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anisotropic exchange interaction

for general bi-linear pair interaction between spins: H =
∑
i 6=j S

T
i JijSj

where Jαβ is a real 3× 3 matrix: J = J+ + J−

with symmetric J+ = (J + JT )/2 and antisymmetric J− = (J− JT )/2

no spin-orbit coupling (SOC) (J+
αα = J , J+

αβ = 0, J−αβ = 0)

J =

J 0 0
0 J 0
0 0 J

 ; H = JSi · Sj

isotropic Heisenberg
weak SOC, no inversion (J−xy = D 6= 0)

J =

 J D 0
−D J 0

0 0 J

 ; H = JSi · Sj + Dij · [Si × Sj ]

antisymmetric Dzyaloshinsky-Moriya
strong SOC (e.g., J+

xx = J+
yy = J , J+

zz = J +K, J+
αβ 6= 0,. . . )

J =

J 0 0
0 J 0
0 0 J +K

 ; H = JSi · Sj +KSzi S
z
j
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cubic crystal field + spin-orbit coupling (SOC)

split t2g states into a Γ8 (jeff =3/2; d3/2+d5/2) quartet:

χΓ8
=


√

1
2

(
dyzχ± 1

2
± idzxχ± 1

2

)√
1
6

(
2dxyχ∓ 1

2
± dyzχ± 1

2
+ idzxχ± 1

2

)
and a Γ6 (jeff = 1/2; pure d5/2) doublet:
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Γ8

d3/2 and d5/2

Ir4+ 5d5 ion in octahedral environment:
jeff=1/2 half-filled

jeff=3/2 completely filled

Mott insulator already for moderate U

jeff = ±1/2 splitting is caused by U instead of JH
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jeff=1/2 magnetism

Mott Insulators in the Strong Spin-Orbit Coupling Limit:
From Heisenberg to a Quantum Compass and Kitaev Models

G. Jackeli1,* and G. Khaliullin1

1Max-Planck-Institut für Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
(Received 21 August 2008; published 6 January 2009)

We study the magnetic interactions in Mott-Hubbard systems with partially filled t2g levels and with

strong spin-orbit coupling. The latter entangles the spin and orbital spaces, and leads to a rich variety of

the low energy Hamiltonians that extrapolate from the Heisenberg to a quantum compass model

depending on the lattice geometry. This gives way to ‘‘engineer’’ in such Mott insulators an exactly

solvable spin model by Kitaev relevant for quantum computation. We, finally, explain ‘‘weak’’ ferro-

magnetism, with an anomalously large ferromagnetic moment, in Sr2IrO4.

DOI: 10.1103/PhysRevLett.102.017205 PACS numbers: 75.30.Et, 71.70.Ej, 75.10.Jm

The transition metal compounds with partially filled

d-levels have been the subject of extensive studies after

the discovery of a variety of novel physical phenomena and

a diversity of new phases [1–3]. In the undoped com-

pounds, a strong Coulomb repulsion localizes the

d-electrons in Mott-Hubbard or charge-transfer insulating

regimes [4]. The low energy physics of such insulators, in

some cases, is described in terms of spin-only Hamil-

tonians. This happens when the symmetry of the local

surrounding of a transition metal (TM) ion is low enough

to lift the orbital degeneracy of a d-level as in the case of,

e.g., high-Tc cuprates. However, often, a TM ion possesses

an orbital degeneracy in addition to that of spin origin.

Typically, the orbitals form a long-range-ordered pattern,

driven by Jahn-Teller or exchange interactions, and, being

subject to a discrete symmetry, behave more like static

(classical) objects compared to their spin partners. Orbital

ordering may stabilize various types of magnetic phases

[5], as well as spin gapped states without any long-range

spin order [6,7]. In other circumstances, the situation can

be opposite: the orbitals may remain in a liquid state down

to the lowest temperatures, while the spins are slowly

fluctuating about a long-range-ordered state [8,9].

In this Letter, we discuss yet another situation, when a

strong relativistic spin-orbit (SO) coupling entangles lo-

cally the spin and orbital degrees of freedom. The physics

of such systems may drastically differ from that of com-

pounds where SO coupling is of a perturbative nature, as

the form of magnetic interactions is no longer dictated by a

global spin SUð2Þ symmetry alone. The effects of a strong

SO interaction on magnetic phenomena has been discussed

in the pioneering works by Kanamori on Fe2þ and Co2þ

compounds [10]. In recent years, there has been a revival of

interest in SO coupling in the context of exchange inter-

actions [11–13], magnetoelectric [14] and spin Hall effects

[15], Fermi-surface topology [16], etc.

The SO coupling is strong for the late TM ions such as Ir,

Os, Rh, Ru. Indeed, optical data on Ir4þ impurities in

SrTiO3 suggest a fairly high value of the SO coupling ��
380 meV [17]. This far exceeds possible intersite interac-

tions between the t2g orbitals and spins in the insulating

iridates, and hence is able to lock them together forming a

total angular momentum locally. In the following, we focus

on the systems composed of magnetic ions with a single

hole in a threefold degenerate t2g-level, a low spin state of

d5-configuration, such as Ir4þ or Rh4þ ions in a strong

octahedral field. We formulate a superexchange theory for

such systems and show that together with conventional

interactions of Heisenberg form, more exotic spin models

such as the quantum compass model naturally appear as

low energy Hamiltonians. We suggest how to implement in

such Mott insulators an exactly solvable model proposed

by Kitaev [18], which exhibit exotic anyonic excitations

with fractional statistics. We apply the present theory to the

insulating iridium compound Sr2IrO4 [19–22] exhibiting

‘‘weak’’ ferromagnetism (FM) with an anomalously large

FM moment.

Single ion Kramers doublet.—We first introduce the

local magnetic degrees of freedom. In the low spin d5

configuration a hole resides in t2g manifold of xy, xz, yz

orbitals, and has an effective angular momentum l ¼ 1

[23]: jlz ¼ 0i � jxyi, jlz ¼ �1i � � 1
ffiffi

2
p ðijxzi � jyziÞ.

The total moment ~M ¼ 2~s� ~l, where ~s is a hole spin

operator. The single ion Hamiltonian H0 ¼ �~l � ~sþ�l2z
consists of a SO coupling with � > 0 and a possible

tetragonal splitting� of the t2g levels.�> 0 for an oxygen

octahedron elongated along the z k c-axis. The lowest

energy level of H0 is a Kramers doublet of isospin states

j~"i and j~#i:
j~"i ¼ sin�j0; "i � cos�j þ 1; #i;
j~#i ¼ sin�j0; #i � cos�j � 1; "i:

(1)

Angle � parameterizes the relative strength of the tetrago-

nal splitting, with tanð2�Þ ¼ 2
ffiffiffi

2
p

�=ð�� 2�Þ. Notice that

the wave functions of the Kramers doublet are given by a

coherent superposition of different orbital and spin states,

leading to a peculiar distribution of spin densities in real

space (see Fig. 1). This will have important consequences

PRL 102, 017205 (2009) P HY S I CA L R EV I EW LE T T E R S
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H = J1Si · Sj + J2(Si · rij)(rij · Sj)
additional anisotropic terms if φ 6= 180◦
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z
i S

z
j + D · [Si × Sj ]
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edge-sharing octahedra (b):
jeff=1/2 hoppings via O1 pz and O2 pz cancel out

isotropic superexchange J is suppressed

strongly anisotropic interaction Kαβ

Kitaev-Heisenberg model:

HHK = KαβSγi S
γ
j + JSi · Sj

with exotic spin-liquid ground state
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back to U1234

Ir d occupation matrix nσσ
′

mm′ has off-diagonal in spin terms (nσ−σmm′ 6= 0):

Coulomb energy:

EU =
1

2

∑
σ,{m}

[
nσσm1m2

(〈m1m3|Vee|m2m4〉 − 〈m1m3|Vee|m4m2〉)nσσm3m4

+nσσm1m2
〈m1m3|Vee|m2m4〉n−σ−σm3m4

− nσ−σm1m2
〈m1m3|Vee|m4m2〉n−σσm3m4

]
σ,m-dependent potential:

V σσ
′

mm′ =
∂(EU − Edc)

∂nσσ
′

mm′
, Edc =

1

2
UN(N − 1)− 1

2
J
∑
σ

Nσσ(Nσσ − 1)

A. Liechtenstein, et al PRB 52, R5467 (1995), AY, et al PRB 67, 155103 (2003), . . .

rotationally invariant LDA+U+SOC

split jeff = 1/2 states

but does not change their wavefunction
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how to estimate J?

1 to calculate the total (band) energy as a function of angle between spins
using spin-spiral calculations and/or constraining magnetization direction

2 to map ε({φ}) onto an appropriate Heisenberg+Kitaev+. . . model

spin-spiral calculations do not work with SOC

tricky to impose constraints on magnetization direction in LDA+U
calculations

but we can do:

calculations for magnetic configurations constrained by symmetry

− limited number of magnetic configurations
− not all exchange parameters can be determined simultaneously
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crystal structure

X Y

Z

Ir

Na1

Na2,3

O1

O2

X

Y

monoclinic C/2m space group

honeycomb Ir layers separated by triangular Na layers

trigonally distorted IrO6 octahedra; Ir4+ d5 with half-filled jeff=1/2 states

S.K. Choi, et al PRL 108, 127204 (2012), F. Ye, et al PRB 85, 180403 (2012)
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experimental magnetic structure

zigzag order (c)

ordered Ir moment 0.22 µB

F. Ye, et al PRB 85, 180403 (2012)

explanations:

isotropic Heisenberg model with long-ranged interactions

Kitaev-Heisenberg model

Kitaev-Heisenberg model + additional anisotropic exchanges Γ, Γ′
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diffuse magnetic x-ray scattering results

LETTERS
PUBLISHED ONLINE: 11 MAY 2015 | DOI: 10.1038/NPHYS3322

Direct evidence for dominant bond-directional
interactions in a honeycomb lattice iridate Na2IrO3

Sae Hwan Chun1, Jong-Woo Kim2, Jungho Kim2, H. Zheng1, Constantinos C. Stoumpos1,
C. D. Malliakas1, J. F. Mitchell1, Kavita Mehlawat3, Yogesh Singh3, Y. Choi2, T. Gog2, A. Al-Zein4,
M. Moretti Sala4, M. Krisch4, J. Chaloupka5, G. Jackeli6,7, G. Khaliullin6 and B. J. Kim6*

Heisenberg interactions are ubiquitous in magnetic materials
and play a central role in modelling and designing quan-
tum magnets. Bond-directional interactions1–3 o�er a novel
alternative to Heisenberg exchange and provide the building
blocks of the Kitaev model4, which has a quantum spin
liquid as its exact ground state. Honeycomb iridates, A2IrO3
(A=Na, Li), o�er potential realizations of the Kitaevmagnetic
exchange coupling, and their reported magnetic behaviour
may be interpreted within the Kitaev framework. However,
the extent of their relevance to the Kitaev model remains
unclear, as evidence for bond-directional interactions has so
far been indirect. Herewepresent direct evidence for dominant
bond-directional interactions in antiferromagneticNa2IrO3 and
show that they lead to strong magnetic frustration. Di�use
magnetic X-ray scattering reveals broken spin-rotational
symmetry even above the Néel temperature, with the three
spin components exhibiting short-range correlations along
distinct crystallographic directions. This spin- and real-space
entanglement directly uncovers the bond-directional nature of
these interactions, thus providing a direct connection between
honeycomb iridates and Kitaev physics.

Iridium (IV) ions with pseudospin-1/2 moments form in
Na2IrO3, a quasi-two-dimensional (2D) honeycombnetwork, which
is sandwiched between two layers of oxygen ions that frame
edge-shared octahedra around the magnetic ions and mediate
superexchange interactions between neighbouring pseudospins
(Fig. 1a). Owing to the particular spin–orbital structure of the
pseudospin5,6, the isotropic part of the magnetic interaction is
strongly suppressed in the 90◦ bonding geometry of the edge-
shared octahedra2,3, thereby allowing otherwise subdominant
bond-dependent anisotropic interactions to play the main role
and manifest themselves at the forefront of magnetism. This
bonding geometry, common to many transition-metal oxides, in
combination with the pseudospin that arises from strong spin–orbit
coupling gives rise to an entirely new class of magnetism beyond
the traditional paradigm of Heisenberg magnets. On a honeycomb
lattice, for instance, the leading anisotropic interactions take the
form of the Kitaev model3, which is a rare example of exactly
solvable models with non-trivial properties such as Majorana
fermions and non-Abelian statistics, and with potential links to
quantum computing4.

Realization of the Kitaev model is now being intensively
sought out in a growing number of materials7–13, including 3D
extensions of the honeycomb Li2IrO3, dubbed ‘hyper-honeycomb’7
and ‘harmonic-honeycomb’8, and 4d transition-metal analogues
such as RuCl3 (ref. 12) and Li2RhO3 (ref. 13). Although most of
these are known to magnetically order at low temperature, they
exhibit a rich array of magnetic structures, including zigzag14–16,
spiral17 and other more complex non-coplanar structures18,19 that
are predicted to occur in the vicinity of the Kitaev quantum spin
liquid (QSL) phase20–23, which hosts many degenerate ground states
frustrated by three bond-directional Ising-type anisotropies. All of
these magnetic orders are captured in an extended version of the
Kitaev model written as

H=
∑

〈ij〉γ

[
KSγi S

γ

j + JSi ·Sj+Γ (Sαi S
β

j +S
β

i Sαj )
]

which includes, in addition to the Kitaev term K , the Heisenberg
exchange J , which may be incompletely suppressed in the
superexchange process and/or arise from a direct exchange
process21, and the symmetric off-diagonal exchange term Γ , which
is symmetry-allowed even in the absence of lattice distortions23–25.
This ‘minimal’ Hamiltonian couples pseudospins S (hereafter
referred to as ‘spin’) only onnearest-neighbour bonds 〈ij〉, neglecting
further-neighbour couplings, which may be non-negligible. The
bond-directional nature of theK andΓ terms is reflected in the spin
components [α 6=β 6= γ ∈ (x , y , z)] which they couple for a given
bond (γ ∈x-, y-, z-bonds; Fig. 1a). For example, the K term couples
only the spin component normal to the Ir2O6 plaquette containing
the particular bond. Despite these extra terms that may account for
finite-temperature magnetic orders in the candidate materials, the
fact that the KitaevQSL phase has a finite window of stability against
these perturbations20,25 calls for investigation of competing phases
and a vigorous search for the Kitaev QSL phase.

Although the notion of magnetic frustration induced by
competing bond-directional interactions is compelling, it remains
a theoretical construct without an existence proof for such
interactions in a real-world material. Moreover, theories for
iridium compounds based on itinerant electrons suggest alternative
pictures26–28. In principle, measurement of the dynamical structure
factor through inelastic neutron scattering (INS) or resonant

1Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA. 2Advanced Photon Source, Argonne National Laboratory,
Argonne, Illinois 60439, USA. 3Indian Institute of Science Education and Research (IISER) Mohali, Knowledge City, Sector 81, Mohali 140306, India.
4European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France. 5Central European Institute of Technology, Masaryk University,
Kotlářská 2, 61137 Brno, Czech Republic. 6Max Planck Institute for Solid State Research, Heisenbergstraße 1, D-70569 Stuttgart, Germany. 7Institute for
Functional Matter and Quantum Technologies, University of Stuttgart, Pfa�enwaldring 57, D-70569 Stuttgart, Germany. *e-mail: bjkim@fkf.mpg.de
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Figure 1 | Magnetic easy axis and temperature dependence of the zigzag order. a, Honeycomb layers of Ir4+ in the monoclinic Bravais lattice. Green,
yellow and blue planes show Ir2O6 plaquettes normal to the local x-, y- and z-axes (black arrows), respectively, which point along three nearest-neighbour
Ir–O bonds in an octahedron. Ir–Ir bonds are labelled following the plaquettes they belong to. Na+ is not shown for clarity. Blue arrows show the spins in the
static zigzag order propagating along the b direction. Spins are antiparallel between the layers (not shown). b, Illustration of the scattering geometry. Shown
in blue is the scattering plane defined by the incident (ki) and outgoing (kf ) wavevector (red arrows). Green arrows show the X-ray polarizations. The
azimuth, Ψ , is defined as the angle between the a-axis and the scattering plane. c, Ψ -dependence of the magnetic Bragg peak (blue filled circle) intensity at
(0, 1, 3.5) measured in the σ–π ′ channel. The black hexagon is the Brillouin zone of the honeycomb net. The red solid line shows the best fitting result to the
data withΘ=44.3◦, with a standard error of±1.24◦. We note that the actual error may be larger owing to systematic errors arising from factors such as
changes in the beam footprint on the sample. Green and blue lines shows the calculated Ψ dependence forΘ=40◦ and 50◦, respectively. d–f, H, K and L
scans, respectively, of the magnetic Bragg peak at (0, 1, 6.5) for selected temperatures. g, Temperature dependence of the correlation lengths along the a-,
b- and c-axes from Gaussian fitting to the scans. Error bars represent the standard deviation in the fitting procedure. The solid lines are guides to the eye.

inelastic X-ray scattering (RIXS) provides the most direct access to
the Hamiltonian describing the magnetic interactions. However, a
fully momentum- and energy-resolved dynamical structure factor
thus far remains elusive for any of the candidate materials;
RIXS suffers from insufficient energy resolution29 and INS is at
present limited by unavailability of large-volume single crystals15.
In this Letter, we take a new approach using diffuse magnetic
X-ray scattering to provide direct evidence for predominant bond-
directional interactions in Na2IrO3 through the measurement of
equal-time correlations of spin components above the ordering
temperature (TN=12–15K, see Supplementary Fig. 1).

We start by establishing the spin orientation in the static
zigzag order14–16 below TN, as shown in Fig. 1a, using standard
resonant magnetic X-ray diffraction. In this measurement, the
X-ray polarization projects out a certain spin component; the
intensity depends on the spin orientation through the relation I ∝
|kf ·S|2 for the σ–π ′ channel measured, where kf is the scattered X-
ray wavevector (Fig. 1b). Figure 1c shows the intensity variation as
the sample is rotated about the ordering wavevector Q= (0, 1, 3.5)

by an azimuthal angle Ψ , which causes S to precess around Q.
Earlier studies14,16 have established that S is constrained to lie in
the ac-plane, so this measurement of I(Ψ ) determines the spin
orientation by resolving the tilting angle Θ of S with respect
to the a-axis. The best fitting result with Θ = 44.3◦ indicates
that the magnetic easy axis is approximately half way between
the cubic x- and y-axes (Fig. 1a). This static spin orientation is
a compromise among all anisotropic interactions present in the
system, and is strongly tied to the magnetic structure because
of their bond-directional nature. To see this point, consider, for
example, the K term: in the zigzag structure propagating along
the b direction, where the spins are antiferromagnetically aligned
on the z-bond and ferromagnetically aligned on the x-bond
and y-bond, a ferromagnetic (antiferromagnetic) K favours spins
pointing perpendicular to (along) the z-axis for a pair of spins on
the z-bond, and along (perpendicular to) the x-axis and y-axis for
the pairs on the x-bond and y-bond, respectively.

The zigzag order is one of the many magnetic states (including
the aforementioned spiral and non-coplanar structures) that are
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zig-zag magnetic order

Ir moments lie in ac plane

form angle Θ = 44.3◦ with a axis

scattering intensities above TN are
explained by strongly anisotropic
exchange interactions
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relativistic bands for Na2IrO3
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Ir t2g bands are split into sub-bands due to
formation of quasi-molecular orbitals (MO)

I. Mazin, et al PRL 109, 197201 (2012)

highest MO are coupled by SOC

dominant contribution of Ir d5/2 states to
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8 distinct magnetic structures

4 inequivalent magnetic structures (magnetic groups) for the C2/m cell
and 4 for a doubled P2/m cell

all Na1,2,3, Ir, and O1,2 sites remain equivalent

C2y rotation transforms each Ir site into itself: C2yIri = Iri
C2ymx = −mx, C2ymy = my, C2ymz = −mz ⇒ mx = mz = 0, mIr||b
Θ̂C2ymx = mx, Θ̂C2ymy = −my, Θ̂C2ymz = mz ⇒ my = 0, mIr||ac

symmetry operations mIr||
cf E −C2y I −My ac ferro
cf E C2y I My b
ca E −C2y −I My ac Néel
ca E C2y −I −My b
pz E −C2y −I My ac zig-zag
pz E C2y −I −My b
ps E −C2y I −My ac stripe
ps E C2y I My b

“−” means that rotation is followed by time reversal Θ̂ = −iσyK̂
mIr||ac: Ir magnetization direction is defined by polar angle θ

Ir moments are collinear, self-consistency in Ir, O, Na magnetization directions
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summary for 8 configurations

LDA+U with U=2.1 eV; J=0.6 eV ⇒ Ueff=U − J=1.5 eV

for Sr2IrO4 Ueff=1.3 eV gives good agreement with optical spectra

M ε (meV) θ φ ms (µB) ml (µB)
cf ac -5.5 18.8 180 0.32 0.40
cf b 0. 90.0 90 0.20 0.43
ca ac -10.9 14.2 180 0.24 0.35
ca b -12.4 90.0 90 0.14 0.38
pz ac -16.7 26.4 0 0.25 0.34
pz b -14.9 90.0 90 0.18 0.39
ps ac -8.7 138.5 0 0.26 0.36
ps b 0.5 90.0 90 0.16 0.42

correct ground state with zig-zag order and Ir moments rotated away from a

insulating solutions for all magnetic orders

zig-zag ground state also for Ueff=1.0 and 2.0 eV

θ does not depend on Ueff but depends on SOC strength ξ
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Heisenberg model

X

Y

Ir

Na1

O1

O2

j11

j12

j31

j32

j21
j22

interlayer coupling is neglected

ideal honeycomb lattice is assumed

isotropic exchange:
n: J11 = J12 ≡ J1

nn: J21 = J22 ≡ J2

nnn: J31 = J32 ≡ J3
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anisotropic exchanges

Ir-Ir bond in ideal honeycomb lattice: D2h (E, C2x, C2y, C2z, I, Mx, My, Mz)

Ir-Ir bond in Na2IrO3: C2h (E, C2z, I, Mz)

z

x

Ir

O

inversion symmetry ⇒ J− = 0

J+ =

J+
xx J+

xy 0
J+
xy J+

yy 0
0 0 J+

zz

, J+
xx 6= J+

yy 6= J+
zz

or isotropic J0 + traceless symmetric part

J+ = J0 · Î +

B C 0
C −B −A 0
0 0 A


V. Katukuri, et al NJP 16, 013056 (2014)
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anisotropic exchange in a rotated fame
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xy

z

rotated frame:
x

y

z

x, y, and z point to nearest O
Ir-Ir bonds along xy, yz, zx

Jxy =

 J Γ −Γ′

Γ J Γ′

−Γ′ Γ′ J +K


K = − 3

2 (A+B), J = J0 −K/3,

Γ = (A−B)/2 , Γ′ = C/
√

2

Kitaev-like terms:
Kxy
ij S

z
i S

z
j , Kyz

ij S
x
i S

x
j , Kzx

ij S
y
i S

y
j

Kxy 6= Kyz = Kzx ≈ K
Γ-terms:

Γxyij (Sxi S
y
j + Syi S

x
j ),. . .

J.G. Rau, et al PRL 112, 077204 (2014), J. Chaloupka and G. Khaliullin, PRB 92, 024413 (2015)
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FM order (cf)

M||Y (M||b)

X

Y

xy

z

ε = 6J1 + 12J2 + 6J3

+2K

ε = 0.

M ⊥ Y (M||ac)

X

Y

xy

z

ε = 6J1 + 12J2 + 6J3

+2K

ε = −5.5 meV, θ = 18.8◦, φ = 180◦

all energies are per f.u. and relative to εcf (m||b); FM (AF) bonds

θ 6= 0, ∆ε = ε(ac)− ε(b) 6= 0 ⇒ Γ-term or Ka 6= Kb?

noncollinear O moments (0.04–0.09 µB) ⇒ anisotropic interactions
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zig-zag (pz)

M||Y (M||b)

X

Y

xy

z

ε = 2J1 − 4J2 − 6J3

+2K

ε = −14.9 meV

M ⊥ Y (M||ac)

X

Y

xy

z

ε = 2J1 − 4J2 − 6J3

+2K(cos 2θ + 2
√

2 sin 2θ)/3

ε = −16.7 meV, θ = 26.4◦, φ = 0

correct ground state with zig-zag order; θ = 26.4◦ < θexp = 45.7◦ (90◦ − 44.3◦)
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least-square fits to J123-K-Γ models

εcalc εJK εJKΓ ε123 ε123KΓ

cf ac -5.5 0.0 -3.8 0.0 -1.9
cf b 0.0 0.0 0.0 0.0 0.0
ca ac -10.9 -10.5 -9.0 -11.7 -10.7
ca b -12.4 -10.5 -13.0 -11.7 -12.6
pz ac -16.7 -8.6 -6.5 -15.8 -14.3
pz b -14.9 -9.0 -12.4 -15.8 -17.3
ps ac -8.7 -17.1 -15.8 -4.1 -8.6
ps b 0.5 -1.6 -0.7 -4.1 0.4
χ 0.30 0.27 0.18 0.10

JK J1 = 9.0, K = −16.4 meV
incorrect pacs ground state (in agreement with the J-K model)

JKΓ J1 = 6.7, K = −12.8, Γ = 5.6 meV
the pacs ground state is still incorrect

123 J1 = −0.1, J2 = 1.0, J3 = 3.9 meV
correct pz ground state but: ε(ac) = ε(b); J3 > J2 � J1

123KΓ J1 = 2.7, J2 = 0.5, J3 = 3.2, K = −8.0, Γ = 2.8 meV
best fit although ε(pbz) > ε(pacz )

A. Yaresko (MPI FKF) anisotropic magnetic interactions in iridates ICTP, 18.10.16 20 / 29



least-square fits to J123-K-Γ models

εcalc εJK εJKΓ ε123 ε123KΓ

cf ac -5.5 0.0 -3.8 0.0 -1.9
cf b 0.0 0.0 0.0 0.0 0.0
ca ac -10.9 -10.5 -9.0 -11.7 -10.7
ca b -12.4 -10.5 -13.0 -11.7 -12.6
pz ac -16.7 -8.6 -6.5 -15.8 -14.3
pz b -14.9 -9.0 -12.4 -15.8 -17.3
ps ac -8.7 -17.1 -15.8 -4.1 -8.6
ps b 0.5 -1.6 -0.7 -4.1 0.4
χ 0.30 0.27 0.18 0.10

123KΓ: J1 = 2.7, J2 = 0.5, J3 = 3.2, K = −8.0, Γ = 2.8 meV

(J ,K,D = −Γ)=(1.1,−0.7,−0.7) meV for φ(IrOIr) = 90◦

(J ,K,D)=(1.4,−10.9,−2.1) meV for φ(IrOIr) = 98.5◦

V. Katukuri, et al NJP 16, 013056 (2014)

J = 5.3 meV, K = −7 meV, Γ = 9.3 meV,
√

2Γ′= −6.6 meV
J. Chaloupka and G. Khaliullin, PRB 92, 024413 (2015)
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conclusions for Na2IrO3

LSDA+U calculations reproduce correct zig-zag magnetic order in Na2IrO3

although the Ir magnetization direction seems to be too far away from ab
plane compared to the experiment

Calculated total energies and magnetization directions cannot be explained
using the isotropic J1–J3 Heisenberg model

Best fit is obtained when the anisotropic K and Γ terms are added
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1 motivations: jeff=1/2 beauty

2 anisotropic exchange in honeycomb Na2IrO3

3 noncollinear ground state in Sr2IrO4 and Sr3Ir2O7
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canted AFM order in Sr2IrO4

Although a wholly magnetospheric (power-law)
origin for the observed x-ray emission is plausi-
ble, the neutral hydrogen column density [NH ~
1.5 × 1021 cm−2; (8)] implied by the model is
higher than expected from the pulsar’s previously
assumed location in the Gum nebula. The Gum
nebula is believed to be ~500 pc distant, with a
depth of several hundred pc (5).

However, the value of NH is consistent with
the usual average of 10 neutral hydrogen atoms
for every free electron along the line of sight. Our
revised distance estimate places PSR J0737-
3039A/B beyond the Gum nebula, implying that
the measured value for NH is not discrepant. It
also increases the estimated x-ray luminosity by a
factor of 5, but the revised value for a power-law
fit (1.2 × 1031 erg s−1) remains consistent with
known relations between pulsar spin-down lu-
minosity and x-ray luminosity (18). Hence, our
result supports a power-law model of magneto-
spheric origin (from pulsar A) for the bulk of the
x-ray emission from PSR J0737-3039A/B.

The discovery of PSR J0737-3039A led to a
marked upward revision in the estimatedGalactic
merger rate of DNS systems (19), although un-
certainty over the characteristics of recycled
pulsars means that the true value of the merger
rate remains poorly constrained. Specifically, the
distribution of recycled pulsar luminosities is
generally extrapolated from the entire pulsar
population (19) even though it (along with the
distributions of pulse shape and beaming frac-
tion) appears to differ from the distribution for
slower pulsars (20). Our revised distance shows
that the radio luminosity of PSR J0737-3039A is
a factor of 5 greater than previously assumed. If
this revision were to markedly influence the re-
cycled pulsar luminosity function, then the as-
sumed space density of DNS systems would be
reduced, with a corresponding impact on DNS
merger rates estimations.

Finally, we used the measured transverse
velocity for PSR J0737-3039A/B (24þ9

−6 km s−1)
to constrain models of the formation of the sys-
tem. After subtracting estimates of the peculiar
motion of the solar system and Galactic rotation
(21), we measure a transverse velocity in local
standard of rest of 9þ6

−3 km s−1. This is compara-
ble to the unadjusted value of 10 km s−1 presented
in (3), and is within the range of transverse ve-
locities expected for the massive stars that are
DNS progenitors [~20 km s−1; (22)]. Because the
transverse velocity of PSR J0737-3039A/B is so
low, if the system received a large velocity kick at
birth, it must have a large radial velocity. How-
ever, there are no observational methods available
to determine the radial velocity in a DNS system.

Because of the accurate measurement of its
Shapiro delay, PSR J0737-3039A/B is known to
lie edge-on (3). If the only kick it received was
provided by the loss of binding energy during
the supernova explosion, the resultant three-
dimensional space velocity should be on the
order of ~ 50 km s−1, estimated from the system’s
observed eccentricity and orbital velocity (23).

This space velocity would be constrained to the
plane of the orbit. From simple geometry, the
probability of observing a transverse velocity less
than 10 km s−1 is about one in eight, which is
small, but not unreasonable. Conversely, if the
double pulsar had received a large kick (24), the
odds of observing such a low transverse velocity
become increasingly remote. Not only would the
radial velocity have to be increasingly large, but
the inclination angle of the system must not be
altered by the kick. Hence, our transverse ve-
locity results reinforce those of (3) and are con-
sistent with the interpretation of (25), who argue
for almost no mass loss and kick in the case of
PSR J0737-3039A/B.

The implication of low kick velocities in PSR
J0737-3039A/B–like systems offers a possible,
albeit speculative, explanation for the formation
of PSR J1903+0327, a heavy, highly recycled
millisecond pulsar (mass 1.8 solar masses, period
2.15 ms) with a main-sequence companion of 1
solar mass (26). The orbit of such a pulsar should
have been highly circularized during the mass-
transfer phase (27). However, PSR J1903+0327
possesses an intermediate orbital eccentricity
(e = 0.44).

A formation mechanism for PSR J1903+0327
has been suggested in which a triple system ex-
periences a white dwarf–neutron star coalescence
(28). However, a coalescing DNS system such as
PSR J0737-3039A/B could also create a PSR
J1903+0327–like pulsar. Thus, given the low ve-
locity of PSR J0737-3039A/B, an alternative for-
mation mechanism for PSR J1903+0327 involves
a triple system containing a close DNS binary and
a main-sequence star.
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Phase-Sensitive Observation of a
Spin-Orbital Mott State in Sr2IrO4
B. J. Kim,1,2* H. Ohsumi,3 T. Komesu,3 S. Sakai,3,4 T. Morita,3,5 H. Takagi,1,2* T. Arima3,6

Measurement of the quantum-mechanical phase in quantum matter provides the most direct
manifestation of the underlying abstract physics. We used resonant x-ray scattering to probe the
relative phases of constituent atomic orbitals in an electronic wave function, which uncovers the
unconventional Mott insulating state induced by relativistic spin-orbit coupling in the layered 5d
transition metal oxide Sr2IrO4. A selection rule based on intra-atomic interference effects
establishes a complex spin-orbital state represented by an effective total angular momentum = 1/2
quantum number, the phase of which can lead to a quantum topological state of matter.

Transition metal oxides (TMOs) with
perovskite structure are hosts to many
fascinating phenomena, including high-

temperature superconductivity (1) and colossal
magnetoresistance (2), in which the valence

d-electron states are described in terms of crystal-
field (CF) states: triply degenerate t2g states
(xy, yz, zx) and doubly degenerate eg states (x

2 – y2,
3z2 – r2). These CF states are all pure real
functions, so that when the degeneracy is re-
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Although a wholly magnetospheric (power-law)
origin for the observed x-ray emission is plausi-
ble, the neutral hydrogen column density [NH ~
1.5 × 1021 cm−2; (8)] implied by the model is
higher than expected from the pulsar’s previously
assumed location in the Gum nebula. The Gum
nebula is believed to be ~500 pc distant, with a
depth of several hundred pc (5).

However, the value of NH is consistent with
the usual average of 10 neutral hydrogen atoms
for every free electron along the line of sight. Our
revised distance estimate places PSR J0737-
3039A/B beyond the Gum nebula, implying that
the measured value for NH is not discrepant. It
also increases the estimated x-ray luminosity by a
factor of 5, but the revised value for a power-law
fit (1.2 × 1031 erg s−1) remains consistent with
known relations between pulsar spin-down lu-
minosity and x-ray luminosity (18). Hence, our
result supports a power-law model of magneto-
spheric origin (from pulsar A) for the bulk of the
x-ray emission from PSR J0737-3039A/B.

The discovery of PSR J0737-3039A led to a
marked upward revision in the estimatedGalactic
merger rate of DNS systems (19), although un-
certainty over the characteristics of recycled
pulsars means that the true value of the merger
rate remains poorly constrained. Specifically, the
distribution of recycled pulsar luminosities is
generally extrapolated from the entire pulsar
population (19) even though it (along with the
distributions of pulse shape and beaming frac-
tion) appears to differ from the distribution for
slower pulsars (20). Our revised distance shows
that the radio luminosity of PSR J0737-3039A is
a factor of 5 greater than previously assumed. If
this revision were to markedly influence the re-
cycled pulsar luminosity function, then the as-
sumed space density of DNS systems would be
reduced, with a corresponding impact on DNS
merger rates estimations.

Finally, we used the measured transverse
velocity for PSR J0737-3039A/B (24þ9

−6 km s−1)
to constrain models of the formation of the sys-
tem. After subtracting estimates of the peculiar
motion of the solar system and Galactic rotation
(21), we measure a transverse velocity in local
standard of rest of 9þ6

−3 km s−1. This is compara-
ble to the unadjusted value of 10 km s−1 presented
in (3), and is within the range of transverse ve-
locities expected for the massive stars that are
DNS progenitors [~20 km s−1; (22)]. Because the
transverse velocity of PSR J0737-3039A/B is so
low, if the system received a large velocity kick at
birth, it must have a large radial velocity. How-
ever, there are no observational methods available
to determine the radial velocity in a DNS system.

Because of the accurate measurement of its
Shapiro delay, PSR J0737-3039A/B is known to
lie edge-on (3). If the only kick it received was
provided by the loss of binding energy during
the supernova explosion, the resultant three-
dimensional space velocity should be on the
order of ~ 50 km s−1, estimated from the system’s
observed eccentricity and orbital velocity (23).

This space velocity would be constrained to the
plane of the orbit. From simple geometry, the
probability of observing a transverse velocity less
than 10 km s−1 is about one in eight, which is
small, but not unreasonable. Conversely, if the
double pulsar had received a large kick (24), the
odds of observing such a low transverse velocity
become increasingly remote. Not only would the
radial velocity have to be increasingly large, but
the inclination angle of the system must not be
altered by the kick. Hence, our transverse ve-
locity results reinforce those of (3) and are con-
sistent with the interpretation of (25), who argue
for almost no mass loss and kick in the case of
PSR J0737-3039A/B.

The implication of low kick velocities in PSR
J0737-3039A/B–like systems offers a possible,
albeit speculative, explanation for the formation
of PSR J1903+0327, a heavy, highly recycled
millisecond pulsar (mass 1.8 solar masses, period
2.15 ms) with a main-sequence companion of 1
solar mass (26). The orbit of such a pulsar should
have been highly circularized during the mass-
transfer phase (27). However, PSR J1903+0327
possesses an intermediate orbital eccentricity
(e = 0.44).

A formation mechanism for PSR J1903+0327
has been suggested in which a triple system ex-
periences a white dwarf–neutron star coalescence
(28). However, a coalescing DNS system such as
PSR J0737-3039A/B could also create a PSR
J1903+0327–like pulsar. Thus, given the low ve-
locity of PSR J0737-3039A/B, an alternative for-
mation mechanism for PSR J1903+0327 involves
a triple system containing a close DNS binary and
a main-sequence star.
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Phase-Sensitive Observation of a
Spin-Orbital Mott State in Sr2IrO4
B. J. Kim,1,2* H. Ohsumi,3 T. Komesu,3 S. Sakai,3,4 T. Morita,3,5 H. Takagi,1,2* T. Arima3,6

Measurement of the quantum-mechanical phase in quantum matter provides the most direct
manifestation of the underlying abstract physics. We used resonant x-ray scattering to probe the
relative phases of constituent atomic orbitals in an electronic wave function, which uncovers the
unconventional Mott insulating state induced by relativistic spin-orbit coupling in the layered 5d
transition metal oxide Sr2IrO4. A selection rule based on intra-atomic interference effects
establishes a complex spin-orbital state represented by an effective total angular momentum = 1/2
quantum number, the phase of which can lead to a quantum topological state of matter.

Transition metal oxides (TMOs) with
perovskite structure are hosts to many
fascinating phenomena, including high-

temperature superconductivity (1) and colossal
magnetoresistance (2), in which the valence

d-electron states are described in terms of crystal-
field (CF) states: triply degenerate t2g states
(xy, yz, zx) and doubly degenerate eg states (x

2 – y2,
3z2 – r2). These CF states are all pure real
functions, so that when the degeneracy is re-
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with Ir moments aligned in ab plane:

interest, and has become a powerful tool for
investigating ordering phenomena (10, 11). So
far, the emphasis has been seen only in the
amplification of the signal. However, the RXS
signal contains important information about the
phase of the wave function for valence electrons,
because RXS results from quantum interference
between different scattering paths via intermedi-
ate states of a single site. The RXS process is
described by the second-order process of electron-
photon coupling perturbation, as schematically
shown in Fig. 1, and its scattering amplitude fab
from a single site is expressed under dipole ap-
proximation by

fab ¼ ∑
m

mew3
im

w
〈ijRbjm〉 〈mjRaji〉
ℏw − ℏwim þ iG=2

ð2Þ

In this process, a photon with energy (ℏ)w is
scattered by being virtually absorbed and emitted
with polarizations a and b, respectively; and in the
course of the process, an electron of mass me

makes dipole transitions through position oper-
ators Ra and Rb from and to the initial state i, via
all possible intermediate states m, collecting the
phase factors associated with the intermediate
states, weighted by some factors involving energy
differences between the initial and intermediate
states (ℏ)wim and the lifetime broadening energy
G. The interference between various scattering
paths is directly reflected in the scattering inten-
sities of the photon, and in this way the valence
electronic states can be detected with phase sen-

sitivity. This process can be contrasted with that in
x-ray absorption spectroscopy (XAS), which is a
first-order process and measures only the ampli-
tudes of the individual paths, or transition
probabilities to various valence states.

We have applied this technique to explore
unconventional electronic states produced by the
strong SOC in Sr2IrO4. Sr2IrO4 is an ideal sys-
tem in which to fully use this technique. The mag-
netic Bragg diffraction in magnetically ordered
Sr2IrO4 comes essentially from scattering by Ir
t2g electrons, to which RXS using the L edge
(2p→5d) can be applied to examine the elec-
tronic states. The wavelength at the L edge of 5d
Ir is as short as ~1 Å, in marked contrast to >10 Å
for 3d elements. This short wavelengthmakes the
detection of RXS signals much easier than in 3d
TMOs, because there exists essentially no con-
straint from the wavelength in detecting the mag-
netic Bragg signal. Moreover, the low-spin 5d5

configuration, a one-hole state, greatly reduces
the number of intermediate states and makes the
calculation of scattering matrix elements tracta-
ble. The excitation to the t2g state completely fills
the manifold, and the remaining degrees of free-
dom reside only in the 2p core holes. Because the
intermediate states are all degenerate in this case,
the denominator factors involving energies and
lifetimes of the intermediate states in Eq. 2 can
drop out. A careful analysis of the scattering
intensity can show that the wave function given
by Eq. 1 represents the ground state in Sr2IrO4

(4).

Figure 2A shows the resonance enhancement
of the magnetic reflection (1 0 22) at the L edge
of a Sr2IrO4 single crystal (4), overlaid with XAS
spectra to show the resonant edges. Whereas there
is a huge enhancement of the magnetic reflection
by a factor of ~102 at the L3 edge, the resonance
at L2 is small, showing less than 1% of the
intensity at L3. The constructive interference at
L3 gives a large signal that allows the study of
magnetic structure, whereas the destructive inter-
ference at the L2 edge hardly contributes to the
resonant enhancement.

To find out the necessary conditions for the
hole state leading to the destructive interference
at the L2 edge, we calculate the scattering ampli-
tudes. Themost general wave function for the hole
state in the t2g manifold involves six basis states,
which can be reduced by block-diagonalizing the
spin-orbit Hamiltonian as

c1jxy,þs〉þ c2jyz,−s〉þ c3jzx,−s〉 ð3Þ

With its time-reversed pair, they fully span the
t2g subspace. We neglect higher-order correc-
tions such as small residual coupling between
t2g and eg manifolds. In the limit of the
tetragonal crystal field [Q ≡ E(dxy) – E(dyz,zx)]
due to the elongation of octahedra much larger
than SOC (lSO) (that is, Q >> lSO), the ground
state will approach c1 = 1 and c2 = c3 = 0 and
become a S = 1/2 Mott insulator, whereas in the
other limit of strong SOC, Q << lSO, ci's will all
be equal in magnitude, with c1, c2 pure real and c3
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Fig. 3. Magnetic ordering pattern of Sr2IrO4. (A) Layered crystal structure of Sr2IrO4,
consisting of a tetragonal unit cell (space group I41/acd) with lattice parameters a ≈ 5.5Å and
c ≈ 26Å (4). The blue, red, and purple circles represent Ir, O, and Sr atoms, respectively. (B)
Canted antiferromagnetic ordering pattern of Jeff = 1/2 moments (arrows) within IrO2 planes
and their stacking pattern along the c axis in zero field and in the weakly ferromagnetic state,
determined from the x-ray data shown in (C) to (E) (4). (C and D) L-scan profile of magnetic
x-ray diffraction (l = 1.1Å) along the (1 0 L) and (0 1 L) direction (C) and the (0 0 L) direction
(D) at 10 K in zero field. The huge fundamental Bragg peak at (0 0 16) and its background
were removed in (D). r.l.u., reciprocal lattice unit. (E) L-scan of magnetic x-ray diffraction (l =
1.1Å) along the (1 0 L) direction at 10 K in zero field and in the in-plane magnetic field of
≈0.3 T parallel to the plane. (F) The temperature dependence of the intensity of the magnetic
(1 0 19) peak (red circles) in the in-plane magnetic field H ≈ 0.3 T. The temperature-
dependent magnetization in the in-plane field of 0.5 T is shown by the solid line.
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collinear AFM order in Sr3Ir2O7

with Ir moments aligned along c:

Dimensionality Driven Spin-Flop Transition in Layered Iridates

J.W. Kim,1 Y. Choi,1 Jungho Kim,1 J. F. Mitchell,2 G. Jackeli,3 M. Daghofer,4

J. van den Brink,4 G. Khaliullin,3 and B. J. Kim2,*
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Using resonant x-ray diffraction, we observe an easy c-axis collinear antiferromagnetic structure for the

bilayer Sr3Ir2O7, a significant contrast to the single layer Sr2IrO4 with in-plane canted moments. Based on

a microscopic model Hamiltonian, we show that the observed spin-flop transition as a function of number

of IrO2 layers is due to strong competition among intra- and interlayer bond-directional pseudodipolar

interactions of the spin-orbit entangled Jeff ¼ 1=2moments. With this we unravel the origin of anisotropic

exchange interactions in a Mott insulator in the strong spin-orbit coupling regime, which holds the key to

the various types of unconventional magnetism proposed in 5d transition metal oxides.

DOI: 10.1103/PhysRevLett.109.037204 PACS numbers: 75.30.Gw, 71.70.Ej, 75.10.Dg, 75.25.�j

Despite the long history of research on magnetism in
insulating oxides, magnetism in 5d transition-metal oxides
(TMO) with strong spin-orbit coupling (SOC) is only now
beginning to be explored. Since the recent discovery of
the SOC-driven Mott insulator with Jeff ¼ 1=2 states in
Sr2IrO4 [1,2], a wide array of theoretical proposals have
been put forward for novel types of quantum magnetism
and topological phases of matter [3–9]. The magnetism in
the strong SOC limit has two fundamentally novel aspects:
(i) orbitals of different symmetries are admixed by SOC
and thus the magnetic exchange interactions are multidir-
ectional, which is evident in particular from the ‘‘cubic’’
shape of the Jeff ¼ 1=2 Kramers doublet wave function
relevant for tetravalent iridates [1–3]; (ii) the quantum
phase inherent in the Jeff ¼ 1=2 states can strongly
suppress the isotropic Heisenberg coupling via a destruc-
tive interference among multiple superexchange paths
and lead to large anisotropic exchange couplings of the
form of pseudodipolar (PD) and Dzyaloshinsky-Moriya
(DM) interactions [3]. This provides a mechanism for
frustrated magnetic interactions that are predicted to lead
to unconventional magnetism, such as the Kitaev model
with spin liquid ground state [3,5,10]. By contrast, mag-
netic interactions in the weak SOC limit are predominantly
of isotropic Heisenberg type weakly perturbed by the
anisotropic couplings.

The central theoretical premise underlying various
iridates is that the Kramers pair of Jeff ¼ 1=2 states is
the correct starting point. Strictly speaking, however, the
exact Jeff ¼ 1=2 states are realized only in cubic symmetry
and in the large Coulomb correlation limit. Although it has
been shown that in Sr2IrO4, having tetragonal symmetry at
the Ir site, the ground state wave function is indeed close
to the Jeff ¼ 1=2 state [2], it is not a priori obvious that this
should also be the case for other iridates with symmetries

lower than cubic. Further, the Jeff ¼ 1=2 states are also
perturbed by the hopping term, the effect of which should
be more pronounced in iridates with small charge gap such
as the Sr3Ir2O7 [11], a bilayer variant of the single layer
Sr2IrO4. Experimentally, a clear signature of the unique
features of the interactions inherent to the Jeff ¼ 1=2
moments, e.g., strong PD couplings, has yet to be seen,
especially in ðNa;LiÞ2IrO3 [12–14], the candidate material
for realization of the Kitaev model.
In this Letter, we report a direct manifestation of the

strong PD interactions in Sr3Ir2O7, which result from the
Jeff ¼ 1=2 states that are robust despite the proximity of
Sr3Ir2O7 to the metal-insulator transition (MIT) boundary.
Using resonant x-ray diffraction (RXD), we find in Sr3Ir2O7

a G-type antiferromagnetic (AF) structure [15] with c-axis
collinear moments, in contrast to the ab-plane canted
AF structure found for Sr2IrO4. The observed spin-flop
transition as a function of number of IrO2 layers does
not accompany an orbital reconstruction, which shows
that the strong interlayer PD couplings, supported by the
three-dimensional (3D) shape of the Jeff ¼ 1=2 wave
function, are indeed responsible for the spin-flop transition.
Employing the microscopic model Hamiltonian of Ref. [3],
we show that in wide—and realistic—parameter ranges, the
same microscopic parameters describing the Jeff ¼ 1=2
electronic states lead to easy-ab-plane moments for the
single layer Sr2IrO4 and c-axis collinear moments for
Sr3Ir2O7. This implies that the transition occurs only as a
function of dimensionality, which is a consequence of the
robustness of Jeff ¼ 1=2 states (albeit perturbed to some
extent) against strong quasi-3D hopping amplitudes.
Experiments were carried out at the 4-IDD and 6-ID

beam lines at the Advanced Photon Source, with incident
photon energy tuned to the Ir L2;3 edges. A horizontal

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

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

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

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

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

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

octahedra, respectively.

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

c (sin2 2�d
c ).

(c) Temperature dependence of (0 1 19) peak.
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Sr3Ir2O7: crystal structure

I4/mmm No. 139 space group: a=3.896 Å, c=20.879 Å

ion W x y z occ.

Ir4+
1 4e 0 0 0.09743 1.

Sr2+
1 2b 0.5 0.5 0 1.

Sr2+
2 4e 0.5 0.5 0.1872 1.

O2−
1 2a 0 0 0 1.

O2−
2 4e 0 0 0.1939 1.

O2−
3 16n 0.1043 0.5 0.0960 0.5

M. A. Subramanian,. . . MRB 29, 645 (1994)

Clock- or counterclockwise rotations of IrO6 octahedra
around c (φ=11.8◦) ⇒ averaged O3 positions

TEM: Bbcb (≡ Acaa) No. 68 space group
rotations in opposite senses in each bilayer
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two structural models for Sr3Ir2O7
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with clockwise or counterclockwise rotated octahedra
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total energies

Sr3Ir2O7 Ueff=1.0 eV Ueff=1.5 eV Ueff=2.0 eV
OO MO M ∆E Eg ∆E Eg ∆E Eg
Ao AAc c 0 0.13 0 0.33 0 0.53

ab 7.4 0 6.8 0.20 6.3 0.41
AFc c 10.0 0 20.8 0.08 19.8 0.31

ab 6.6 0.05 9.1 0.23 10.6 0.43
Fo AAc c 54.8 0.14 50.4 0.33 48.1 0.52

ab 52.9 0.15 49.0 0.33 47.5 0.51
AFc c 67.7 0 71.3 0.12 68.5 0.35

ab 67.0 0 69.6 0.13 67.7 0.35
Sr2IrO4

A c 0 0.14 0 0.35 0 0.58
ab -1.3 0.15 -1.1 0.36 -0.7 0.58

Sr2IrO4: lowest energy for M||ab; Sr3Ir2O7: lowest energy for M||c
Sr3Ir2O7: Ao order of octahedra and Ac order in a bilayer are always favorable

Sr3Ir2O7: for Fo order of octahedra M||ab gives lower energy
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Sr3Ir2O7: bilayer splitting

AF order in a bilayer:
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M||c: Ir moments are antiparallel ⇒ small bilayer splitting

M||ab: the angle between moments φc = 137◦

⇒ bilayer splitting is much stronger
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conclusions

LSDA+U calculations reproduce magnetic ground states for Sr2IrO4 and
Sr3Ir2O7

in Sr3Ir2O7 bilayer splitting of unoccupied Ir t2g bands increases strongly
when Ir moments are in ab plane
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