeff=1/2 bands. Therefore in the forthcoming
discussion, we neglect the fully occupied jeff=3/2 bands and
focus on the properties of the upper 4 bands (or 8 bands count-

ing the double degeneracy of each band) possessing jeff=1/2
character. The energy dispersions of the jeff = 1/2 states are
shown in Fig. 5(a). The fully occupied lower two bands are

separated from the upper two bands by a finite gap between

them.

To understand the topological properties of the insulating

phase, we compute the Z2 topological invariants (ν; ν1ν2ν3)
from the parity eigenvalues ξm(Γl) at the time reversal invari-
ant momenta, following Fu and Kane.9 Here ξm(Γl) indicates
the inversion parity of the mth occupied jeff = 1/2 band at
the time-reversal invariant momentum Γl. Using the recipro-

cal lattice vectorsGi (i=1, 2, 3), the eight time reversal invari-
ant momenta can be written as Γl=n1n2n3

=(n1G1 +n2G2 +
n3G3)/2 with n1,2,3 = 0, 1. The strong Z2 topological in-

variant ν is given by

(−1)ν =
∏

ni=0,1

2
∏

m=1

ξm(Γn1n2n3
), (13)

where the parity eigenvalues at the eight time reversal invari-

ant momenta are multiplied at the same time. On the other

hand, each of the three weak Z2 topological invariants νi
(i=1,2,3) is determined by the parity eigenvalues at the four
time reversal invariant momenta lying on a plane, which is

given by

(−1)νi =
∏

ni=1,nj ̸=i=0,1

2
∏

m=1

ξm(Γn1n2n3
). (14)

Because of the time reversal symmetry, each band is doubly

degenerate at the time reversal invariant momentum and every

Kramers doublet share the same inversion parity. Since the

Z2 topological invariants count the parity of one state for each

Kramers pair,9 we consider the product of the inversion par-

ities corresponding to the two occupied jeff = 1/2 bands in
Eq.(13) and (14). Notice that, since the product of the inver-

sion parities of the occupied jeff = 3/2 bands is +1 in every
time-reversal-invariantmomentum, we can neglect the contri-

butions from the jeff = 3/2 bands. These analyses lead to a
strong topological insulator with the Z2 invariants (1;000) as

found earlier by Pesin and Balents.20 It is interesting to note

that a strong topological insulator with the same Z2 invariant

(1;000) was also found in a simple one-band model on the

pyrochlore lattice.42

Now we describe the effect of the trigonal crystal field on

the electronic structure of the jeff=1/2 bands. As mentioned
above, the trigonal crystal field effect can be described by

changing the relative magnitude of ta and te. In general,

the pyrochlore oxides have oxygen x parameters ranging from
0.309 to 0.355.40 Since xc=0.3125 for the perfect cubic crystal

Non-trivial boundary states
Non-trivial topological invariant

: Strong Topological Insulator

Fermi surface encloses odd number of Dirac points

Fermi surface encloses even number of Dirac points



Symmetry-Protected Topological Phases 
with Interactions

Recent theoretical activities focus on “interacting” 
versions of Topological Insulators  
(not possible without interactions)

Requirement: No bulk topological order  
(bulk is gapped and trivial, just like non-interacting TI)

D-1 dimensional surface states in D dimensional 
interacting TI cannot be realized in a stand-alone D-1 

dimensional system !

Surface States: Gapless, or break symmetries, or has 
intrinsic topological order (even though bulk is trivial)


