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    Low energy degrees are magnetic:	
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Exchange couplings: Orbital degrees are static Pott’s-like!
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Ground state manifold: Hard core dimers

Ground state manifold is spanned by hard-core dimer coverings 

Spins are bound into spin-singlet on dimer bonds: Spin gaped phase 

=
Extensive orientational degeneracy infinitely many ways of covering 
Different coverings are orthogonal due to orbitals
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Novel Jeff ¼ 1=2Mott State Induced by Relativistic Spin-Orbit Coupling in Sr2IrO4
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We investigated the electronic structure of 5d transition-metal oxide Sr2IrO4 using angle-resolved

photoemission, optical conductivity, x-ray absorption measurements, and first-principles band calcula-

tions. The system was found to be well described by novel effective total angular momentum Jeff states, in
which the relativistic spin-orbit coupling is fully taken into account under a large crystal field. Despite

delocalized Ir 5d states, the Jeff states form such narrow bands that even a small correlation energy leads to

the Jeff ¼ 1=2Mott ground state with unique electronic and magnetic behaviors, suggesting a new class of

Jeff quantum spin driven correlated-electron phenomena.

DOI: 10.1103/PhysRevLett.101.076402 PACS numbers: 71.30.+h, 71.20."b, 78.70.Dm, 79.60."i

Mott physics based on the Hubbard Hamiltonian, which
is at the root of various noble physical phenomena such as
metal-insulator transitions, magnetic spin orders, high TC
superconductivity, colossal magneto-resistance, and quan-
tum criticality, has been adopted to explain electrical and
magnetic properties of various materials in the last several
decades [1–5]. Great success has been achieved in 3d
transition-metal oxides (TMOs), in which the localized
3d states yield strongly correlated narrow bands with a
large on-site Coulomb repulsion U and a small band width
W. As predicted, most stoichiometric 3d TMOs are anti-
ferromagnetic (AFM) Mott insulators [5]. On the other
hand, 4d and 5d TMOs were considered as weakly-
correlated wide band systems with largely reduced U due
to delocalized 4d and 5d states [6]. Anomalous insulating
behaviors were recently reported in some 4d and 5d TMOs
[7–10], and the importance of correlation effects was rec-
ognized in 4d TMOs such as Ca2RuO4 and Y2Ru2O7,
which were interpreted as Mott insulators near the border
line of the Mott criteria, i.e., U#W [7]. However, as 5d
states are spatially more extended and U is expected to be
further reduced, insulating behaviors in 5d TMOs such as
Sr2IrO4 and Cd2Os2O7 have been puzzling [8,9].

Sr2IrO4 crystallizes in the K2NiF4 structure as La2CuO4

and its 4d counterpart Sr2RhO4 [8,11]. Considering its odd
number of electrons per unit formula (5d5), one expects a
metallic state in a naı̈ve band picture. Indeed Sr2RhO4

(4d5) is a Fermi liquid metal. Its Fermi surface (FS) mea-
sured by the angle-resolved photoemission spectroscopy
(ARPES) agrees well with the band calculation results
[12,13]. Since both systems have identical atomic arrange-
ments with nearly the same lattice constants and bond
angles [8,11], one expects almost the same FS topology.

Sr2IrO4, however, is unexpectedly an insulator with weak
ferromagnetism [8]. At this point, it is natural to consider
the spin-orbit (SO) coupling as a candidate responsible for
the insulating nature since its energy is much larger than
that in 3d and 4d systems. Recent band calculations
showed that the electronic states near EF can be modified
considerably by the SO coupling in 5d systems, and sug-
gested a new possibility of the Mott instability [14]. It indi-
cates that the correlation effects can be important even in
5d TMOs when combined with strong SO coupling.
In this Letter, we show formation of new quantum state

bands with effective total angular momentum Jeff in 5d
electron systems under a large crystal field, in which the
SO coupling is fully taken into account, and also report for
the first time manifestation of a novel Jeff ¼ 1=2 Mott
ground state realized in Sr2IrO4 by using ARPES, optical
conductivity, and x-ray absorption spectroscopy (XAS)
and first-principles band calculations. This new Mott
ground state exhibits novel electronic and magnetic behav-
ior, for example, spin-orbit integrated narrow bands and an
exotic orbital dominated local magnetic moment, suggest-
ing a new class of the Jeff quantum spin driven correlated-
electron phenomena.
Single crystals of Sr2IrO4 were grown by flux method

[15]. ARPES spectra were obtained at 100 K from cleaved
surfaces in situ under vacuum of 1$ 10"11 Torr at the
beamline 7.0.1 of the Advanced Light Source with h! ¼
85 eV and !E ¼ 30 meV. The chemical potential " was
referred to EF of electrically connected Au. The band
calculations were performed by using first-principles
density-functional-theory codes with LDA and LDAþU
methods [16]. The optical reflectivity Rð!Þ was measured
at 100 K between 5 meV and 30 eV and the conductivity
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!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

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

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

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

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

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

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

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

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

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

PRL 101, 076402 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

15 AUGUST 2008

076402-2

Spin-Orbit assisted Mott transition



 ’Zoo’ of Iridate compounds

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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Magnetic Excitation Spectra of Sr2IrO4 Probed by Resonant Inelastic X-Ray Scattering:
Establishing Links to Cuprate Superconductors
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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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Pyrochlore iridates

• Series of materials shows systematic MITs

• Ir4+ has λ≈0.5eV
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T -linear contribution in CðT Þ is known to be attributed to
spin wave excitations for one-dimensional antiferromagnets;
it is difficult for the pyrochlore lattice to induce a T -linear
contribution. As another possible origin for T -linear
contribution in CðT Þ in the insulating state, Anderson
localization may be considered.35) Further investigation is
required to reveal the origin of the T -linear contribution.

Now we will discuss the Ln dependence of the entropy
associated with the MIT (!S). To estimate !S, a smooth
polynomial was fitted to the data outside the region of the
anomaly; these fitting lines (broken line) for Ln = Nd, Sm,
and Eu are shown in Figs. 5(a), 6(a), and 6(b), respectively.
The background contribution was subtracted from the raw
data; the electronic portions of the C=T (!C=T ) for
Ln = Sm and Eu are shown in the inset. By integrating
!C=T , we obtained !S ¼ 0:47, 2.0, and 1.4 J/(K$mole) for
Ln = Nd, Sm, and Eu, respectively. !S is much smaller
than 2R ln 2. If we assume that a localized 5d electron from
Ir4þ ions with S ¼ 1=2 causes a conventional magnetic
transition, we can expect a change in entropy of 2R ln 2 ¼
11:5 J/(K$mole). The reduction in the amount of change in
entropy is considered to be caused by a short-range ordering
due to frustration or a reduction in magnetic moment due to
the itinerancy of 5d electrons. Next, recently, the Raman
scattering spectra of Ln2Ir2O7 for Ln = Nd, Sm, and Eu
have been measured.36) Below TMI, new peaks appear for
Ln = Sm and Eu, but no remarkable change is seen for
Ln = Nd. The result indicates that Sm2Ir2O7 and Eu2Ir2O7

accompany a structural change with MIT, but this does not
occur with Nd2Ir2O7. Therefore, the !S for Ln = Sm and
Eu involve the lattice contribution. Indeed, !S for Ln = Nd
is smaller than those for Ln = Sm and Eu. If we consider
this !S in Ln = Nd to be caused by only the electronic
contribution without the lattice contribution, we can estimate
the electronic specific heat coefficient above TMI ! ¼ 14mJ/
(K2$mole) by the relation ! ¼ !S=TMI. As Sm2Ir2O7 and
Eu2Ir2O7 are both semimetallic from the behaviors of their
"ðT Þ and SðT Þ, it is speculated that the ! for Ln = Sm and
Eu are smaller than that for Ln = Nd.

3.5 Phase diagram
Figure 7 shows the phase diagram of Ln2Ir2O7, which is

based on the Ln3þ ionic radius dependence of TMI; the ionic
radius of Ln3þ is for an 8-coordination-number site. TMI

monotonically increases as the ionic radius of Ln3þ

decreases. Obviously, TMI does not depend on the de Gennes
factor ðgJ & 1Þ2JðJ þ 1Þ or the magnetism of Ln3þ. This
MIT is not associated with the magnetic ordering of Ln3þ.
For T > TMI, Ln = Pr and Nd are metallic. Then, Ln = Sm,
Eu and Gd are semimetallic and Ln = Tb, Dy, and Ho are
semiconducting. Ln = Pr is a unique metal located near the
critical point of MIT. In this figure, the extrapolation
between Ln = Nd and Pr is based on a recent result for
resistivity in the solid solution (Pr1&xNdx)2Ir2O7.

37) From
the result, the substitution of Pr by 20% Nd leads to MIT
at around 3K; below TMI, the increasing resistivity in this
sample is suppressed, and resistivity reaches a finite value at
lower temperatures.

Next, we discuss the phase diagram of Ln2Ir2O7 in
comparison with that of other rare-earth pyrochlore oxides.
The phase diagrams of Ln2Mo2O7 [Mo4þ: (4d)2] have

already been reported.38–40) Now, we point out the difference
in the phase diagram between Ir and Mo pyrochlore oxides.
As is described in the introduction, as the ionic radius of
Ln3þ decreases, the electrical conductivity in Ln2Mo2O7

becomes semiconducting. Interestingly, the magnetic transi-
tion of Ln2Mo2O7 goes from the spin glass insulating state
(Ln = Gd, Tb, Dy, and Ho) to the ferromagnetic metallic
state (Ln = Eu, Sm, and Nd) as the ionic radius of Ln3þ

increases; the ferromagnetic transition comes from 4d
electrons. Although the spin glass transition temperature Tg
is independent of Ln (Tg ' 20K), the ferromagnetic
transition temperature increases as the ionic radius of Ln3þ

increases. In addition, semiconducting Ln2Ru2O7 [Ru4þ:
(4d)4] shows the frustrated AFM transition originating from
4d electrons.41) The Néel temperature TN monotonically
increases from TN ¼ 84K for Ln = Yb to TN ¼ 160K for
Ln = Pr as the ionic radius of Ln3þ increases. The present
result shows that the magnetic transition (or MIT) in
Ln2Ir2O7 decreases as the ionic radius of Ln3þ increases.
Then, the opposite dependence of the ionic radius of Ln3þ on
the magnetic transition temperature is realized in Ln2Ir2O7.
It is speculated that the difference in their phase diagrams is
due to the feature of the 5d electron system, which has a
strong spin–orbit interaction and a reduced on-site Coulomb
repulsion in comparison with the 4d electron system.21)

Further theoretical study is needed to understand this phase
diagram in Ln2Ir2O7.

4. Conclusions

We report the physical properties (resistivity, thermo-
electric power, magnetization, and specific heat) of Ln2Ir2O7

for Ln = Nd, Sm, Eu, Gd, Tb, Dy, and Ho. Ln2Ir2O7 for
Ln = Nd, Sm, and Eu show MITs at 33, 117, and 120K,
respectively. In this study, we revealed that Ln2Ir2O7 for
Ln = Gd, Tb, Dy, and Ho exhibit MITs at 127, 132, 134,
and 141K, respectively. These MITs in Ln2Ir2O7 has
some common features: They are second-order transitions
since no thermal hysteresis or no discontinuous change
in their physical properties is observed at TMI. Under
the FC condition, a weak ferromagnetic component
('10&3 #B/f.u.) caused by 5d electrons from Ir is observed
below TMI. The entropy associated with MIT supports the

Fig. 7. (Color online) Phase diagram of Ln2Ir2O7 based on Ln3þ ionic
radius dependence of TMI.
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FIG. 3. Rocking curves measured in two polarization channels
for (a) (1 0 18) reflection and (b) (0 1 19) reflections. The
azimuth angle, defined with respect to the reference vector (1
0 0), was set at 0� for (1 0 18) reflection so that the scattering
plane is defined by (1 0 0) and (1 0 18). Likewise, for (0 1 19)
reflection azimuth angle was set at 90� so that the scattering
plane is defined by (0 1 0) and (0 1 19).

the easy axis also lies in the bc plane. Taking these two
data together, it is unambiguously determined that the
magnetic Bragg peaks of (1 0 l) and (0 1 l) are associ-
ated with the c-axis component of the magnetic moment.
With the provision of ~k=0 ordering, the magnetic struc-
ture is uniquely solved as shown in Fig. 1(b) [19].

Having determined the magnetic structure, we now an-
alyze the origin of distinct magnetic orderings in layerd
iridates. In the case of single layer Sr2IrO4, it has been
shown [3] that DM couplings can be gauged away by a
proper rotation of quantization axes, and the magnetic
anisotropy is solely decided by the bond-directional PD
interactions whose sign and hence the moment direction
is controlled by the tetragonal distortion parameter ✓

alone (while ⌘ = JH/U , the ratio of Hund’s exchange and
the local Coulomb repulsion, scales the magnitude of the
PD terms and magnon gaps). In the bilayer Sr3Ir2O7

case, however, one may expect strong inter-layer cou-
plings since the spin-orbit entangled wavefunction in iri-
dates is spatially of 3D shape [1–3]. This suggests that
magnetic states in iridates may strongly vary with di-
mensionality as number of planes are increased, unlike
the case of cuprates with spin-only moments that reside
on planar orbitals.

The magnetic interactions for intra- and inter-layer
bonds of neighboring iridium ions can be expressed in
the following common form (with di↵ering coupling con-
stants for inter- and intra-layer bonds):
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FIG. 4. (a) The ground state phase diagram of the Hamil-
tonian (1) in terms of ⌘ = JH/U and the tetragonal dis-
tortion parameter ✓ [the values of ✓ smaller (larger) than ✓0
correspond to compressed (elongated) octahedra]. The solid
(dashed) line marks the spin-flop transition in bilayer (single-
layer) system. The shaded area indicates the parameter space
for Sr3Ir2O7 constrained by experimental observations (see
text). (b) The ratio of intensities at L2 and L3 calculated
as a function of ✓. The experimental ratio of at most 1%
provides the lower and upper bounds for ✓. Spin-orbital den-
sity map is shown for some values of ✓ with spin up (down)
represented by orange (blue) color. (c) Energy scan of (0 1
19) reflection scanned around Ir L3 and L2 resonance. Red
dots and black lines indicate scattering intensity and x-ray
absorption spectra, respectively.

where the first term stands for isotropic AF exchange Jij ,
the second term describes symmetric anisotropy �ij that
includes PD terms driven by Hund’s exchange and those
due to staggered rotations of octahedra [3]. The latter
also induce DM interaction, with DM vector ~

Dij parallel
to c-axis on all bonds, while its direction is staggered.
For intra-layer bonds, the coupling constants are identi-
cal to those for the single layer case, derived in Ref. [3]
in terms of ⌘, ✓, and the octahedra rotation angle ↵. We
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FIG. 1: (Color online) Constant-energy intensity maps taken
at EF for surface coverage of (A) 0.5 ML, (B) 0.75 ML, (C)
0.85 ML, and (D) 1 ML, shown over a quadrant of the Bril-
louin zone of the undistorted square lattice. The actual Bril-
louin zone respecting the

√
2×

√
2 superstructure of the lattice

distortion coincides with the magnetic Brillouin zone whose
boundary is indicated by the dashed line. The intensity maps
were normalized by the angular profile of the intensity along
the FS measured at 1 ML. The map was symmetrized with re-
spect to the diagonal line connecting (0,0) and (π,π). (E) The
electron count based on the volume enclosed by the apparent
large Fermi surface centered at the Γ point and the distance
from the node to (π/2,π/2) as a function of coverage. Zero
of the left vertical axis corresponds to the case of half-filled
band.

contradiction with electron doping. These results imply
either a global change in the FS topology or an inconsis-
tency with the notion of FS as the system departs from
the normal metal phase observed at 1 ML. We note that
an analogous qualitative inconsistency in the hole count
occurs[15] when interpreting the arcs in cuprates[16] as
part of an underlying large FS an initial hint that the
analogy to cuprates does indeed extend to the case of a
metallic phase.

The Fermi arc metal phase can be characterized by
an order parameter that depends on both the coverage
and temperature. Figures 2A-2D show the energy dis-
tribution curves (EDCs) for T=70 K, symmetrized to
remove the effect of the Fermi function. In the antinodal

region, the symmetrized EDCs show a clear opening of
a gap at 0.5 and 0.75 ML, which closes as the system
enters the normal metal state at higher coverage. We
use a phenomenological Dynes formula[17], widely used
to fit superconducting gaps[18, 19], to quantify the gap.
Thereby we find for T=70 K and 0.5 ML a gap as large
as 80 meV, which rapidly decreases away from the antin-
ode and becomes zero over a finite length of the contour
that defines an arc (Fig. 2E). The gap at the antinode
continuously diminishes with increasing surface coverage
and becomes undetectable within the energy resolution
(18 meV) beyond 0.85 ML (Fig. 2F).
Figures 3A-3C show the EF intensity map taken at

T=30 K, 70 K, and 110 K for surface coverage of 0.7
ML. Similar to the surface coverage dependence, with
increasing temperature the arc expands its enclosed vol-
ume (when extrapolated to a large FS), crossing from
less than half-filling at T=30 K (48.9 %) to more than
half-filling (52.1 % of BZ) at T=110 K. Concomitantly,
the arc elongates (Fig. 3F) with increasing temperature
and evolves to a closed FS at T=110 K. On cooling down
to T=30 K, the length of the arc shortens considerably
but a finite length of arc still remains (Fig. 3F), which is
incompatible with a d-wave gap indicative of supercon-
ductivity. Unfortunately, measurement at lower temper-
atures to check for possible emergence of a d-wave gap
was precluded by the high resistance of the sample, the
bulk of which remains an insulator.
Consistent with the formation of a closed FS at high

temperature, the antinode gap magnitude decreases with
increasing temperature as indicated by the gradual shift
of the leading edge in the EDC (Fig. 3E, 3F inset), in
clear contrast to the temperature evolution at the node
that shows only a minor thermal broadening (Fig. 3D).
The gap starts to emerge below T=110 K but grows
slowly with decreasing temperature, in contrast to the
typical behavior of an order parameter that sets in at
a well-defined transition temperature. However, the sig-
nificant temperature dependence indicates a non-trivial
origin and a many-body nature of the gap. We remark
that the overall momentum[19] and temperature[20, 21]
dependences of the gap closely follow those observed for
the pseudogap in cuprates.
All the preceding results carrier counting inconsis-

tency and gap behavior indicate that the parallel be-
tween Sr2IrO4 and cuprates persists in the metallic phase
induced by electron doping, and that the breaking up
of a Fermi surface into disconnected segments is a gen-
eral phenomenon of a system containing certain generic
characteristics of cuprates. The formation of an arc,
as opposed to hot spots at intersections with magnetic
zone boundary, indicates that the correlation strength in
Sr2IrO4, which has been under intense debates[22–26], is
in the intermediate-to-strong coupling regime[27]. Thus,
Mott physics and local correlations are essential for un-
derstanding of the physics of Sr2IrO4. Taking all these

Fermi arcs in doped Sr2IrO4
BJ Kim et al Science (2015)
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FIG. 3. Rocking curves measured in two polarization channels
for (a) (1 0 18) reflection and (b) (0 1 19) reflections. The
azimuth angle, defined with respect to the reference vector (1
0 0), was set at 0� for (1 0 18) reflection so that the scattering
plane is defined by (1 0 0) and (1 0 18). Likewise, for (0 1 19)
reflection azimuth angle was set at 90� so that the scattering
plane is defined by (0 1 0) and (0 1 19).

the easy axis also lies in the bc plane. Taking these two
data together, it is unambiguously determined that the
magnetic Bragg peaks of (1 0 l) and (0 1 l) are associ-
ated with the c-axis component of the magnetic moment.
With the provision of ~k=0 ordering, the magnetic struc-
ture is uniquely solved as shown in Fig. 1(b) [19].

Having determined the magnetic structure, we now an-
alyze the origin of distinct magnetic orderings in layerd
iridates. In the case of single layer Sr2IrO4, it has been
shown [3] that DM couplings can be gauged away by a
proper rotation of quantization axes, and the magnetic
anisotropy is solely decided by the bond-directional PD
interactions whose sign and hence the moment direction
is controlled by the tetragonal distortion parameter ✓

alone (while ⌘ = JH/U , the ratio of Hund’s exchange and
the local Coulomb repulsion, scales the magnitude of the
PD terms and magnon gaps). In the bilayer Sr3Ir2O7

case, however, one may expect strong inter-layer cou-
plings since the spin-orbit entangled wavefunction in iri-
dates is spatially of 3D shape [1–3]. This suggests that
magnetic states in iridates may strongly vary with di-
mensionality as number of planes are increased, unlike
the case of cuprates with spin-only moments that reside
on planar orbitals.

The magnetic interactions for intra- and inter-layer
bonds of neighboring iridium ions can be expressed in
the following common form (with di↵ering coupling con-
stants for inter- and intra-layer bonds):
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FIG. 4. (a) The ground state phase diagram of the Hamil-
tonian (1) in terms of ⌘ = JH/U and the tetragonal dis-
tortion parameter ✓ [the values of ✓ smaller (larger) than ✓0
correspond to compressed (elongated) octahedra]. The solid
(dashed) line marks the spin-flop transition in bilayer (single-
layer) system. The shaded area indicates the parameter space
for Sr3Ir2O7 constrained by experimental observations (see
text). (b) The ratio of intensities at L2 and L3 calculated
as a function of ✓. The experimental ratio of at most 1%
provides the lower and upper bounds for ✓. Spin-orbital den-
sity map is shown for some values of ✓ with spin up (down)
represented by orange (blue) color. (c) Energy scan of (0 1
19) reflection scanned around Ir L3 and L2 resonance. Red
dots and black lines indicate scattering intensity and x-ray
absorption spectra, respectively.

where the first term stands for isotropic AF exchange Jij ,
the second term describes symmetric anisotropy �ij that
includes PD terms driven by Hund’s exchange and those
due to staggered rotations of octahedra [3]. The latter
also induce DM interaction, with DM vector ~

Dij parallel
to c-axis on all bonds, while its direction is staggered.
For intra-layer bonds, the coupling constants are identi-
cal to those for the single layer case, derived in Ref. [3]
in terms of ⌘, ✓, and the octahedra rotation angle ↵. We
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With the provision of ~k=0 ordering, the magnetic struc-
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Having determined the magnetic structure, we now an-
alyze the origin of distinct magnetic orderings in layerd
iridates. In the case of single layer Sr2IrO4, it has been
shown [3] that DM couplings can be gauged away by a
proper rotation of quantization axes, and the magnetic
anisotropy is solely decided by the bond-directional PD
interactions whose sign and hence the moment direction
is controlled by the tetragonal distortion parameter ✓

alone (while ⌘ = JH/U , the ratio of Hund’s exchange and
the local Coulomb repulsion, scales the magnitude of the
PD terms and magnon gaps). In the bilayer Sr3Ir2O7

case, however, one may expect strong inter-layer cou-
plings since the spin-orbit entangled wavefunction in iri-
dates is spatially of 3D shape [1–3]. This suggests that
magnetic states in iridates may strongly vary with di-
mensionality as number of planes are increased, unlike
the case of cuprates with spin-only moments that reside
on planar orbitals.

The magnetic interactions for intra- and inter-layer
bonds of neighboring iridium ions can be expressed in
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FIG. 4. (a) The ground state phase diagram of the Hamil-
tonian (1) in terms of ⌘ = JH/U and the tetragonal dis-
tortion parameter ✓ [the values of ✓ smaller (larger) than ✓0
correspond to compressed (elongated) octahedra]. The solid
(dashed) line marks the spin-flop transition in bilayer (single-
layer) system. The shaded area indicates the parameter space
for Sr3Ir2O7 constrained by experimental observations (see
text). (b) The ratio of intensities at L2 and L3 calculated
as a function of ✓. The experimental ratio of at most 1%
provides the lower and upper bounds for ✓. Spin-orbital den-
sity map is shown for some values of ✓ with spin up (down)
represented by orange (blue) color. (c) Energy scan of (0 1
19) reflection scanned around Ir L3 and L2 resonance. Red
dots and black lines indicate scattering intensity and x-ray
absorption spectra, respectively.

where the first term stands for isotropic AF exchange Jij ,
the second term describes symmetric anisotropy �ij that
includes PD terms driven by Hund’s exchange and those
due to staggered rotations of octahedra [3]. The latter
also induce DM interaction, with DM vector ~

Dij parallel
to c-axis on all bonds, while its direction is staggered.
For intra-layer bonds, the coupling constants are identi-
cal to those for the single layer case, derived in Ref. [3]
in terms of ⌘, ✓, and the octahedra rotation angle ↵. We
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Zig-Zag  order in Na2IrO3	
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FIG. 3: (Color online) (a) Momentum dependence of the
RIXS spectra taken along the Γ−X and Γ−Y directions at T
= 10 K. Superimposed on each spectra is the background con-
tribution from the elastic line and the vibrational modes. (b)
The magnetic signal after subtracting the background, and
(c) a direct comparison between Q = (0 0) and Q = (0.5 0).
In (a) and (b) spectra have been shifted vertically for clarity.
(d) Fit results for the peak position of the magnetic signal in
(b).

spectra shifted vertically for clarity. Also shown in this
figure as dashed lines are the contributions from (Ibg+I l)
in order to show the magnetic contribution clearly. We
note that the intensity of the elastic line was allowed to
vary between different values of Q, which is expected in
general (for a diffuse scattering intensity). The tail on
the energy gain allows us to estimate the elastic inten-
sity. This is possible because the inelastic (lattice vibra-
tions) contribution to the energy gain side at this tem-
perature is negligible. However, the contributions from
the vibrational modes were fixed. At both Q = (0.38
0) and Q = (0.5 0) the spectral weight of A0 shifts to
significantly lower energies. In Fig. 3(b), the magnetic
intensity has been plotted by subtracting Ibg + I l contri-
butions from the raw spectra. The large error bars on the
energy gain side reflect the uncertainty arising from the
elastic background fitting. Despite this, it is clear that
at the Γ-point A0 forms a well defined feature which is
centered around 35 meV, and that A0 disperses towards

lower energy along the Q = [1 0] direction. At Q = (0.5
0) most of the spectral weight from the magnetic mode
is only visible below 30 meV. Fig. 3 (c) shows the differ-
ence spectrum obtained at Q = (0 0) and Q = (0.5 0)
without an offset. Although the large error bars make
it difficult to extract the shift of the peak, a decrease of
roughly 25 meV in energy is observed. In an attempt to
capture this dispersion we fit the magnetic signal using
the resolution function provided in Eq. (2). The fitted
peak positions are plotted in Fig. 3(d), showing signif-
icant dispersion from Γ to X . On the other hand, the
momentum dependence along the Γ− Y direction (from
Q = (0 0) to (0 0.5)) is much weaker (see Fig. 3 (b) bot-
tom spectra); no significant shift is observed. This is in
stark contrast to the 25 meV dispersion observed along
the Γ−X direction.

Our observation of a high energy (∼35 meV) mag-
netic excitation is rather surprising. In a recent inelas-
tic neutron scattering experiment on a powder sample of
Na2IrO3 a magnon mode below 6 meV was identified.18

A pure Heisenberg model with antiferromagnetic inter-
actions and additional long range exchanges was found
to be adequate in describing this result.18 The calculated
dispersion of the high energy branch at the Γ-point, how-
ever, only reaches about 5 meV (see supplemental ma-
terial in Ref. 18), which is significantly lower than the
position of A0. Given the large energy separation, it is
difficult to explain both sets of data with a purely Heisen-
berg Hamiltonian. Recently, Chaloupka et al.8 were able
to explain the observed neutron data18 by adding a Ki-
taev term to the Heisenberg Hamiltonian. Moreover,
this additional Kitaev term would generate a high energy
magnon branch. According to Ref. 8, this branch would
reach 20 meV at the Γ-point with anisotropic dispersion
along the Γ−X and Γ−Y directions. These predictions
therefore seem quite consistent with our experimental ob-
servations in Na2IrO3. We acknowledge that in order to
extract the size of the Kitaev term, and more impor-
tantly to determine its sign,8,18 higher resolution RIXS
data will be required.

In conclusion, we have identified new low-lying excita-
tions in Na2IrO3 using high-resolution Ir L3 edge reso-
nant inelastic x-ray scattering. Temperature dependence
reveals two distinct modes: a dominant lattice vibra-
tional mode at high-temperature and a magnetic exci-
tation which appears below T = 200 K and reaches max-
imum intensity at T = 10 K. The vibrational excitations
were fit using an optical phonon mode at ω1 = 18 meV,
with noticable spectral weight on the next three higher-
harmonics. This suggests that the electron-lattice cou-
pling is very strong in Na2IrO3. The magnetic mode
shows peculiar momentum dependence at T = 10 K,
reaching a maximum energy of ∼ 35 meV at the Γ-point
and dispersing to lower energies along the Γ−X direction.
The observed dispersion of magnetic excitation is consis-
tent with theoretical calculations based on a local spin
model with both Heisenberg and Kitaev interactions.

We would like to thank G. Khaliullin, G. Jackeli, B. J.

Gretarsson et al,  PRB 2013
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Evolution of magnetism in the single-crystal honeycomb iridates (Na1−xLix)2IrO3
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We report the successful synthesis of single crystals of the layered iridate (Na1−xLix)2IrO3, 0 ! x ! 0.9, and a
thorough study of its structural, magnetic, thermal, and transport properties. This compound allows a controlled
interpolation between Na2IrO3 and Li2IrO3, while maintaining the quantum magnetism of the honeycomb Ir4+

planes. The measured phase diagram demonstrates a suppression of the Néel temperature TN at an intermediate
x, indicating that the magnetic orders in Na2IrO3 and Li2IrO3 are distinct. X-ray data show that for x ≈ 0.7,
when TN is suppressed the most, the honeycomb structure is least distorted, leading to the speculation that at this
intermediate doping of the material is closest to the spin liquid that has been sought after in Na2IrO3 and Li2IrO3.
By analyzing our magnetic data with a single-ion theoretical model we also show that the trigonal splitting on
the Ir4+ ions changes sign from Na2IrO3 to Li2IrO3.

DOI: 10.1103/PhysRevB.88.220414 PACS number(s): 75.40.Cx, 75.10.Jm, 75.40.Gb, 75.50.Lk

Introduction. The iridates have been recognized recently
as a unique arena for the study of new phases of matter that
arise from simultaneously strong electron-electron and spin-
orbit interactions. Thus far, the most novel manifestation of
this interplay in this family of materials is the t5

2g , Jeff = 1/2
Mott insulating state, originally experimentally observed in the
layered perovskite, Sr2IrO4 [1–3]. The iridates have inspired a
large body of theoretical and experimental work [4], since the
Jeff levels have a mixed spin and orbital character, which may
result in a host of exciting quantum ground states [5].

The interest in this field received a major boost when
a theoretical analysis [6] showed that the oxygen mediated
superexchange processes between the Ir4+ moments in the
honeycomb iridates Na2IrO3 and Li2IrO3 result in the cel-
ebrated Kitaev model (KM) for the Jeff = 1/2 degrees of
freedom, HK = K

∑
⟨ij⟩ σ

γ
i σ

γ
j , where γ = x,y,z denotes a

different Pauli matrix for each direction of bond on the
honeycomb lattice and σ⃗i acts on the Jeff = 1/2 states on
site i. The KM can be solved exactly, and its ground state is
an exotic magnetically disordered quantum “spin liquid.” [7];
However, it is experimentally established that both honeycomb
iridate compounds order magnetically: Na2IrO3 orders at
TN = 18 K [8], and Li2IrO3 orders at TN = 15 K [9,10].
There are many theoretical proposals for interactions that are
supplementary to the Kitaev model that would cause magnetic
ordering, including additional exchange processes [10–16],
strong trigonal fields [17], or weak coupling instabilities [18];
currently there is no consensus on which of these is correct.

On the experimental side, there are now fairly thorough
studies of Na2IrO3 using both momentum resolved resonant
inelastic x-ray and neutron scattering techniques that establish
the pattern of magnetic ordering to be of an unusual zigzag
type [12,19–21]. This has been possible in part due to the
availability of large single crystals of Na2IrO3. Because of var-
ious difficulties in chemical synthesis, no such single crystals
are available for Li2IrO3 and the detailed magnetic ordering
pattern of this compound is still unknown. It is noted that
an early study on polycrystal Li2IrO3 exhibited no magnetic
order above 5 K [22], but more recent measurements show

a magnetic transition at TN = 15 K [10]. The conspicuous
absence of single crystals of Li2IrO3 is clearly a major
roadblock in a complete characterization of this material.

In this Rapid Communication we fill the gap in our
understanding by the successful synthesis and study of single
crystals of (Na1−xLix)2IrO3 [23]. The central findings of our
work are as follows: As x is tuned, we find from x-ray data
that the lattice parameters evolve monotonically from Na to
Li, retaining the basic Mott insulating honeycomb structure
of the Ir4+ planes for all x. Even so, there is a nonmonotonic
dramatic change in Néel temperature TN with x, in which TN

initially decreases from 18 K at x = 0 to 1.2 K at x = 0.70
before it rises to 7 K at x = 0.90, indicating that the magnetic
ground states at x = 0 and 1 are not related linearly, as had
been previously suggested [10]. X-ray structure data show
that the Ir4+ honeycomb lattice is least distorted at x ≈ 0.7.
Interesting, we find the lowest TN and highest frustration
parameter also at x ≈ 0.7. In addition, the high-temperature
anisotropy in the magnetic susceptibility is simultaneously
reversed and enhanced upon Li doping, and as a result, the
in-plane magnetic susceptibility χ∥(T ) becomes significantly
greater than the perpendicular-to-plane susceptibility χ⊥(T )
or χ∥(T ) > χ⊥(T ) for x = 0.90, which sharply contrasts with
the weaker magnetic anisotropy for x = 0 where χ∥(T ) <
χ⊥(T ). Using a single-ion theoretical model, we show that
the anisotropy arises from a trigonal crystal field $ oriented
perpendicular to the honeycomb layers, and the anisotropy
change is the result of a sign change in the local trigonal field
between the Na and Li compounds. We thus conclude that the
magnetic ground states of the pure Na and Li compounds are
distinct and are separated by a quantum phase transition that is
driven by the evolution of the crystal structure as x is varied.

Measurements. The methods by which our single crystals
are grown and the measurements are carried out are described
in the Supplemental Material (SM) [24]. Li doping retains
the space group of C2/m that Na2IrO3 adopts but induces a
systematic decrease in the lattice parameters since the ionic
radius of the Li ion is approximately 25% smaller than that of
the Na ion. The lattice parameters are shown in Fig. 1(a). An

1098-0121/2013/88(22)/220414(4) 220414-1 ©2013 American Physical Society
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H = − Jx !
"i, j#x

!i
x! j

x − Jy !
"i, j#y

!i
y! j

y − Jz !
"i, j#z

!i
z! j

z, $1%

where !a’s are the Pauli matrices, and "i , j#a indicate that i
and j belong to a link of a type.

For our purposes, the key points to note about the Hamil-
tonian in Eq. $1% are that, for any spin, only one of the com-
ponents couples to a particular neighboring spin, and the
component with nonzero coupling strength is different for
each of the three neighbors. As we will see later, this leads to
the existence of a set of mutually commuting conserved
plaquette operators, which in turn makes the problem exactly
solvable.

We note two features of the honeycomb lattice that are
pertinent to the construction of the 3D lattice: $1% The coor-
dination number of the lattice is three. $2% The three types of
links x, y, and z are distributed in such a way that two links
of the same type do not touch each other.

A. Lattice

To facilitate visualization, we will first describe how to
obtain the 3D lattice starting from the familiar cubic lattice.
Let i , j ,k!Z be the x, y, and z coordinates of the latter. The
new lattice is obtained by removing those sites that satisfy
one of the following conditions: $1% k=0 mod 4 and i
=0 mod 2, $2% k=1 mod 4 and j=0 mod 2, $3% k=2 mod 4
and i=1 mod 2, and $4% k=3 mod 4 and j=1 mod 2.

This amounts to depleting the cubic lattice by half, and
the resultant lattice has coordination number 3 $see Fig. 2%.
We note that: $i% the x-y planes alternately consist of discon-
nected rows or disconnected columns. $ii% As one goes along
a particular row $column%, at each site there is a link whose
direction alternates between positive and negative z axes.
That is, there is a crisscrossing structure between adjacent
planes which ensures that the lattice is truly three
dimensional—despite a coordination number of 3—and not a
set of mutually disconnected two-dimensional surfaces.

To parametrize the lattice sites, we first note that the unit
cell contains four sites. The position vector of a unit cell is
given by

R = ma1 + na2 + pa3, m,n,p ! Z , $2%

a1 = 2x̂, a2 = 2ŷ, a3 = x̂ + ŷ + 2ẑ , $3%

where x̂, ŷ, and ẑ are unit vectors along x, y, and z directions,
respectively. The four sites within a unit cell are at

r1 = R −
ŷ
2

− ẑ, r2 = R −
ŷ
2

,

r3 = R +
ŷ
2

, r4 = R +
ŷ
2

+ ẑ . $4%

To define a Kitaev-type Hamiltonian, we need one more in-
gredient, viz., the labeling of links. To this end, we alter-
nately assign x and y labels to the links in each of the rows
and columns that lie on the x-y plane; the remaining links,
the ones along the z axis, are labeled z. &The ambiguity in the
assignment of x and y labels within each row $column% is
resolved by demanding periodicity.' This way of labeling
ensures that the three links emanating from each site have
different labels. Now the definition of the Hamiltonian in Eq.
$1% can be applied to the three-dimensional lattice we have
constructed. Explicitly,

H = !
R

&− Jx!1
x$R%!4

x$R − a3% − Jy!1
y$R%!4

y$R + a1 − a3%

− Jx!2
x$R%!3

x$R% − Jy!3
y$R%!2

y$R + a2%

− Jz!1
z$R%!2

z$R% − Jz!3
z$R%!4

z$R%' . $5%

For simplicity of notation, we will continue to use the formal
expression for H in Eq. $1%, where sites are referred to by a
single lower-case index, and revert to the explicit form in Eq.
$5% only when the calculation demands it.

x
y

z

FIG. 1. The honeycomb lattice: the three types of links are la-
beled x, y, and z.
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FIG. 2. The 3D lattice: the four sites inside the loop $marked
1–4% constitute a unit cell; a1, a2, and a3 are the basis vectors.
Plaquette p consists of sites marked 1–10.
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ŷ
2

+ ẑ . $4%

To define a Kitaev-type Hamiltonian, we need one more in-
gredient, viz., the labeling of links. To this end, we alter-
nately assign x and y labels to the links in each of the rows
and columns that lie on the x-y plane; the remaining links,
the ones along the z axis, are labeled z. &The ambiguity in the
assignment of x and y labels within each row $column% is
resolved by demanding periodicity.' This way of labeling
ensures that the three links emanating from each site have
different labels. Now the definition of the Hamiltonian in Eq.
$1% can be applied to the three-dimensional lattice we have
constructed. Explicitly,

H = !
R

&− Jx!1
x$R%!4

x$R − a3% − Jy!1
y$R%!4

y$R + a1 − a3%

− Jx!2
x$R%!3

x$R% − Jy!3
y$R%!2

y$R + a2%

− Jz!1
z$R%!2

z$R% − Jz!3
z$R%!4

z$R%' . $5%

For simplicity of notation, we will continue to use the formal
expression for H in Eq. $1%, where sites are referred to by a
single lower-case index, and revert to the explicit form in Eq.
$5% only when the calculation demands it.

x
y

z

FIG. 1. The honeycomb lattice: the three types of links are la-
beled x, y, and z.

a1

a2

a3

x

y

z

3

4

2

1

5

6

7

8

9

10

p

x
y

z

FIG. 2. The 3D lattice: the four sites inside the loop $marked
1–4% constitute a unit cell; a1, a2, and a3 are the basis vectors.
Plaquette p consists of sites marked 1–10.

SAPTARSHI MANDAL AND NAVEEN SURENDRAN PHYSICAL REVIEW B 79, 024426 $2009%

024426-2

Hyper-Honeycomb β-Li2IrO3
T. Takayama et al, PRL’15

S.Mandal and N.Surendran, PRB’09



T. Takayama et al, PRL’15
 

 

 

 

 

 

 

 

 

 

 

 

 

                          Figure 2 (T. Takayama et al.) 
 

 

 

 

 

 

 

 

 

 

 

 

  

H = − Jx !
"i, j#x

!i
x! j

x − Jy !
"i, j#y

!i
y! j

y − Jz !
"i, j#z

!i
z! j

z, $1%

where !a’s are the Pauli matrices, and "i , j#a indicate that i
and j belong to a link of a type.

For our purposes, the key points to note about the Hamil-
tonian in Eq. $1% are that, for any spin, only one of the com-
ponents couples to a particular neighboring spin, and the
component with nonzero coupling strength is different for
each of the three neighbors. As we will see later, this leads to
the existence of a set of mutually commuting conserved
plaquette operators, which in turn makes the problem exactly
solvable.

We note two features of the honeycomb lattice that are
pertinent to the construction of the 3D lattice: $1% The coor-
dination number of the lattice is three. $2% The three types of
links x, y, and z are distributed in such a way that two links
of the same type do not touch each other.

A. Lattice

To facilitate visualization, we will first describe how to
obtain the 3D lattice starting from the familiar cubic lattice.
Let i , j ,k!Z be the x, y, and z coordinates of the latter. The
new lattice is obtained by removing those sites that satisfy
one of the following conditions: $1% k=0 mod 4 and i
=0 mod 2, $2% k=1 mod 4 and j=0 mod 2, $3% k=2 mod 4
and i=1 mod 2, and $4% k=3 mod 4 and j=1 mod 2.

This amounts to depleting the cubic lattice by half, and
the resultant lattice has coordination number 3 $see Fig. 2%.
We note that: $i% the x-y planes alternately consist of discon-
nected rows or disconnected columns. $ii% As one goes along
a particular row $column%, at each site there is a link whose
direction alternates between positive and negative z axes.
That is, there is a crisscrossing structure between adjacent
planes which ensures that the lattice is truly three
dimensional—despite a coordination number of 3—and not a
set of mutually disconnected two-dimensional surfaces.

To parametrize the lattice sites, we first note that the unit
cell contains four sites. The position vector of a unit cell is
given by

R = ma1 + na2 + pa3, m,n,p ! Z , $2%
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Unconventional magnetic order on the hyperhoneycomb Kitaev lattice in β-Li2IrO3:
Full solution via magnetic resonant x-ray diffraction
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The recently synthesized iridate β-Li2IrO3 has been proposed as a candidate to display novel magnetic
behavior stabilized by frustration effects from bond-dependent, anisotropic interactions (Kitaev model) on a three-
dimensional “hyperhoneycomb” lattice. Here we report a combined study using neutron powder diffraction and
magnetic resonant x-ray diffraction to solve the complete magnetic structure. We find a complex, incommensurate
magnetic order with non-coplanar and counter-rotating Ir moments, which surprisingly shares many of its features
with the related structural polytype “stripyhoneycomb” γ -Li2IrO3, where dominant Kitaev interactions have been
invoked to explain the stability of the observed magnetic structure. The similarities of behavior between those two
structural polytypes, which have different global lattice topologies but the same local connectivity, are strongly
suggestive that the same magnetic interactions and the same underlying mechanism govern the stability of the
magnetic order in both materials, indicating that both β- and γ -Li2IrO3 are strong candidates to realize dominant
Kitaev interactions in a solid state material.

DOI: 10.1103/PhysRevB.90.205116 PACS number(s): 75.25.−j, 75.10.Jm

I. INTRODUCTION

Materials containing ions with a strong spin-orbit inter-
action are attracting much attention as candidates to display
novel electronic states ranging from topological insulators
with protected gapless surface states to quantum spin liquids
with exotic excitations [1]. Complex magnetic behavior can
arise when the strong spin-orbit coupling (as found for heavy
transition metal 4d and 5d ions) and crystal field effects
stabilize spin-orbit entangled magnetic moments, which may
interact via anisotropic exchange interactions where the
anisotropy axis depends on the bond orientation. On certain
lattices these interactions may be strongly frustrated, leading
potentially to novel forms of cooperative magnetic order and/or
excitations, not found for magnets of 3d ions (where the
spin-orbit coupling is much weaker and the orbital moment is
in general quenched). The magnetic ground state of Ir4+ ions in
a cubic IrO6 octahedron is a doublet with a mixed spin-orbital
character [2], Jeff = 1/2, and for edge-sharing IrO6 octahedra
it was proposed [3,4] that the leading superexchange is a
ferromagnetic Ising coupling between the Ir magnetic moment
components perpendicular to the Ir-O2-Ir plane. For threefold
coordinated, edge-sharing octahedra this leads to orthogonal
Ir-O2-Ir planes for the three Ir-Ir bonds coming out of each site
and correspondingly orthogonal x,y,z components coupled
along the three Ir-Ir bonds. For a honeycomb lattice this real-
izes the Kitaev model [5], where the strong frustration effects
stabilize an (exactly solvable) quantum spin liquid state with
novel excitations (Majorana fermions and fluxes) [6]. In the
search for realizations of such physics, α-Na2IrO3 [7–11] and
α-Li2IrO3 [12,13] have been actively explored experimentally,
however no clear evidence of novel Kitaev phenomena has yet
been observed.

Generalization of the Kitaev model to three-dimensional
(3D) lattices has also been shown to have quantum
spin liquid ground states [14–16]. Furthermore, nontrivial

magnetic behavior has been predicted when (finite) additional
interactions suppress the spin liquid and stabilize magnetic or-
der [15,17]. The recently synthesized “hyperhoneycomb” [18]
β-Li2IrO3 (see Fig. 1) and “stripyhoneycomb” [19] γ -Li2IrO3,
which have the local connectivity of threefold coordinated
IrO6 octahedra with near-orthogonal Ir-O2-Ir planes meeting at
each Ir site, are prime candidates to realize 3D Kitaev physics.
The availability of single-crystal samples of both of those
two distinct structural polytypes offers unique opportunities to
perform comparative studies between them and gain insight
into the underlying physics. In recent experiments [20] on the
γ polytype we have observed an unexpectedly complex, yet
highly-symmetric incommensurate magnetic structure with
non-coplanar and counter-rotating moments, and theoretical
calculations showed that this structure could be stabilized
by a spin Hamiltonian with dominant Kitaev couplings and
some additional interactions. Here we extend our experimental
studies to the β polytype, where we find some striking
similarities in the magnetic structure. This shows that the key
features of the magnetic order are robust, independent of the
changes in the global lattice topology between the two distinct
structural polytypes that share the same building blocks. This
is strongly suggestive that the same underlying magnetic
interactions govern the stability of the magnetic order in both
structural polytypes, which would be an important constraint
on any theoretical model of the cooperative magnetism in this
family of materials.

The structural polytype β-Li2IrO3 was discovered by
Takayama et al. [18] and the crystal structure is illustrated
in Fig. 1 (left). It has an orthorhombic unit cell (space group
Fddd, for full structural details see Appendix A) and the same
mass density and same fundamental building blocks—edge-
sharing LiO6 and IrO6 octahedra (the latter shaded in red)—as
in the layered polytype α-Li2IrO3 [12], where edge-sharing
IrO6 octahedra form planar honeycomb layers separated by
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FIG. 6. (Color online) (a) Projection of the magnetic structure on
the ac plane showing the sites 1–4 of the primitive cell. Left curly
arrows indicate counter-rotation of moments between consecutive
sites along c. In unit cell 2 light and dark shaded elliptical envelopes
indicate an alternating tilt of the plane of moments’ rotation away
from the ac face. In unit cell 3 the color of bonds shows the anisotropy
axis of the exchange in a Kitaev model [15] (ferromagnetic Ising
exchange for each bond, but with a different Ising axis x,y,z for
the black/green/red bonds). Right-hand labels (b)–(e) indicate where
slices through the magnetic structure are taken at different heights in
the unit cell and projected onto the ab plane to illustrate the direction
of the zigzag chains and the alternating tilt of the plane of rotation
away from the ac plane by ±φ between adjacent zigzag chains stacked
along c.

FIG. 7. (Color online) Projection of the iridium lattice on the
ac plane showing the ordering of the magnetic moment components
along the b axis only. Those are shown rotated (for ease of
visualization) from the b to the a axis and indicated by horizontal
red arrows (length of arrow indicates the b-axis moment component
at each site). Note the ferromagnetic alignment between the two sites
of each vertical (c-axis) bond.

presence of zero-point quantum fluctuations in the ground
state is provided by the fact that the absolute magnitude of the
ordered moment [0.47(1) µB] is significantly reduced from
what is believed to be the available full-moment value (esti-
mated at gµBJeff ≃ 1µB assuming g ≃ 2), so a structure with
small modulations on an already significantly reduced ordered
moment could be compatible with the experimental results.

IV. DISCUSSION

It is interesting to note that the obtained magnetic structure
has striking similarities with the magnetic structure in the
related polytype γ -Li2IrO3 [20], with which β-Li2IrO3 shares
the same size orthorhombic unit cell (a × b × c) and also
many key structural features. In both polytypes the iridium
lattice is locally threefold coordinated and is made up of
vertically linked zigzag chains that alternate in orientation
between the a ± b direction. The only difference between
them is that in the hyperhoneycomb β polytype this alternation
occurs between consecutive zigzag chains, whereas in the
stripyhoneycomb γ polytype the alternation occurs between
pairs of parallel zigzag chains (which form a honeycomb row).
The magnetic structures in both polytypes are incommensurate
with the same propagation vectors within experimental error,
q = (0.57(1),0,0), the moments are counter-rotating between
the sites of every nearest-neighbor bond, and the plane of
rotation alternates between two orientations tilted away (by
an angle φ) from the ac plane between consecutive zigzag
iridium chains vertically linked along the c- axis. The φ angle
was found to be somewhat smaller in γ -Li2IrO3, but apart
from this difference the magnetic structure in γ -Li2IrO3 can
be regarded as “equivalent” to that in β-Li2IrO3 but in a
different lattice setting (for a formal mapping see Appendix E).
Those similarities are strongly suggestive that the defining
features of the magnetic structure, namely non-coplanarity,
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FIG. 1. Single crystal of Hh1i-Li2IrO3 and the Ir lattice structure. (A) Single crystal oriented to

be parallel to the crystallographic axes shown in (C), (B) 3D view and (C) projection in the ab

plane. In (B) gray shading emphasizes the Ir (purple balls) honeycomb rows that run parallel to the

a± b diagonals, alternating upon moving along the c-axis. For simplicity only Li ions (grey balls)

located in the center of Ir honeycombs are shown. In (B) and (C) the rectangular box indicates

the unit cell. Comparing (A) and (C) we note that the ⇠70� angle between honeycomb rows is

evident in the crystalline morphology.

the spin-anisotropy of exchange across the Ir-O2-Ir bond from the temperature dependence

of the anisotropic magnetic susceptibility. The crystals are synthesized as described in

Methods. As shown in Figure 1A, the crystals are clearly faceted and typically around

100⇥100⇥200µm3 in size. In contrast to the monoclinic structure of the layered iridate, we

find that these materials are orthorhombic and belong to the non-symmorphic space group

Cccm, with lattice parameters a = 5.9119(3) Å, b = 8.4461(5) Å, c = 17.8363(10) Å (see SI

I in published version for details of the crystallography). The structure (shown in Figure 1B

and C) contains two interlaced honeycomb planes, the orientation of which alternate along

the c axis. The angle �0 between the honeycomb planes is fixed by the geometry of the

edge shared bonding of the IrO6 octahedra (see Figures 2A and 4A ). For cubic octahedra

cos�
o

= 1/3, namely �
o

⇡ 70�, as shown in Figure 2A. The x-ray refinement (see SI II

in published version) indicates that the stoichiometry is Li2IrO3, such that the Ir oxidation

state is Ir4+ 5d5 with an e↵ective Ir local moment of Je↵ = 1/2. The possibility of Li deficiency

in our samples could lead to some Ir5+ sites, however this is not expected to have a marked

e↵ect on the magnetism; in the case that spin-orbit coupling dominates over the Coulomb

4
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Noncoplanar and Counterrotating Incommensurate Magnetic Order Stabilized by Kitaev
Interactions in γ-Li2IrO3
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Materials that realize Kitaev spin models with bond-dependent anisotropic interactions have long been
searched for, as the resulting frustration effects are predicted to stabilize novel forms of magnetic order or
quantum spin liquids. Here, we explore the magnetism of γ-Li2IrO3, which has the topology of a three-
dimensional Kitaev lattice of interconnected Ir honeycombs. Using magnetic resonant x-ray diffraction, we
find a complex, yet highly symmetric incommensurate magnetic structure with noncoplanar and
counterrotating Ir moments. We propose a minimal Kitaev-Heisenberg Hamiltonian that naturally accounts
for all key features of the observed magnetic structure. Our results provide strong evidence that γ-Li2IrO3

realizes a spin Hamiltonian with dominant Kitaev interactions.

DOI: 10.1103/PhysRevLett.113.197201 PACS numbers: 75.25.-j, 75.10.Jm

Magnetic materials with bond-dependent anisotropic
interactions are candidates to display novel forms of
magnetic order or quantum spin liquid states, as exempli-
fied by the Kitaev model on the honeycomb lattice [1].
Here, all spins interact via nearest-neighbor Ising
exchanges, but a different Ising axis (x; y; z) applies for
the three different bonds emerging out of each lattice site.
This leads to strong frustration effects that stabilize a novel,
gapless quantum spin liquid state with exotic excitations
(Majorana fermions), an exactly solvable quantum spin
model. It was theoretically proposed [2] that such exotic
Hamiltonians might be realized in magnetic materials
containing edge-sharing cubic IrO6 octahedra. The mag-
netic ground state of Ir4þ including the cubic crystal
field and spin-orbit coupling is a spin-orbital doublet with
Jeff ¼ 1=2 [3], and superexchange through the two 90°
Ir-O-Ir paths is expected to lead to a dominant Ising
interaction for the moment components normal to the
Ir-O2-Ir plane [2]. For a threefold coordinated IrO6 octa-
hedron, this leads to perpendicular Ising axes for the three
nearest-neighbor bonds, as required for a Kitaev model.
The two-dimensional (2D) honeycomb-lattice α-Na2IrO3

[4–8] and α-Li2IrO3 [9,10] are being intensively explored
as candidate Kitaev materials, but as yet no clear evidence
for novel Kitaev physics has been observed.
Generalizations of the Kitaev model to 3D lattices, the

harmonic honeycombs, are also expected to have quantum
spin liquid states [11–13]. The recently-synthesized struc-
tural polytypes “hyperhoneycomb” β-Li2IrO3 [14] and
“stripyhoneycomb” γ-Li2IrO3 [15], which correspond to
the N ¼ 0 and N ¼ 1, respectively, of the harmonic honey-
comb series, maintain the local three-fold coordination of
edge-sharing IrO6 octahedra and therefore are prime

candidates to display 3D Kitaev physics. To test for
signatures of such physics, we have performed magnetic
resonant x-ray diffraction (MRXD) measurements [16] on
single crystals of γ-Li2IrO3, scattering at the strong Ir L3

resonance [5]. We have determined the complete magnetic
structure for all 16 iridium sites in the unit cell and found an
unexpectedly complex, yet highly symmetric magnetic
structure comprised of noncoplanar, counterrotating iridium
magnetic moments located in zigzag chains. Remarkably,
the magnetic structure exhibits no net ferromagnetic or
antiferromagnetic spin correlations, and as such one can
rule out a model Hamiltonian whose primary ingredient is
the nearest-neighbor Heisenberg interaction. Instead, moti-
vated by the work of Jackeli and Khaliullin [17] and by
arguments based on susceptibility anisotropy [13,15], we
present a minimal spin Hamiltonian with dominant Kitaev
interactions that naturally reproduces all key features of the
observed magnetic order. In particular, we point out that
counterrotations of moments on the zigzag chains are
naturally stabilized by Kitaev interactions. Our results
therefore provide strong evidence that dominant Kitaev
couplings govern the magnetism of γ-Li2IrO3.
The MRXD experiments were performed using the I16

beam line at Diamond (see the Supplemental Material [18]
for details). Systematic searches along high-symmetry
directions in reciprocal space revealed that at low temper-
atures new magnetic Bragg peaks appeared at satellite
positions of reciprocal lattice points with an incommensu-
rate propagation vector q ¼ ð0.57ð1Þ; 0; 0Þ [19]. The sat-
ellite peaks were found to be as sharp as structural peaks in
all three reciprocal space directions, as illustrated for the
ð0; 0; 16Þ þ q reflection in Fig. 1(a), indicating coherent,
3D magnetic ordering. The peaks disappeared upon heating
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To determine the relative magnitudes of the magnetic
moment components, we performed a simultaneous fit to
the magnetic scattering intensities in the three azimuth
scans in Fig. 3 with four free parameters: the magnitudes of
the moment amplitudes Mx and My relative to Mz, an
overall intensity scale factor for the ð1; 1; 21Þ − q and
ð2; 0; 24Þ − q peaks, and a separate intensity scale factor
for the ð0; 0; 16Þ þ q peak (which was measured on the
same sample, but in a different experiment). The fit is
shown by the red solid lines in Figs. 3(a)–3(c) and
gave values for the moment magnitude ratios
Mx∶My∶Mz ¼ 0.65ð4Þ∶0.58ð1Þ∶1. We note that this also
quantitatively reproduces the observed ratio of the mag-
netic peak intensities in Fig. 2(a) (red line).
Imposing the constraint of near-constant magnitude

moment at every site requires the phase offset between
the x and y components to be π or 0, giving the basis vector
combination iðA;−AÞx, ið−1ÞmðF;−FÞy, ðF;FÞz, with
m ¼ 1 or 2. Both give similar structures, and we plot in
Fig. 4 the case m ¼ 1. The moments are confined to rotate
in one of two planes, obtained from the (ac) plane by
rotation around the c axis by an angle %ϕ, with
ϕ ¼ tan−1ðMy=MxÞ ¼ 42ð2Þ°. The pattern is such that
neighboring iridium zigzag chains have alternate orienta-
tions of the moment rotation plane as indicated by the light

and dark shaded envelopes in Fig. 4. The m ¼ 2 case
simply gives the opposite alternation of the rotation planes.
A key feature of the magnetic structure is the counter-

rotation of neighboring moments. On two such sites, say 1
and 10, the spins projected onto the ac plane are
S1;10ðrÞ ¼ ĉhSci cos q · r% âhSai sin q · r. We now rotate
from the crystallographic a; b; c axes to the Kitaev axes
denoted by sans serif symbols x; y; z (see Fig. 4 caption)
and consider the correlation between the Sx spin compo-
nents Sx1S

x
10 across an x-type bond, or Sy1S

y
10 across a

y-type bond. The net averaged correlation is finite,
hSx1Sx10 ix ¼ hSy1S

y
10 iy ¼ hSaihSci 12 sinðπq=2Þ. We see that

along each x-type bond the spins are aligned when they
point along x, and anti-aligned when they point along y,
and similarly for y-type bonds. Thus, Kitaev interactions
can stabilize the counterrotating moments with a propaga-
tion vector q along a. Therefore, we construct the following
Kitaev-Heisenberg Hamiltonian as a minimal model

H ¼
X

c bonds

½KcS
ηij
i Sηijj þ JcSi · Sj þ IccSci S

c
j '

þ
X

d bonds

½KdS
ηij
i Sηijj þ JdSi · Sj' þ

X

2ndhhijii
J2Si · Sj ð1Þ

where interactions along the vertical (along c) bonds are
denoted by the subscript c and interactions along the zigzag
(diagonal) bonds are denoted by the subscript d. Kc and Kd
are the Kitaev interactions along c bonds (of type ηij ¼ z)
and d bonds (of type ηij ¼ x or y), respectively. To prevent
(0; 0; qc) instabilities, we have introduced an Ising coupling
Icc of the Sc spin components and, finally, a Heisenberg
coupling J2 between second-nearest neighbors. We take the
following values for the parameters (in units of meV):
Kc ¼ −15, Kd ¼ −12, Jc ¼ 5, Jd ¼ 2.5, Icc ¼ −4.5, J2 ¼
−0.9 (Supplemental Material [18]), where the overall scale
was set such as to have the calculated ordering transition
temperature agree with the experimental value.
The Hamiltonian was analyzed in Fourier space using

the Luttinger-Tisza approximation (Supplemental Material
[18]). This gave the lowest-energy mode identical to the
(Sa, Sc) coplanar projection of the magnetic structure in
Fig. 4 with hSci > hSai. To obtain fixed-length spins
requires mixing with another mode, and the lowest-energy
mode available at the same wave vector has collinear order
of the Sb components with a pattern such that the mixed
mode exactly reproduces the observed noncoplanar struc-
ture. Furthermore, the Sb components are coaligned along
all c-axis bonds and, hence, stabilized by the large
ferromagnetic Kc Kitaev exchange. The mixing amplitude,
related to the tilt angle ϕ, is fixed for unit length spins
but changes continuously with the Hamiltonian parameters.
Decreasing the strength of the Kitaev interactions prevents
the ground state from producing unit-length spins through
this mixing mechanism, and importantly, we find that the
noncoplanar tilt angle observed in γ-Li2IrO3 requires

FIG. 4 (color online). Projection of the magnetic structure on
the (ac) plane showing 3 unit cells along the horizontal
propagation direction a. Light and dark blue arrows show the
moments on the Ir and Ir0 sublattices, with sites 1–4 and 10–40,
respectively. Curly arrows on the left side illustrate counter-
rotating magnetic order between consecutive sites along c. In unit
cell 2, light (−ϕ) and dark (þϕ) shaded elliptical envelopes
emphasize the confinement of the moments to alternate planes
obtained from the (ac) plane by a rotation by ∓ϕ around c. In
unit cell 3, the color of bonds indicates the anisotropy axis of the
Kitaev exchanges in Eq. (1), with η ¼ x; y; z for black/green/red
bonds, where x̂ ¼ ðâþ ĉÞ=

ffiffiffi
2

p
, ŷ ¼ ðâ − ĉÞ=

ffiffiffi
2

p
and ẑ ¼ b̂ [15]).
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We examine the role of spin-orbit coupling in the electronic structure of α-RuCl3, in which Ru ions in 4d5

configuration form a honeycomb lattice. Our x-ray absorption spectroscopy measurements at the Ru L edges
exhibit distinct spectral features associated with the presence of substantial spin-orbit coupling, as well as
an anomalously large branching ratio. Furthermore the measured optical spectra can be described very well
with first-principles electronic structure calculations obtained by taking into account both spin-orbit coupling and
electron correlations. We propose that α-RuCl3 is a spin-orbit assisted Mott insulator, and that the bond-dependent
Kitaev interaction may be important for understanding magnetism of this compound.

DOI: 10.1103/PhysRevB.90.041112 PACS number(s): 75.10.Jm, 71.20.Be, 71.70.Ej, 78.70.Dm

Novel electronic ground states can often result from the
interplay of many competing energy scales. In magnetic ma-
terials containing heavy transition metals such as iridium, the
combination of electronic correlations and spin-orbit coupling
(SOC) can give rise to exotic topological phases [1–11]. For
example, when a 4d5 or 5d5 ion is subject to an octahedral
crystal field environment, SOC mixes the wave functions of
the triply degenerate t2g electronic states and the low-energy
magnetic degrees of freedom are described by spin-orbital
mixed Kramers doublets, termed Jeff states [6,7,12]. One of
many interesting consequences of Jeff states in real materials
is the presence of an unusual bond-dependent exchange term
called the Kitaev interaction. This bond-dependent magnetic
interaction is fundamentally different from the usual isotropic
or anisotropic Heisenberg interaction, since frustration is
naturally present on a single site. This allows unconventional
quantum ground states, such as spin liquids, to emerge
even in the absence of geometrical frustration [1,7]. Such a
bond-dependent interaction is an important ingredient for the
quantum compass model, which is relevant in various physical
contexts ranging from ultracold atomic gases to topological
quantum computing [13].

Experimentally, current efforts are mostly directed towards
studying the 5dA2IrO3 (A = Na or Li) compounds where IrO6
octahedra share edges to form a honeycomb network [14–20].
The edge-sharing geometry suppresses isotropic Heisenberg
interactions, while Kitaev interactions are believed to be
substantial [6,7]. However, due to monoclinic and trigonal
distortions, the applicability of the localized Jeff picture to
these compounds is still controversial [21,22]. Materials with
4d electrons have not drawn much attention due to their
smaller SOC compared to 5d systems. However, even if the
absolute value of SOC in 4d systems is smaller than that of 5d
elements, the Jeff state may still be realized as long as the t2g

states remain degenerate in the absence of SOC [23]. α-RuCl3
is an insulating 4d transition-metal halide with honeycomb
layers composed of nearly ideal edge-sharing RuCl6 octahedra,

*yjkim@physics.utoronto.ca

and therefore an excellent candidate material in which bond-
dependent Kitaev interactions may be found. In addition,
single crystal samples are extremely micaceous, similar to
graphite, and can potentially be used to produce a truly
two-dimensional quantum magnet. While earlier transport
measurements have implicated α-RuCl3 to be a conventional
semiconductor [24], subsequent spectroscopic investigations
suggest that it may be a Mott insulator [25]. However, a
systematic examination of the role of SOC in the electronic
structure of α-RuCl3 has not been conducted until now.

In this Rapid Communication, we show that the insulat-
ing state in α-RuCl3 arises from the combined effects of
electronic correlations and strong SOC. Our x-ray absorption
spectroscopy (XAS) data directly indicates that substantial
SOC of Ru is present in α-RuCl3. In order to probe the detailed
electronic structure, we have carried out optical spectroscopy
measurements. The origins of the optical gap in α-RuCl3
are elucidated by our band structure calculations. We find
that while strong electronic correlations are necessary to
describe this material, SOC is essential to account for the
magnitude of the optical gap. Taken as a whole, our results
indicate that α-RuCl3 is best described as a spin-orbit assisted
Mott insulator and strong SOC effects must be considered to
understand this material.

The crystal structure of α-RuCl3 is shown in Fig. 1.
Edge-sharing RuCl6 octahedra form a honeycomb network
in the a-b plane and the weakly coupled honeycomb layers are
stacked along the c direction to form a CrCl3-type structure
P 3112 [27]. As shown in Fig. 1(c), the Cl-Ru-Cl angles
are all within 1◦ of 90◦ and the Ru-Cl bond lengths are
within 0.3% of one another. Thus, the RuCl6 octahedron in
this compound is very close to ideal. In fact, the absence
of appreciable electric quadrupole interactions from the 99Ru
Mössbauer spectroscopy study was interpreted to result from
the highly symmetric octahedral configuration of the ligand
Cl ions [28]. This structural detail is quite important since
such an ideal octahedral environment will leave the t2g states
degenerate in the absence of SOC. In contrast, Na2IrO3 has an
O-Ir-O bond angle of about 85◦ [17,18]. Another important
structural difference between Na2IrO3 and α-RuCl3 is the lack
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FIG. 1. (Color online) (a) The crystal structure of α-RuCl3, ex-
hibiting lamellar nature of the unit cell. (b) Individual honeycomb
layers are formed by edge-sharing RuCl6 octahedra (Ru in blue, Cl
in gray). (c) Detailed view of RuCl6 octahedra showing bond angles.
All the figures were produced with VESTA [26].

of intervening Na atoms between the honeycomb layers in
the latter compound, such that α-RuCl3 is closer to an ideal
two-dimensional system.

Single crystal samples of α-RuCl3 were prepared by
vacuum sublimation from commercial RuCl3 powder. The
dielectric function ϵ̂(ω) = ϵ1(ω) + ϵ2(ω) of RuCl3 was mea-
sured from 0.1 to 6 eV; for the range 0.9–6 eV, ϵ̂(ω)
was determined using spectroscopic ellipsometry. From 0.1
to 1.2 eV, we measured the transmittance through a thin
RuCl3 sample and extracted ϵ̂(ω) using a standard model for
the transmittance of a plate sample [29]. X-ray absorption
spectroscopy measurements were performed using the soft
x-ray microcharacterization beamline (SXRMB) at the Cana-
dian Light Source. Measurements were carried out at the Ru
L3 (2p3/2 → 4d) and L2 (2p1/2 → 4d) absorption edges [30].

Physical properties of α-RuCl3 have been extensively
investigated. The magnetic susceptibility of α-RuCl3 shows
a sharp cusp around 13–15 K, which was attributed to
antiferromagnetic ordering [31]; and a Curie-Weiss fit yields
an effective local moment of about 2.2µB and ferromagnetic
Curie-Weiss temperatures of 23–40 K [28,31]. The effective
magnetic moment is much larger than the spin-only value of
1.73µB for the low spin (S = 1/2) state of Ru3+, indicating
a significant orbital contribution to total moment. Based on
these observations, it was suggested that the nearest-neighbor
interaction within the honeycomb plane is ferromagnetic and
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x-ray absorption spectra obtained at the Ru L2 and L3 edges
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FIG. 2. (Color online) (a) X-ray absorption near-edge spectra of
RuCl3 measured at the Ru L3 edge. The black solid line is the
experimental data, and the red solid line is a fit function that includes
two Lorentzian peaks associated with t2g and eg states and an arctan
function describing the edge jump. (b) Same spectra showing the
energy range of the Ru L2 edge. The scale is exactly half of the one
shown in (a), emphasizing the departure from the statistical branching
ratio of 2. (c) Comparison of the branching ratio with various Ru
standard compounds, ranging from Ru2+ (RuCl2), Ru3+ (RuI3), to
Ru4+ (RuO2). Note that RuCl3 (hydrate) has a structure different
from α-RuCl3 studied here.

are shown in Fig. 2. Two peaks are observed for the L3
edge data shown in Fig. 2(a), corresponding to exciting 2p3/2
core electrons into empty t2g and eg states. The intensity
ratio between these two features is related to the fact that
there is only one empty t2g state available for the transition
compared to four empty eg states. A quantitative description
of the intensity and the peak splitting requires ligand field
multiplet calculations and is beyond the scope of this Rapid
Communication. Here we instead focus on the different line
shapes observed near the Ru L2edge compared to that of the L3
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FIG. 1: (Color online) (a) A schematic view of the local level
structure: the t2g level is split into three sets of Kramers
doublets by a tetragonal crystal field ∆cf and a spin-orbit
coupling λ. (b) Density profile of an electron in the ground
state doublet. The chirality of the isospin up wave-function,
associated with the gradient of its phase, is shown by small
arrows. The electron spin S⃗ and its angular momentum L⃗ are
coupled antiparallel to each other.

within a doublet by isospin index ↑̃ and ↓̃ (sz = ± 1
2 ),

while the two doublets are denoted by pseudoorbital in-
dex ± (σz = ±1). The wave functions of the ground
state doublet, σz = +1, are

|↑̃⟩+ = | + 1, ↑⟩ , |↓̃⟩+ = |− 1, ↓⟩ . (1)

The corresponding electron density profile has an axial
shape, and the two Kramers partners, apart from the
direction of an electron spin, are distinguished by a chi-
rality associated with the gradient of their phases deter-
mined by orbital angular momentum [see Fig. 1(b)].

The first excited level, located at an energy δ, has the
following eigenstates:

|↑̃⟩− = sin θ|− 1, ↑⟩+ cos θ|0, ↓⟩ ,

|↓̃⟩− = sin θ| + 1, ↓⟩+ cos θ|0, ↑⟩ , (2)

where tan 2θ = 2
√

2λ/(λ − 2∆cf) and δ = λ + 1
4 (2∆cf −

λ)(1/ cos 2θ + 1). In the limit ∆cf ≫ λ of interest here,
2θ ∼ π and δ ∼ λ.

We now discuss the interactions between neighboring
levels. The low-energy Hamiltonian is obtained by pro-
jecting the corresponding spin-orbital model onto the
reduced Hilbert space spanned by the two low energy
Kramers doublets (1) and (2). We first consider the dom-
inant part of the Hamiltonian and discuss later the effects
of a smaller contribution due to Hund’s coupling. We find

H = J
∑

⟨ij⟩

(s⃗i · s⃗j +
1

4
)(1 ± σx

i )(1 ± σx
j ) −

δ

2

∑

i

σz
i , (3)

where the first term describes the exchange coupling be-
tween the neighboring states, the SU(2) isospin degrees
of freedom are represented by s⃗i, and Pauli matrices σ⃗i

denote pseudoorbitals, referred to as simply orbitals from
now on (not to be confused with original t2g orbitals).
The upper (lower) sign is taken for a bond along a(b)
direction, J = t2/U , t is a transfer integral and U stands
for the Coulomb repulsion. The local level splitting δ be-
tween two Kramers doublets is given by the second term.

The ground state.– We start our analysis of the effec-
tive Hamiltonian with its ground state properties. The
isospin exchange interaction between neighboring sites
depends on their orbital occupations. However, as the
orbital part of the interaction is a non-negative operator
(see the first term in H), the isospin exchange is either
antiferromagnetic or equal to zero. This suggests that in
the classical limit, ⟨s⃗is⃗j⟩ = − 1

4 , the expectation value of
the first term in the Hamiltonian vanishes and all orbital
configurations are degenerate. This extensive classical
degeneracy, inherent for the coupled spin-orbital systems
[10], is lifted here by the second term of the Hamiltonian
[11]. The uniform order of the low energy doublets and
antiferromagnetic order of isospins are stabilized.

While the ground state in terms of staggered order of
isospins may, at a first glance, look conventional, its phys-
ical properties are in fact very unusual and depend on
the spatial orientation of the order parameter m⃗ ≡ ⟨2s⃗Q⟩
(Q = (π, π) is the ordering wave vector). To illustrate
this, we express the isospin operators s⃗ in terms of the
physical spin S⃗ and angular momentum l⃗, and find

sx(y) = Sx(y)[(lx)2 − (ly)2)] , sz = Sz . (4)

The in-plane components of isospins are represented by
a composite object, which is, remarkably enough, a spin-
orbital analog of a magnetic octupole. While the axial
component is equivalent to the physical spin. In-plane
ordering of isospins (m⃗ ⊥ z) corresponds to a staggered
order of magnetic octupoles, while axial one (m⃗ ∥ z) to
a magnetic dipolar order. In the former case, the local
expectation values of both spin and angular moments are
exactly zero: ⟨S⃗i⟩ = ⟨⃗li⟩ = 0. This can be explicitly veri-
fied using the wave functions of the ground state doublet
Eq. (1): the in-plane g-factor of this doublet exactly van-
ishes, gab = 0. In the case of a dipolar order, m⃗ ∥ z, we
find again somewhat unusual physical picture: the value
of ordered magnetic moments, seen, for example, by neu-
trons, is strongly suppressed, ⟨Mz⟩ = 1−κ ≪ 1, because
of compensation between spin and orbital magnetic mo-
ments. In the absence of covalency, i.e. κ = 1, ⟨M⟩ and
gc = 2(1 − κ) are exactly zero.

The effective Hamiltonian Eq. (3), with isospin ro-
tational symmetry, cannot select a direction of the or-
der parameter m⃗: The latter can be rotated from a
purely dipolar character to a purely octupolar one at
no energy cost. In other words, a Goldstone mode de-
scribing the out-of-plane rotation of isospins corresponds
physically to fluctuations between dipolar and octupo-
lar orderings. However, the SU(2) isospin symmetry is
only approximate and is broken by Hund’s coupling JH

[12], neglected so far. Finite JH induces the anisotropy
term, which in the present case is of easy-plane form
Hα(i, j) = −αJsz

i s
z
j , with α = 2JH/U ≪ 1. It con-

fines the isospins in the plane and selects the staggered
octupolar order. Thus, both ⟨S⃗i⟩ and ⟨L⃗i⟩ are exactly
zero on every site. This is a remarkable, highly unusual
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In order to elucidate the magnetic ground state of Sr2VO4, we have measured muon spin rotation and relaxation
(µ+SR) spectra of a powder sample in the temperature range between 1.8 and 140 K. As a result, we have clarified
that the transition at 105 K is not magnetic but structural and/or electric in origin and found the appearance of
static antiferromagnetic (AF) order below 8 K. Moreover, the distribution of the internal AF field was found to
be very broad, even at the lowest temperature measured. These results are consistent with the formation of an
orbital-stripe order with collinear AF order for the magnetic ground state of Sr2VO4.
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Tetragonal Sr2VO4 with a K2NiF4-type structure has been
considered as an analog of a parent compound of the first
superconducting cuprate, i.e., La2CuO4, since the electron
configuration of the V4+ ion is t1

2g with S = 1/2 in a
tetragonal crystal field of a VO6 octahedron [1–7]. Although
susceptibility (χm) measurements clearly show a magnetic
anomaly at 105 K (=Tc) [6], a past neutron diffraction study
reported the absence of magnetic peaks even at 5 K [2]. Since
x-ray diffraction studies revealed a sudden enhancement of the
c/a ratio below Tc [6], it was proposed that an orbital-ordering
transition occurs at Tc. In fact, first principles calculations
predicted an antiferromagnetic (AF) and orbital-ordered state
with a nontrivial and large unit cell structure in the ground state,
because of the coexistence and competition of ferromagnetic
and AF exchange interactions [8,9].

Recently, a more exciting possibility was proposed, namely,
that a hidden magnetic order is induced by spin-orbit coupling
for a t1

2g electron system [10]. Such work also predicted an
unconventional magnetic octupolar ordering at low T for
Sr2VO4. Furthermore, alternating spin-orbital order in the ab
plane was proposed by considering the effects of spin-orbit
coupling, crystal field, and superexchange on the energy levels
of the V4+ ions [11].

Despite the above attractive predictions, there are few
reports on Sr2VO4 utilizing microscopic magnetic techniques
[12]. Macroscopic magnetic measurements such as χm and
neutron scattering usually give us significant insight into the
ground state of magnetically ordered solids. However, such
techniques are sometimes not suitable, particularly for the
materials exhibiting order with a broad field distribution,
i.e., when short-range order, random, or nearly random order
appears in a material, due to the absence of periodic structure
and/or the presence of rapid fluctuations. In contrast, the muon
spin rotation and relaxation (µ+SR) technique is very sensitive

*e0589@mosk.tytlabs.co.jp

to local magnetic environments with a different time window
compared to neutron scattering; thus µ+SR has provided
crucial information on the magnetic ground state of materials
[13,14]. We have therefore performed a µ+SR experiment on
Sr2VO4 and found the appearance of magnetic order not below
Tc but below 8 K.

A powder sample of Sr2VO4 was prepared from a precur-
sor orthorhombic β-Sr2VO4 [15], which was made from a
stoichiometric mixture of SrO, V2O3, and V2O5 by a solid
state reaction at 1400 ◦C in an Ar gas flow for 12 h. SrO was
obtained by thermal decomposition of SrCO3 at 1100 ◦C for
12 h under vacuum, and V2O3 was prepared from V2O5 by
reduction in an H2 gas flow at 600 ◦C for 4 h, and then at
800 ◦C for 2 h. The obtained precursor was sealed in an Au
capsule and then heated at 1300 ◦C under 4 GPa.

Powder x-ray diffraction (XRD) analyses revealed that
the obtained sample was almost single phase of a K2NiF4-
type structure with I4/mmm space group [2]. Sr3V2O8 was
present in the sample at a level below 2%. This suggests
that the average valence of the V ion in the whole sample
is above 4+, implying the absence of oxygen deficiencies
in Sr2VO4. χm (=M/H , where M is magnetization) was
measured below 400 K under a H ! 10 kOe field with
a superconducting quantum interference device (SQUID)
magnetometer. (See Fig. 1.) A Curie-Weiss fit in the T range
between 110 and 320 K provided the T -independent term
[χ0 = 0.000 07(2) emu/mol], Weiss T [#CW = −28(4) K],
and effective magnetic moment [µeff = 1.36(2)µB]. These
values are consistent with the literature [1–5]. The µ+SR
time spectra were measured at TRIUMF in Canada in the
T range between 1.8 and 140 K. The experimental techniques
are described in more detail elsewhere [13].

Figures 2(a) and 2(b) show the zero field (ZF) and
longitudinal field (LF) µ+SR spectra at 1.8 K. Here LF
means the field is parallel to the initial muon spin polarization
(S⃗µ). The ZF spectrum exhibits rapid damping with a first
minimum at t ∼ 0.25 µs, indicating the presence of a broad

1098-0121/2014/89(2)/020402(4) 020402-1 ©2014 American Physical Society
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measured below 400 K under a H ! 10 kOe field with
a superconducting quantum interference device (SQUID)
magnetometer. (See Fig. 1.) A Curie-Weiss fit in the T range
between 110 and 320 K provided the T -independent term
[χ0 = 0.000 07(2) emu/mol], Weiss T [#CW = −28(4) K],
and effective magnetic moment [µeff = 1.36(2)µB]. These
values are consistent with the literature [1–5]. The µ+SR
time spectra were measured at TRIUMF in Canada in the
T range between 1.8 and 140 K. The experimental techniques
are described in more detail elsewhere [13].

Figures 2(a) and 2(b) show the zero field (ZF) and
longitudinal field (LF) µ+SR spectra at 1.8 K. Here LF
means the field is parallel to the initial muon spin polarization
(S⃗µ). The ZF spectrum exhibits rapid damping with a first
minimum at t ∼ 0.25 µs, indicating the presence of a broad
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that the transition at 105 K is not magnetic but structural and/or electric in origin and found the appearance of
static antiferromagnetic (AF) order below 8 K. Moreover, the distribution of the internal AF field was found to
be very broad, even at the lowest temperature measured. These results are consistent with the formation of an
orbital-stripe order with collinear AF order for the magnetic ground state of Sr2VO4.
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Tetragonal Sr2VO4 with a K2NiF4-type structure has been
considered as an analog of a parent compound of the first
superconducting cuprate, i.e., La2CuO4, since the electron
configuration of the V4+ ion is t1

2g with S = 1/2 in a
tetragonal crystal field of a VO6 octahedron [1–7]. Although
susceptibility (χm) measurements clearly show a magnetic
anomaly at 105 K (=Tc) [6], a past neutron diffraction study
reported the absence of magnetic peaks even at 5 K [2]. Since
x-ray diffraction studies revealed a sudden enhancement of the
c/a ratio below Tc [6], it was proposed that an orbital-ordering
transition occurs at Tc. In fact, first principles calculations
predicted an antiferromagnetic (AF) and orbital-ordered state
with a nontrivial and large unit cell structure in the ground state,
because of the coexistence and competition of ferromagnetic
and AF exchange interactions [8,9].

Recently, a more exciting possibility was proposed, namely,
that a hidden magnetic order is induced by spin-orbit coupling
for a t1

2g electron system [10]. Such work also predicted an
unconventional magnetic octupolar ordering at low T for
Sr2VO4. Furthermore, alternating spin-orbital order in the ab
plane was proposed by considering the effects of spin-orbit
coupling, crystal field, and superexchange on the energy levels
of the V4+ ions [11].

Despite the above attractive predictions, there are few
reports on Sr2VO4 utilizing microscopic magnetic techniques
[12]. Macroscopic magnetic measurements such as χm and
neutron scattering usually give us significant insight into the
ground state of magnetically ordered solids. However, such
techniques are sometimes not suitable, particularly for the
materials exhibiting order with a broad field distribution,
i.e., when short-range order, random, or nearly random order
appears in a material, due to the absence of periodic structure
and/or the presence of rapid fluctuations. In contrast, the muon
spin rotation and relaxation (µ+SR) technique is very sensitive
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to local magnetic environments with a different time window
compared to neutron scattering; thus µ+SR has provided
crucial information on the magnetic ground state of materials
[13,14]. We have therefore performed a µ+SR experiment on
Sr2VO4 and found the appearance of magnetic order not below
Tc but below 8 K.

A powder sample of Sr2VO4 was prepared from a precur-
sor orthorhombic β-Sr2VO4 [15], which was made from a
stoichiometric mixture of SrO, V2O3, and V2O5 by a solid
state reaction at 1400 ◦C in an Ar gas flow for 12 h. SrO was
obtained by thermal decomposition of SrCO3 at 1100 ◦C for
12 h under vacuum, and V2O3 was prepared from V2O5 by
reduction in an H2 gas flow at 600 ◦C for 4 h, and then at
800 ◦C for 2 h. The obtained precursor was sealed in an Au
capsule and then heated at 1300 ◦C under 4 GPa.

Powder x-ray diffraction (XRD) analyses revealed that
the obtained sample was almost single phase of a K2NiF4-
type structure with I4/mmm space group [2]. Sr3V2O8 was
present in the sample at a level below 2%. This suggests
that the average valence of the V ion in the whole sample
is above 4+, implying the absence of oxygen deficiencies
in Sr2VO4. χm (=M/H , where M is magnetization) was
measured below 400 K under a H ! 10 kOe field with
a superconducting quantum interference device (SQUID)
magnetometer. (See Fig. 1.) A Curie-Weiss fit in the T range
between 110 and 320 K provided the T -independent term
[χ0 = 0.000 07(2) emu/mol], Weiss T [#CW = −28(4) K],
and effective magnetic moment [µeff = 1.36(2)µB]. These
values are consistent with the literature [1–5]. The µ+SR
time spectra were measured at TRIUMF in Canada in the
T range between 1.8 and 140 K. The experimental techniques
are described in more detail elsewhere [13].

Figures 2(a) and 2(b) show the zero field (ZF) and
longitudinal field (LF) µ+SR spectra at 1.8 K. Here LF
means the field is parallel to the initial muon spin polarization
(S⃗µ). The ZF spectrum exhibits rapid damping with a first
minimum at t ∼ 0.25 µs, indicating the presence of a broad
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(µ+SR) spectra of a powder sample in the temperature range between 1.8 and 140 K. As a result, we have clarified
that the transition at 105 K is not magnetic but structural and/or electric in origin and found the appearance of
static antiferromagnetic (AF) order below 8 K. Moreover, the distribution of the internal AF field was found to
be very broad, even at the lowest temperature measured. These results are consistent with the formation of an
orbital-stripe order with collinear AF order for the magnetic ground state of Sr2VO4.
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Tetragonal Sr2VO4 with a K2NiF4-type structure has been
considered as an analog of a parent compound of the first
superconducting cuprate, i.e., La2CuO4, since the electron
configuration of the V4+ ion is t1

2g with S = 1/2 in a
tetragonal crystal field of a VO6 octahedron [1–7]. Although
susceptibility (χm) measurements clearly show a magnetic
anomaly at 105 K (=Tc) [6], a past neutron diffraction study
reported the absence of magnetic peaks even at 5 K [2]. Since
x-ray diffraction studies revealed a sudden enhancement of the
c/a ratio below Tc [6], it was proposed that an orbital-ordering
transition occurs at Tc. In fact, first principles calculations
predicted an antiferromagnetic (AF) and orbital-ordered state
with a nontrivial and large unit cell structure in the ground state,
because of the coexistence and competition of ferromagnetic
and AF exchange interactions [8,9].

Recently, a more exciting possibility was proposed, namely,
that a hidden magnetic order is induced by spin-orbit coupling
for a t1

2g electron system [10]. Such work also predicted an
unconventional magnetic octupolar ordering at low T for
Sr2VO4. Furthermore, alternating spin-orbital order in the ab
plane was proposed by considering the effects of spin-orbit
coupling, crystal field, and superexchange on the energy levels
of the V4+ ions [11].

Despite the above attractive predictions, there are few
reports on Sr2VO4 utilizing microscopic magnetic techniques
[12]. Macroscopic magnetic measurements such as χm and
neutron scattering usually give us significant insight into the
ground state of magnetically ordered solids. However, such
techniques are sometimes not suitable, particularly for the
materials exhibiting order with a broad field distribution,
i.e., when short-range order, random, or nearly random order
appears in a material, due to the absence of periodic structure
and/or the presence of rapid fluctuations. In contrast, the muon
spin rotation and relaxation (µ+SR) technique is very sensitive
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to local magnetic environments with a different time window
compared to neutron scattering; thus µ+SR has provided
crucial information on the magnetic ground state of materials
[13,14]. We have therefore performed a µ+SR experiment on
Sr2VO4 and found the appearance of magnetic order not below
Tc but below 8 K.

A powder sample of Sr2VO4 was prepared from a precur-
sor orthorhombic β-Sr2VO4 [15], which was made from a
stoichiometric mixture of SrO, V2O3, and V2O5 by a solid
state reaction at 1400 ◦C in an Ar gas flow for 12 h. SrO was
obtained by thermal decomposition of SrCO3 at 1100 ◦C for
12 h under vacuum, and V2O3 was prepared from V2O5 by
reduction in an H2 gas flow at 600 ◦C for 4 h, and then at
800 ◦C for 2 h. The obtained precursor was sealed in an Au
capsule and then heated at 1300 ◦C under 4 GPa.

Powder x-ray diffraction (XRD) analyses revealed that
the obtained sample was almost single phase of a K2NiF4-
type structure with I4/mmm space group [2]. Sr3V2O8 was
present in the sample at a level below 2%. This suggests
that the average valence of the V ion in the whole sample
is above 4+, implying the absence of oxygen deficiencies
in Sr2VO4. χm (=M/H , where M is magnetization) was
measured below 400 K under a H ! 10 kOe field with
a superconducting quantum interference device (SQUID)
magnetometer. (See Fig. 1.) A Curie-Weiss fit in the T range
between 110 and 320 K provided the T -independent term
[χ0 = 0.000 07(2) emu/mol], Weiss T [#CW = −28(4) K],
and effective magnetic moment [µeff = 1.36(2)µB]. These
values are consistent with the literature [1–5]. The µ+SR
time spectra were measured at TRIUMF in Canada in the
T range between 1.8 and 140 K. The experimental techniques
are described in more detail elsewhere [13].

Figures 2(a) and 2(b) show the zero field (ZF) and
longitudinal field (LF) µ+SR spectra at 1.8 K. Here LF
means the field is parallel to the initial muon spin polarization
(S⃗µ). The ZF spectrum exhibits rapid damping with a first
minimum at t ∼ 0.25 µs, indicating the presence of a broad
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FIG. 1. (Color online) T dependence of (a) susceptibility
(χm = M/H ) and (b) 1/χm for Sr2VO4. The χm data were obtained
in field cooling (FC) mode with H = 10 kOe. In (b), the red
solid line represents a Curie-Weiss fit in the T range between 110
and 320 K.

distribution of internal fields (Hint). Since the LF clearly
decouples the damping, the ZF and LF spectra are likely to
be fitted by a dynamic Gaussian Kubo-Toyabe function (GKT)
due to random Hint’s at the muon sites [16]. However, two
additional exponentially relaxing signals are required in order
to reproduce the spectra, that is,

A0 P (t) = AKTGKT(",νfluct,t,HLF) + AFe
−λFt + ASe

−λSt ,

(1)

where A0 is the initial asymmetry, P (t) is the muon spin
depolarization function, AKT, AF, and AS are the asymmetries
associated with the three signals, GKT(",0,t,0) = 1/3 +
2/3(1 − "2t2) exp(−"2t2/2), " is the field distribution width
at the muon site, νfluct is the fluctuation rate of the local
fields responsible for GKT, and λF and λS are the exponential
relaxation rates.

A global fit for the spectra at 1.8 K [see Fig. 2(a)], in which
we used common parameters in Eq. (1) for the ZF and two-LF
spectra, yielded AKT = 0.096(3) with " = 7.8(2) µs−1 and
νfluct = 0.41(2) µs−1, AF = 0.081(7) with λF = 20(2) µs−1,
and AS = 0.036(5) with λS = 3.2(5) µs−1. This implies the
presence of three different muon sites in the lattice, whereas
there is only one muon site in the isostructural compound
La2CuO4 [17]. Also, since νfluct ≪ ", Hint at the site responsi-
ble for the AKT signal is almost static, while those for the other
two sites are dynamic even at 1.8 K. This is an inconsistent
situation, even though the three sites are crystallographically
equivalent, but magnetically nonequivalent.

In order to obtain acceptable results for a single muon site,
the ZF spectra were finally fitted by a combination of an
exponentially relaxing cosine oscillation for the quasistatic
internal field and an exponentially relaxing nonoscillatory
signal for the “1/3 tail” signal caused by fluctuations in the
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FIG. 2. (Color online) The ZF and LF µ+SR spectrum in Sr2VO4

obtained at 1.8 K (a) in an early time domain and (b) in the whole
time domain measured; (c) the variation of the ZF µ+SR spectrum
with T . Solid green lines in (a) and (b) represent the fit result using
Eq. (1) and its analog for LF, while solid black and red lines in (b)
and (c) represent that using Eq. (2). In (b), the µ+SR spectra and fit
result using Eq. (1) are shifted by 0.1 for clarity of display. Since the
fit was performed to minimize χ 2, reduced χ 2 (=χ 2/N ) for the data
at 1.8 K is shown for comparison, where N is degree of freedom.

field component parallel to S⃗µ:

A0 PZF(t) = AAFe
−λAFt cos

(
ω

µ
AFt

)
+ Ataile

−λtailt , (2)

where fAF (≡ω
µ
AF/2π ) is the muon Larmor frequency cor-

responding to the AF quasistatic Hint, AAF and Atail are the
asymmetries of the two signals, and λAF and λtail are their
exponential relaxation rates. Moreover, A0 = 0.226 (=AAF +
Atail), which is the full asymmetry, is fixed in the whole T
range below 25 K, based on weak transverse field (WTF)
data at 80 K. Here we should note again that both equations
represent the same physical description, i.e., the presence of
quasistatic Hint with broad distributions.

Figure 3 shows the T dependences of the µ+SR parameters
together with χm measured at H = 10 and 100 Oe. We also plot
the WTF asymmetry (ATF), which monitors the nonmagnetic
volume fraction in the sample, as described later. As T
increases from the lowest T measured (1.8 K), AAF is almost
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field cooling (ZFC) mode with H = 10 and 100 Oe. The WTF data
is the same to that in Fig. 4.

T independent (AAF ∼ 0.18) until 8 K, and then suddenly
drops to ∼0.02 and becomes T independent again until 25 K.
Meanwhile, as T decreases from 25 K, ATF is roughly T
independent above 9 K, and then rapidly decreases down to
∼0 below 9 K. The AAF(T ) and ATF(T ) curves suggest that
TN = 9.2 K, at which AAF/A0 = ATF/A0 ∼ 0.5.

On the contrary, as T increases from 1.8 K, fAF decreases
with increasing slope dfAF/dT and disappears at ∼8 K.
Although TN = 9.2 K by the asymmetry data, the oscillatory
signal, which indicates the formation of static long-range
magnetic order, disappears above 8 K due to the large
relaxation of a signal below the vicinity of TN.

The two relaxation rates (λAF and λtail) exhibit a T
dependence similar to that for fAF below TN. In fact, the ratio
λtail/λAF is also T independent below TN, confirming the same
origin for the two signals. Although Atail is only ∼22% of
A0, such T dependence of λtail is reasonable for the “1/3 tail”
signal. The smaller Atail is probably due to the coexistence of a
spin-glass-like phase, which provides no “1/3 tail” signal. By
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FIG. 4. (Color online) T dependences of (a) the two asymme-
tries, ATF and AM, their exponential relaxation rates (b) λAF and
(c) λM, and (d) χm (=M/H ) for Sr2VO4. The data in (a)–(c) were
obtained by fitting WTF µ+SR spectra using Eq. (3). In (a)–(c), the
ZF µ+SR parameters, AAF, Atail, λtail, and λAF, are also plotted for
comparison.

contrast, the ratio fAF/λAF, which corresponds to the inverse
of the field distribution normalized to Hint, decreases with T
and approaches zero at TN, as expected. We wish to emphasize
that, since λAF/ωAF ∼ 1 even at 1.8 K, the magnetic order
in Sr2VO4 is different from a usual long-range AF order, for
which λAF/ωAF ≪ 1.

Such a broad field distribution is more likely to support
orbital-stripe order and collinear AF spin order [8,9] rather
than alternating spin-orbital order [11]. This is because, even
for the single muon site in the lattice, dipole field calculations
showed that there are several Hint’s in the former case, while
only one well defined Hint would be expected in the latter case.

Finally, the χm(T ) curve obtained with H = 10 Oe indi-
cates a clear increase below TN, in addition to the remarkable
anomaly around 105 K. The present work clearly demonstrates
that the bulk magnetic transition does not occur at 105 K but
at 9.2 K for Sr2VO4.

In order to study the change in local magnetic environments
at Tc = 105 K, Fig. 4 shows the T dependences of the fitted
µ+SR parameters obtained from WTF measurements with
HTF = 30 Oe, together with the ZF µ+SR parameters. Here,
WTF means that H⃗TF ⊥ S⃗µ and |HTF| ≪ |Hint|. The WTF
spectra were fitted by

A0 PTF(t) = ATF cos(ωTFt + φ)e−λTFt + AMe−λMt , (3)

where ATF and AM are the asymmetries for the oscillatory
signal due to applied WTF and the nonoscillatory relaxing
signal caused by localized magnetic moments.
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FIG. 1. (Color online) T dependence of (a) susceptibility
(χm = M/H ) and (b) 1/χm for Sr2VO4. The χm data were obtained
in field cooling (FC) mode with H = 10 kOe. In (b), the red
solid line represents a Curie-Weiss fit in the T range between 110
and 320 K.

distribution of internal fields (Hint). Since the LF clearly
decouples the damping, the ZF and LF spectra are likely to
be fitted by a dynamic Gaussian Kubo-Toyabe function (GKT)
due to random Hint’s at the muon sites [16]. However, two
additional exponentially relaxing signals are required in order
to reproduce the spectra, that is,

A0 P (t) = AKTGKT(",νfluct,t,HLF) + AFe
−λFt + ASe

−λSt ,

(1)

where A0 is the initial asymmetry, P (t) is the muon spin
depolarization function, AKT, AF, and AS are the asymmetries
associated with the three signals, GKT(",0,t,0) = 1/3 +
2/3(1 − "2t2) exp(−"2t2/2), " is the field distribution width
at the muon site, νfluct is the fluctuation rate of the local
fields responsible for GKT, and λF and λS are the exponential
relaxation rates.

A global fit for the spectra at 1.8 K [see Fig. 2(a)], in which
we used common parameters in Eq. (1) for the ZF and two-LF
spectra, yielded AKT = 0.096(3) with " = 7.8(2) µs−1 and
νfluct = 0.41(2) µs−1, AF = 0.081(7) with λF = 20(2) µs−1,
and AS = 0.036(5) with λS = 3.2(5) µs−1. This implies the
presence of three different muon sites in the lattice, whereas
there is only one muon site in the isostructural compound
La2CuO4 [17]. Also, since νfluct ≪ ", Hint at the site responsi-
ble for the AKT signal is almost static, while those for the other
two sites are dynamic even at 1.8 K. This is an inconsistent
situation, even though the three sites are crystallographically
equivalent, but magnetically nonequivalent.

In order to obtain acceptable results for a single muon site,
the ZF spectra were finally fitted by a combination of an
exponentially relaxing cosine oscillation for the quasistatic
internal field and an exponentially relaxing nonoscillatory
signal for the “1/3 tail” signal caused by fluctuations in the
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FIG. 2. (Color online) The ZF and LF µ+SR spectrum in Sr2VO4

obtained at 1.8 K (a) in an early time domain and (b) in the whole
time domain measured; (c) the variation of the ZF µ+SR spectrum
with T . Solid green lines in (a) and (b) represent the fit result using
Eq. (1) and its analog for LF, while solid black and red lines in (b)
and (c) represent that using Eq. (2). In (b), the µ+SR spectra and fit
result using Eq. (1) are shifted by 0.1 for clarity of display. Since the
fit was performed to minimize χ 2, reduced χ 2 (=χ 2/N ) for the data
at 1.8 K is shown for comparison, where N is degree of freedom.

field component parallel to S⃗µ:

A0 PZF(t) = AAFe
−λAFt cos

(
ω

µ
AFt

)
+ Ataile

−λtailt , (2)

where fAF (≡ω
µ
AF/2π ) is the muon Larmor frequency cor-

responding to the AF quasistatic Hint, AAF and Atail are the
asymmetries of the two signals, and λAF and λtail are their
exponential relaxation rates. Moreover, A0 = 0.226 (=AAF +
Atail), which is the full asymmetry, is fixed in the whole T
range below 25 K, based on weak transverse field (WTF)
data at 80 K. Here we should note again that both equations
represent the same physical description, i.e., the presence of
quasistatic Hint with broad distributions.

Figure 3 shows the T dependences of the µ+SR parameters
together with χm measured at H = 10 and 100 Oe. We also plot
the WTF asymmetry (ATF), which monitors the nonmagnetic
volume fraction in the sample, as described later. As T
increases from the lowest T measured (1.8 K), AAF is almost
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Optimistic Outlook 

« IL EST BON DE SAVOIR QUE L'UTOPIE N'EST JAMAIS 
RIEN D'AUTRE QUE LA RÉALITÉ DE DEMAIN ET QUE LA 
RÉALITÉ D'AUJOURD'HUI ÉTAIT L'UTOPIE D'HIER »	



                                                                 LE CORBUSIER



Susceptibly of Zigzag phase



Local Electronic Structure  	


 

d1
xy

xzyz
SO int.

        Tetragonal Field:   Low energy quadruplet remains active	


        Spin-orbit:   Quadruplet is split into Kramers doublets 

σz=+1,S=1/2

σz= -1,S=1/2



Exact Diagonalization Results  



Exact Diagonalization Results  



Dimer manifold & Valence bond crystal	


 

Extensively  degenerate GS manifold: 	


hard-core dimer coverings of square lattice

Spin-singlet on dimer bonds: Spin gap =

Order-out-of-disorder by triplet fluctuations:	


 Maximize number of closed graphs

GJ & D.Ivanov, PRB ‘07

 S=1

S=0
Δ



          Dimensionality reduction due to orbitals: 	


          Fragmentation in clusters of open/closed 1D AFM chains

           Classical  Neel state (sisj+1/4=0) has zero energy

Shortest chains(=dimers) are favorable -> gain more quantum energy

XZ
σ x=+1

YZ

σ x=  1
y

x

GJ & D.Ivanov, PRB ‘07



Finite temperature transition in:Sr2VO4	


!

 
The first order phase transition induced by an interplay  
     between inter- and intra-doublet excitations. 

 Isospin order parameter  and exchange 	


        energy  jump at the transition	


!
 	


!
 Pronounced magnetoelastic effects explain	


an abrupt in-plane contraction of the crystal.	


!
Jahn-Teller coupling acts in the same direction	


as magnetoelastic one amplifying the effect.

Isospin order parameter

Exchange energy



Finite temperature transition	


 

Orbital order parameter

Orbital gap

 Abrupt enhancement of the population of	


                low energy doublet	


!
Its non-magnetic nature, vanishing  g-factors,	


explains the drop of susceptibility



Examples of exchange processes



Kitaev-Heisenberg Model

ZY

X original frame

(Sx,Sy,Sz) -> (Sx,-Sy,-Sz)

(Sx,Sy,Sz) -> (-Sx,Sy,-Sz)

(Sx,Sy,Sz) -> (-Sx,-Sy,Sz)

J.Chaloupka, GJ & G.Khaliullin PRL (2010)



further neighbor interactions explains zigzag phase 




