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Pyrochlore oxides: A2B2O7 

Spinels: AB2O4 
◆Problem 
　　Structural phase transition that accompanies 
metal-insulator (MI) transition.  
◆Solution 
     Mixed valence state may suppress MI 
transition by charge frustration(?). 

e.g., LiV2O4 	


Issue: Geometrical Correlation of Itinerant Electrons 

 
	


Pyrochlore lattice 
(Spinel) 

Stage of itinerancy = 
highly symmetric crystal 

Introduction!

◆Issues 
　　Is there any sign of geometrical frustration 
in the insulator phase associated with MI 
transition?  
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Cu!Ir3!Ir4!S4
2" . In case of the LTI phase of

Cu1"xZnxIr2S4, similar charge ordering is also expected. In
Fig. 3!b", the change of #LTI , which is almost equal to 1
"x in the low-x region, suggests that the Ir4! concentration
determines the molar fraction of the LTI phase. Thus it is
reasonable to suppose the ionic configuration of the LTI
phase as Cu1"x

!Znx
2!Ir3!Ir4!S4

2" , which is stabilized by
charge segregation accompanied by the phase separation be-
low TMI . That is to say, some electrons in the LTI phase
transfer to the LTC phase. This charge disproportion is also
supported by the NMR measurement.19 When further in-
creasing x, however, it becomes difficult to completely main-
tain the charge disproportion from the viewpoint of charge
neutrality. As a balance, the number of transferred electrons
and the molar fraction of the LTI phase should be gradually
decreased. Finally, the rapid collapse of the LTI phase is
expected at a higher Zn concentration. It is worth noting that

the LTC phase should be different from the HTM phase due
to the charge transference. Further experiments are necessary
to confirm this point.

B. Electrical resistivity

With regard to the parent compound CuIr2S4, first of all,
the resistivity measurement shows a similar result with pre-
vious reports.2–4 The MI transition is identified by the three
orders of magnitude jump in resistivity at about 230 K, as
shown by line A of Fig. 4!a". The thermal hysteresis indicates
that the phase transition is of first order. The TMI value, de-
fined as the average of the transition midpoints for cooling
and heating processes, is determined as 228 K.
The MI transition is suppressed by the Zn substitution, as

shown in Fig. 4!a". With the Zn substitution, the MI transi-
tion moves towards lower temperatures. The resistivity
change at the MI transition becomes smaller and smaller.
Apparently, the MI transition disappears for x$0.25. How-
ever, small thermal hysteresis can be observed for x#0.25
and 0.3 samples, indicating that the phase transition still
takes place. For x$0.4, the thermal hysteresis cannot be
found any more. The sudden resistivity drop around 3 K for
x$0.25 is due to a superconducting transition, which will be
discussed in Sec. III E.
We note that the normal-state resistivity shows interesting

behavior. For x#0.3 sample, the negative temperature coef-
ficient of resistivity !TCR" occurs at about 200 K, which is
significantly higher than the TMI !around 70 K". In the case
of x#0.4 and 0.5, where the MI transition is completely
suppressed, the %(T) curve also shows a hump at low tem-
peratures. For the x#0.6 and 0.7 samples, however, the TCR
keeps positive. The %(T) curve is essentially linear for T
$50K, but follows the power law %(T)#%0!&Tn, in the
range of 4.5 K%T%50K. The fitted result shows n#1.5 and
2.3 for x#0.6 and 0.7, respectively. Further increasing Zn
content results in the disappearance of superconductivity, and
the negative TCR appears again.
Considered the hole filling by the Zn substitution, the hole

concentration nh for Cu1"xZnxIr2S4 is expected to be 1"x
per unit formula. Thus an insulating state is expected for x
#1, since the 5d' orbital of Ir is fully occupied. As can be
seen in Fig. 5, the room-temperature resistivity (%295 K) in-

FIG. 4. Temperature dependence of resistivity for
Cu1"xZnxIr2S4 (!a" 0)x)0.5, !b" 0.6)x)0.9* sintered specimen.
Note the logarithmic scale for !a".

FIG. 5. Resistivity at 9 K !left, in a logarithmic scale" and 295 K
!right" as a function of Zn content in Cu1"xZnxIr2S4. The lines are
guides to the eye.
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Structural phase transition accompanied by MI transition at ~230 K:	

Furubayashi et al., ‘94	


Metal-insulator transition in CuIr2S4 

Li, Zn

O

V

µ+

Cu 
S 
Ir �

Meanwhile, the bipolarons should have a dynamic character
due to the thermal fluctuation. In Ti4O7, the high-temperature
insulating and low-temperature insulating phases are de-
scribed as the bipolaron liquid and bipolaron crystal,
respectively.25 The bipolaron crystal has long-range-ordered
Ti3! dimers, whereas the bipolaron liquid does not. Accord-
ingly, if a few dynamic Ir4! dimers exist in the negative TCR
regime, the states can be regarded as a bipolaron gas. Fur-
thermore, it would be of great interest whether the bipolaron
gas plays a role in the occurrence of superconductivity. Nev-
ertheless, it should be pointed out that, apart from the forma-
tion of the bipolaron gas, other possibilities such as the for-
mation of a charge !spin" density wave cannot be ruled out.

IV. SUMMARY

As a conclusion for the Zn substitution, we drew the
phase diagram shown in Fig. 15. Structurally, there are two
phases in the system: one is the normal cubic spinel the
other is the deformed spinel with lower symmetry. The Zn
substitution decreases the hole concentration for the cubic
phase. Metallic conduction holds for the cubic spinel except
that the carrier concentration is decreased so much that
Anderson localization would take place. The TMI is de-
creased by the Zn substitution. The HTM phase transforms
into the LTI and LTC phases at TMI for x"0.4. Below TMI ,
an insulator-to-metal transition occurs at x#0.25 due to the
percolation effect. The cubic phase exhibits superconductiv-
ity for 0.25$x$0.8. The Tc is found to decrease with in-
creasing Zn content.
The origin of the MI transition is tentatively explained.

The LTI phase is suggested to be charge ordered with the
formation of spin-singlet Ir4! dimers. The interatomic Cou-
lomb repulsion and the exchange interaction in Ir4! dimers
are proposed to be responsible for the MI transition. Based
on this model, the unusual pressure effect can be basically
understood.
The normal-state %(T) for x#0.3–0.5 samples shows

negative TCR, which suggests modification of the electronic
states. One possible explanation is that the negative TCR
state involves the formation of bipolaron gas, which might
be related to the occurrence of superconductivity. Further
investigations are needed to clarify this important issue.
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FIG. 15. Phase diagram of Cu1$xZnxIr2S4 (0$x$0.9). The
logarithm was used for the temperature axis in order to show the
low-temperature phases. Nonmetallic behavior is expected for 0.9
$x$1.0. The abbreviations are used as follows. HTM: high-
temperature metallic. LTI: low-temperature insulating.
LTC: low-temperature cubic. SC: superconducting.
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Formation of isomorphic Ir3+ and Ir4+ octamers and spin dimerization:	


a) Red=Ir3+, Blue=Ir4+, 
with spin dimers shown 
by light blue lines.	


b) Same as a), showing 
Ir skeleton of octamers.	


a) Electron diffraction pattern of CuIr2O4 at 
93 K with incident beam parallel to the 
[110] cubic axis. b) SR X-ray diffraction 
pattern with Rietveld fit. 	


…suggesting the effect of charge/spin frustration	


cf. Fe3O4 (magnetite: Fe2+ & Fe3+)	


Metal-insulator transition in CuIr2S4 

Nature 416, 155 (2002)�Radaelli et al., �



Metal-insulator transition in CuIr2S4!

TMI, there appears the net tetragonal distortion (elonga-
tion, c=a ! 1:03 [4]), and, besides that, the complicated
octamer structure appears [2]: Ir3" and Ir4" order in oc-
tamers, and the Ir4" octamers have an alternation of
short and long bonds; see Fig. 2 in [2]. This beautiful
structure seems extremely unusual. However, the situation
is much simpler if one looks at what happens in the straight
Ir chains: one immediately notices that five out of six
such chains have a tetramerization—an alternation of
Ir3"=Ir3"=Ir4"=Ir4"= . . .— and one of them has a corre-
sponding dimerization; see Fig. 2(a). The tetramerization
in CuIr2S4 was also noticed in [5].

One can naturally explain this tetramerization pattern if
one looks at the electronic structure of this compound,
schematically shown in Fig. 2(b). Because of the tetragonal
elongation, the triply degenerate t2g levels are split by a CF
splitting, and, besides (which is probably more important),
the xy band becomes broader. With the 5.5 electrons (or
0.5 hole) per Ir in these levels, the lowest two bands are
fully occupied, and the upper xy one-dimensional band is
3=4 filled. Thus, we can expect a Peierls or charge density
wave transition, accompanied by tetramerization in the xy
chains (formation of superstructure with Q! ! 2kF ! "=2
along the #1; 1; 0$ and #1;%1; 0$ directions), with holes in
the xy orbitals, as shown in Fig. 2(a). As is seen from this
figure, the resulting state exactly corresponds to the one
found in [2]: Ir3" and Ir4" form octamers. Besides, the Ir4"

pairs in the xy chains have orbitals directed towards one
another; thus these pairs form spin singlets. When we
release the lattice, corresponding bonds become shorter,
again consistent with the structure of [2]. Thus the expla-
nation of this apparently complicated structure becomes

extremely simple and natural if we look at it from the
viewpoint of straight Ir chains, which, for this orbital
occupation, form natural building blocks in spinels.

The same idea explains also the chiral superstructures
observed in MgTi2O4 [3]. Below TMI at 260 K, a tetragonal
distortion (here compression) appears also in this system,
together with the inequivalent bonds, so that, if one con-
nects short and long bonds, they form spirals along the c
or the z direction, which may be both left and right mov-
ing. Apparently, on the short bonds, Ti-Ti pairs form spin
singlets which is rather typical for d1 configurations. This
naturally explains the drop of magnetic susceptibility at
TMI [6]. This superstructure, the origin of which looks very
puzzling, again can be explained very easily if one looks at
the situation in the straight Ti chains. One immediately
notices that in all chains running in the #0; 1; 1$, #0; 1;%1$,
#1; 0; 1$, and #1; 0;%1$ directions (lying in the zx and yz
planes) one has the tetramerization: an alternation of short,
intermediate, long, and intermediate bonds. This structure
appears naturally if we look at the electronic structure of
this system, Fig. 3(b). In the high temperature phase, Ti3"

ions have one electron in the triply degenerate t2g level,
which in the tight-binding scheme would give three one-
dimensional degenerate bands (we neglect here small
trigonal splitting). One can reduce the band energy by
tetragonal distortion— the effect similar to the band
Jahn-Teller effect invoked by Labbe and Friedel to explain
the cubic-tetragonal transition in A15 compounds (V3Si,
Nb3Sn) [7]. The tetragonal compression observed in
MgTi2O4 increases the bandwidths of the zx and yz bands
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FIG. 2 (color). (a) Charge and orbital ordering in CuIr2S4.
Octamer is shown by thick lines. Short singlet bonds are in-
dicated by double lines. (b) Schematic electronic structure of
CuIr2S4.
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FIG. 3 (color). (a) Orbital ordering in MgTi2O4. Short singlet
bonds are shown by double, intermediate–single, and long–
dashed lines. yz orbitals are shown in green and zx orbitals in
blue. (b) Schematic electronic structure of MgTi2O4. Note
different orientation of coordinate axes as compared with
Figs. 1 and 2.
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Theoretical model on t2g manifold:  Dimerization of Ir4+ on intersecting Ir chains:	

PRL 94, 156402 (2005)	
Khomskii and Mizokawa,	


Presence of orbital degeneracy 
for Ir4+ → Jahn-Teller instability 

Ir4+ (5d5) 

S=1/2 

Cu1+: non-magnetic (3d10)	


low spin state…relatively large crystal field	


S=0 

Ir3+ (5d6)	

Cubic       Tetra.	


dimer	


…but no reason to take octamer arrangement.	


t2g 

eg 



µSR in CuIr2S4	


Figure 2: (a) Time-dependent µSR spectra observed at several temperatures in powder
sample of CuIr2S4 (x = 0) under zero external field. (b) µSR spectra at 2 K under a longi-
tudinal field of 1, 2, 5, 10, 20, and 40 mT. (c) Temperature dependence of the partial µ-e
decay asymmetry, one for the component showing fast exponential damping (A) and the
other showing Gaussian damping (B). (d) Depolarization rate of the respective compo-
nents as a function of temperature. (e) µSR spectra in Cu1−xZnxIr2S4 under zero external
field with x = 0.01, and (f) x = 0.1. (g) Relative amplitude of the component showing
fast exponential damping (A) as a function of temperature. (h) Magnetic susceptibility
(χ) of Cu1−xZnxIr2S4 samples used for µSR measurements. Inset shows temperature of
metal-insulator transition (TMI) determined by χ.
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µSR in Cu1-xZnxIr2S4	


x=0.01	


x=0.1	




10 Dq~ 4 eV!

t2g 

eg 

Jeff = 1/2 

Jeff = 3/2 

spin-orbit!
coupling !
~ 0.5 eV!

CEF!

Physics of Ir4+ (5d5) ions:	


B.J. Kim et al., PRL 101, 76402 (2008) 
Science 323, 1329 (2009)	


for the symmetry of the intersite interactions. Namely, the
very form of the exchange Hamiltonian depends on bond
geometry through a density profile of Kramers states, as we
demonstrate below.

Exchange couplings of neighboring Kramers states.—
We consider the limit of the strong spin-orbit coupling, i.e.,
when ! is larger than exchange interaction between the
isospins. The exchange Hamiltonians for isospins are then
obtained by projecting the corresponding superexchange
spin-orbital models onto the isospin states Eq. (1). First, we
present the results for the case of cubic symmetry (! ¼ 0,
sin" ¼ 1=

ffiffiffi
3

p
), and discuss later the effects of a tetragonal

distortion. We consider two common cases of TM-O-TM
bond geometries: (A) a 180"-bond formed by corner-
shared octahedra as in Fig. 2(a), and (B) a 90"-bond
formed by edge-shared ones, Fig. 2(b).

(A) A 180" bond: For this geometry, the nearest-
neighbor t2g hopping matrix is diagonal in the orbital space
and, on a given bond, only two orbitals are active, e.g., jxyi
and jxzi orbitals along a bond in x-direction [Fig. 2(a)].
The spin-orbital exchange Hamiltonian for such a system
has already been reported: see Eq. (3.11) in Ref. [12]. After
projecting it onto the ground state doublet, we find an
exchange Hamiltonian for isospins in a form of

Heisenberg plus a pseudodipolar interaction,

H ij ¼ J1 ~Si # ~Sj þ J2ð ~Si # ~rijÞð~rij # ~SjÞ; (2)

where ~Si is the S ¼ 1=2 operator for isospins (referred to as
simply spins from now on), ~rij is the unit vector along the
ij bond, and J1ð2Þ ¼ 4

9#1ð2Þ. Hereafter, we use the energy
scale 4t2=U where t is a dd-transfer integral through an
intermediate oxygen, and U stands for the Coulomb re-
pulsion on the same orbitals. The parameters #1ð2Þ control-
ling isotropic (anisotropic) couplings are given by
#1 ¼ ð3r1 þ r2 þ 2r3Þ=6 and #2 ¼ ðr1 ' r2Þ=4, where
the set of rn characterizing the multiplet structure of the
excited states depends solely on the ratio $ ¼ JH=U of
Hund’s coupling and U [24]. At small $, one has #1 ’ 1
and #2 ’ $=2. Thus, we find a predominantly isotropic
Hamiltonian, with a weak dipolarlike anisotropy term.
While the overall form of Eq. (2) could be anticipated
from symmetry arguments, the explicit derivation led us
to an unexpected result: In the limit of strong SO coupling,
the magnetic degrees are governed by a nearly Heisenberg
model just like in the case of small !, and, surprisingly
enough, its anisotropy is entirely due to the Hund’s cou-
pling. This is opposite to a conventional situation: typi-
cally, the anisotropy corrections are obtained in powers of
! while the Hund’s coupling is not essential.
(B) A 90" bond: There are again only two orbitals active

on a given bond, e.g., jxzi and jyzi orbitals along a bond in
the xy-plane. However, the hopping matrix has now only
nondiagonal elements, and there are two possible paths for
a charge transfer [via upper or lower oxygen, see Fig. 2(b)].
This peculiarity of a 90" bond leads to an exchange
Hamiltonian drastically different from that of a 180" ge-
ometry. Two transfer amplitudes via upper and lower oxy-
gen interfere in a destructive manner and the isotropic part
of the Hamiltonian exactly vanishes. The finite, anisotropic
interaction appears, however, due to the JH-multiplet struc-
ture of the excited levels. Most importantly, the very form
of the exchange interaction depends on the spatial orienta-
tion of a given bond. We label a bond ij laying in the %&
plane perpendicular to the 'ð¼ x; y; zÞ axis by a (')-bond.
With this in mind, the Hamiltonian can be written as

H ð'Þ
ij ¼ 'JS'i S

'
j ; (3)

with J ¼ 4
3#2. Remarkably, this Hamiltonian is precisely a

quantum analog of the so-called compass model. The latter,
introduced originally for the orbital degrees of freedom in
Jahn-Teller systems [5], has been the subject of numerous
studies as a prototype model with protected ground state
degeneracy of topological origin (see, e.g., Ref. [25]).
However, to our knowledge, no magnetic realization of
the compass model has been proposed so far.
Implementing the Kitaev model in Mott insulators.—The

Kitaev model is equivalent to a quantum compass model on
a honeycomb lattice [26]. It shows a number of fascinating
properties such as anyonic excitations with exotic frac-

isospin up spin up, lz=0 spin down, lz=1

+=

FIG. 1 (color online). Density profile of a hole in the isospin
up state (without tetragonal distortion). It is a superposition of a
spin up hole density in jxyi-orbital, lz ¼ 0 (middle), and spin
down one in ðjyziþ ijxziÞ state, lz ¼ 1 (right).

pyxy xy

pzxz xz

180o

(a)

pz

pz

(b)

xz yz

yz xz

o90

FIG. 2 (color online). Two possible geometries of a TM-O-TM
bond with corresponding orbitals active along these bonds. The
large (small) dots stand for the transition metal (oxygen) ions.
(a) A 180"-bond formed by corner-shared octahedra, and (b) a
90"-bond formed by edge-shared octahedra.

PRL 102, 017205 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

9 JANUARY 2009

017205-2

Sr2IrO4!

t2g      →    Jeff      

for the symmetry of the intersite interactions. Namely, the
very form of the exchange Hamiltonian depends on bond
geometry through a density profile of Kramers states, as we
demonstrate below.

Exchange couplings of neighboring Kramers states.—
We consider the limit of the strong spin-orbit coupling, i.e.,
when ! is larger than exchange interaction between the
isospins. The exchange Hamiltonians for isospins are then
obtained by projecting the corresponding superexchange
spin-orbital models onto the isospin states Eq. (1). First, we
present the results for the case of cubic symmetry (! ¼ 0,
sin" ¼ 1=

ffiffiffi
3

p
), and discuss later the effects of a tetragonal

distortion. We consider two common cases of TM-O-TM
bond geometries: (A) a 180"-bond formed by corner-
shared octahedra as in Fig. 2(a), and (B) a 90"-bond
formed by edge-shared ones, Fig. 2(b).

(A) A 180" bond: For this geometry, the nearest-
neighbor t2g hopping matrix is diagonal in the orbital space
and, on a given bond, only two orbitals are active, e.g., jxyi
and jxzi orbitals along a bond in x-direction [Fig. 2(a)].
The spin-orbital exchange Hamiltonian for such a system
has already been reported: see Eq. (3.11) in Ref. [12]. After
projecting it onto the ground state doublet, we find an
exchange Hamiltonian for isospins in a form of

Heisenberg plus a pseudodipolar interaction,

H ij ¼ J1 ~Si # ~Sj þ J2ð ~Si # ~rijÞð~rij # ~SjÞ; (2)

where ~Si is the S ¼ 1=2 operator for isospins (referred to as
simply spins from now on), ~rij is the unit vector along the
ij bond, and J1ð2Þ ¼ 4

9#1ð2Þ. Hereafter, we use the energy
scale 4t2=U where t is a dd-transfer integral through an
intermediate oxygen, and U stands for the Coulomb re-
pulsion on the same orbitals. The parameters #1ð2Þ control-
ling isotropic (anisotropic) couplings are given by
#1 ¼ ð3r1 þ r2 þ 2r3Þ=6 and #2 ¼ ðr1 ' r2Þ=4, where
the set of rn characterizing the multiplet structure of the
excited states depends solely on the ratio $ ¼ JH=U of
Hund’s coupling and U [24]. At small $, one has #1 ’ 1
and #2 ’ $=2. Thus, we find a predominantly isotropic
Hamiltonian, with a weak dipolarlike anisotropy term.
While the overall form of Eq. (2) could be anticipated
from symmetry arguments, the explicit derivation led us
to an unexpected result: In the limit of strong SO coupling,
the magnetic degrees are governed by a nearly Heisenberg
model just like in the case of small !, and, surprisingly
enough, its anisotropy is entirely due to the Hund’s cou-
pling. This is opposite to a conventional situation: typi-
cally, the anisotropy corrections are obtained in powers of
! while the Hund’s coupling is not essential.
(B) A 90" bond: There are again only two orbitals active

on a given bond, e.g., jxzi and jyzi orbitals along a bond in
the xy-plane. However, the hopping matrix has now only
nondiagonal elements, and there are two possible paths for
a charge transfer [via upper or lower oxygen, see Fig. 2(b)].
This peculiarity of a 90" bond leads to an exchange
Hamiltonian drastically different from that of a 180" ge-
ometry. Two transfer amplitudes via upper and lower oxy-
gen interfere in a destructive manner and the isotropic part
of the Hamiltonian exactly vanishes. The finite, anisotropic
interaction appears, however, due to the JH-multiplet struc-
ture of the excited levels. Most importantly, the very form
of the exchange interaction depends on the spatial orienta-
tion of a given bond. We label a bond ij laying in the %&
plane perpendicular to the 'ð¼ x; y; zÞ axis by a (')-bond.
With this in mind, the Hamiltonian can be written as

H ð'Þ
ij ¼ 'JS'i S

'
j ; (3)

with J ¼ 4
3#2. Remarkably, this Hamiltonian is precisely a

quantum analog of the so-called compass model. The latter,
introduced originally for the orbital degrees of freedom in
Jahn-Teller systems [5], has been the subject of numerous
studies as a prototype model with protected ground state
degeneracy of topological origin (see, e.g., Ref. [25]).
However, to our knowledge, no magnetic realization of
the compass model has been proposed so far.
Implementing the Kitaev model in Mott insulators.—The

Kitaev model is equivalent to a quantum compass model on
a honeycomb lattice [26]. It shows a number of fascinating
properties such as anyonic excitations with exotic frac-

isospin up spin up, lz=0 spin down, lz=1

+=

FIG. 1 (color online). Density profile of a hole in the isospin
up state (without tetragonal distortion). It is a superposition of a
spin up hole density in jxyi-orbital, lz ¼ 0 (middle), and spin
down one in ðjyziþ ijxziÞ state, lz ¼ 1 (right).

pyxy xy

pzxz xz

180o

(a)

pz

pz

(b)

xz yz

yz xz

o90

FIG. 2 (color online). Two possible geometries of a TM-O-TM
bond with corresponding orbitals active along these bonds. The
large (small) dots stand for the transition metal (oxygen) ions.
(a) A 180"-bond formed by corner-shared octahedra, and (b) a
90"-bond formed by edge-shared octahedra.
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Sr2IrO4! CuIr2S4!

Jackeli and Khaliullin, PRL 102, 017205 (2009) 
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tional statistics, topological degeneracy, and, in particular,
it is relevant for quantum computation [18]. This generated
an enormous interest in a possible realization of this model
in real systems, with current proposals based on optical
lattices [27]. Here, we outline how to ‘‘engineer’’ the
Kitaev model in Mott insulators.

Shown in Fig. 3(a) is a triangular unit formed by 90!

bonds together with ‘‘compass’’ interactions that follow
from Eq. (3). Such a structure is common for a number of
oxides, e.g., layered compounds ABO2 (where A and B are
alkali and TM ions, respectively). The triangular lattice of
magnetic ions in an ABO2 structure can be depleted down
to a honeycomb lattice (by periodic replacements of TM
ions with nonmagnetic ones). One then obtains an A2BO3

compound, which has a hexagonal unit shown in Fig. 3(b).
There are three nonequivalent bonds, each being perpen-
dicular to one of the cubic axes x, y, z. Then, according to
Eq. (3), the spin coupling, e.g., on a (x)-bond, is of Sxi S

x
j

type, precisely as in the Kitaev model. The honeycomb
lattice provides a particularly striking example of new
physics introduced by strong SO coupling: the
Heisenberg model is converted into the Kitaev model
with a spin-liquid ground state.

The compound Li2RuO3 [28] represents a physical ex-
ample of the A2BO3 structure. By replacement of spin-one
Ru4þ with spin-one-half Ir4þ ions, one may realize a
strongly spin-orbit-coupledMott insulator with low-energy
physics described by the Kitaev model.

‘‘Weak’’ ferromagnetism of Sr2IrO4.—As an example of
a spin-orbit-coupled Mott insulator, we discuss the layered
compound Sr2IrO4, a t2g analog of the undoped high-Tc

cuprate La2CuO4. In Sr2IrO4, a square lattice of Ir
4þ ions is

formed by corner-shared IrO6 octahedra, elongated along
the c-axis and rotated about it by ! ’ 11! [19] (see Fig. 4).
Sr2IrO4 undergoes a magnetic transition at #240 K dis-

playing a weak FM, which can be ascribed to a
Dzyaloshinsky-Moriya (DM) interaction. The puzzling
fact is that ‘‘weak’’ FM moment is unusually large,
’ 0:14"B [20] which is 2 orders of magnitude larger
than that in La2CuO4 [29]. A corresponding spin canting
angle # ’ 8! is close to !, i.e., the ordered spins seem to
rigidly follow the staggered rotations of octahedra. Here,
we show that the strong SO coupling scenario gives a
natural explanation of this observation.
We first show the dominant part of the Hamiltonian for

Sr2IrO4 neglecting the Hund’s coupling for a moment.
Accounting for the rotations of IrO6 octahedra, we find

H ¼ J ~Si % ~Sj þ JzS
z
iS

z
j þ ~D % ½ ~Si ' ~Sj(: (4)

Here, the isotropic coupling J ¼ $1ðt2s * t2aÞ, where ts ¼
sin2%þ 1

2 cos
2% cos2!, and ta ¼ 1

2 cos
2% sin2!. The second

and third terms describe the symmetric and DM anisotro-
pies, with Jz ¼ 2$1t

2
a, ~D ¼ ð0; 0;*DÞ, and D ¼ 2$1tsta.

[For ! ¼ 0, these terms vanish and we recover J1-term of
the 180! result (2).] As it follows from Eq. (4), the spin
canting angle is given by a ratio D=J ’ 2ta=ts # 2!which
is independent of &, and is solely determined by lattice
distortions. This explains the large spin canting angle ##
! in Sr2IrO4.
As in the case of weak SO coupling [30], the

Hamiltonian (4) can in fact be mapped to the Heisenberg

model ~~Si % ~~Sj where operators ~~S are obtained by a stag-

gered rotation of ~S around the z-axis by an angle,#, with
tanð2#Þ ¼ D=J. Thus, at JH ¼ 0, there is no true magnetic
anisotropy. Once JH-corrections are included, the
Hamiltonian receives also the anisotropic terms,

Syy
2 3S

Sx x
1 2S

SSz z
1 3 (b)

xx

zz

yy

(a)

y

z

x

1

3

2

FIG. 3 (color online). Examples of the structural units formed
by 90! TM-O-TM bonds and corresponding spin-coupling pat-
terns. Gray circles stand for magnetic ions, and small open
circles denote oxygen sites. (a) Triangular unit cell of
ABO2-type layered compounds, periodic sequence of this unit
forms a triangular lattice of magnetic ions. The model (3) on this
structure is a realization of a quantum compass model on a
triangular lattice: e.g., on a bond 1-2, laying perpendicular to
x-axis, the interaction is Sx1S

x
2. (b) Hexagonal unit cell of

A2BO3-type layered compound, in which magnetic ions
(B-sites) form a honeycomb lattice. (Black dot: nonmagnetic
A-site). On an xx-bond, the interaction is Sxi S

x
j , etc. For this

structure, the model (3) is identical to the Kitaev model.

π/8 π/4 3π/8 π/2
θ

0

0.5
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2

φ/
α

spin−flop

canted

c>ac<a

cubic

φ

collinear || 

α

z

y

xz

z

FIG. 4. The spin canting angle # (in units of !) as a function
of the tetragonal distortion parameter %. Inset shows a sketch of
an IrO2-plane. The oxygen octahedra are rotated by an angle,!
about z-axis forming a two sublattice structure. In the cubic case,
% ’ '=5, one has # ¼ ! exactly. The spin-flop transition from
the in-plane canted spin state to a collinear Néel ordering along
z-axis occurs at % ¼ '=4.
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Physics of Ir4+ (5d5) ions:	


Effective Hamiltonian: 
H(γ)

ij = -JSγiSγj,    γ = x,y,z 

Compass model on triangle/honeycomb 
= Kitaev model 	


Ir4+ octamer can be mapped 
onto the Kitaev model!	


•	
  While	
  single	
  (isolated)	
  
octamer	
  would	
  not	
  exhibit	
  
local	
  magneCsm*,	
  weak	
  
inter-­‐octamer	
  correlaCon	
  
might	
  lead	
  to	
  freezing	
  of	
  
spin-­‐liquid.	
  
	
  
*Y.	
  Motome,	
  private	
  commu-­‐
nicaCon.	
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Quest for the origin of MI transition in Cd2Os2O7 

Akihiro KodaA,B, Kenji M. KojimaA,B, Masanori MiyazakiA, 
Masatoshi HiraishiA, Ichihiro YamauchiA, Ryosuke KadonoA,B, !

Jun-ichi YamauraC, Zenji HiroiC!
AKEK/J-PARC, BSOKENDAI,CISSP-U.Tokyo!



Os 

Cd 
O'	
  

O	
  

Metal-insulator (MI) transition in Cd2Os2O7 	


Half-filled t2g band?!

S=3/2 

Os5+ (5d3)	


t2g 

eg 

ρ 
 (Ω

cm
) 

10-4 

10-3 

10-2 

10-1 

1 

Tt=225K 

0 200 400 600 800 

T  (K) 

A. W. Sleight et al., Solid 
State Commun. 14 (1974) 
357.   

Much smaller than a typical Mott gap. !
Fermi surface instability ?	


D. Mandrus et al., PRB 63 
(2001) 195104. 
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⎠

⎞
⎜⎜
⎝
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=Δ

0

ln
ρ
ρT

Resistivity:	


J. Yamaura et al.  



TN	
  
Not Curie-Weiss!

Parasitic 
ferromagnetism!

D. Mandrus et al. 

2nd order transition!

Gap opening due to SDW order ? !
!

(Slater transition)!

Moderate !
enhancement	

( )

Os emu/mole 105.1

/OseV  62.4
4

0

-1

−×=

=

χ
FEN

Singh et al. Phys. Rev. B65, 155109 (2002).	


Metal-insulator (MI) transition in Cd2Os2O7 	

Bulk magnetic property:	


Specific heat:	

J. Yamaura et al.  



Metal-insulator (MI) transition in Cd2Os2O7 	


Not CDW !
No change of crystal symmetry !

BSC-like gap: 2Δ/kTc~5.2!

Optical conductivity on a small single crystal! W. J. Padilla, D. Mandrus, D. N. 
Basov, PRB 66 (2002) 035120. 

All IR active phonons preserved.!
No new mode below TMI!

Neutron diffraction 114Cd2Os2O7!

J. Reading and M. T. Weller, J. Mater. 
Chem. 11 (2001) 2373.  

Weak lattice anomaly!
No symmetry change!
No magnetic Bragg peak!

Structural property:	




Metal-insulator (MI) transition in Cd2Os2O7 	

µSR on powder sample:	


• Static magnetic order appears not at 
TMI = 230 K but at T = 150 K.!
• Distribution of internal field →SDW?  !

Spin fluctuations observed between 
TMI and 150 K.!
However, no anomaly at 150 K 
detected by other experiments.!

A. Koda et al., JPSJ 76 (2007) 063703.  



ψ1 	
  (Γ3) ψ2 	
  (Γ5) ψ3 	
  (Γ5)

ψ4 	
  (Γ7) ψ5 	
  (Γ7) ψ6 	
  (Γ7)

ψ7 	
  (Γ9) ψ8 	
  (Γ9) ψ9 	
  (Γ9)

ψ10 	
  (Γ9) ψ11 	
  (Γ9) ψ12 	
  (Γ9)

Metal-insulator (MI) transition in Cd2Os2O7 	

J. Yamaura et al. : PRL, 108, 247205 (2012). 

q = 0 spin structure with !
preserved cubic symmetry!
(Ising-like all-in-all-out spin structure)!
　⇒Not the Slater transition!

Res. X-ray Scattering on single crystal:	


No	
  anomaly	
  at	
  150	
  K	




Metal-insulator (MI) transition in Cd2Os2O7 	

µSR on single crystal: 	
 A. Koda et al. 

• Strong spin fluctuation below 
TMI=226 K was confirmed.!
• Truly static order establishes 
below ~150 K.!
(Not SDW, but comm. AF)	




Metal-insulator (MI) transition in Cd2Os2O7 	


A. Koda et al. 

e.g., at 200 K!
δ = 18.2(4) MHz!
ν =  846(34) MHz	


λ ω( ) = 2δ 2ν
ω 2 +ν 2

,

ω ≡ γµB

ν=	


Longitudinal	
  depolarizaCon	
  	
  
λ (ω)	
  [=1/T1]	
  

Spin	
  fluctuaCon	
  rate	
  ν	
  	


δ	
  :	
  Hyperfine	
  field	


µSR on single crystal: 	
Issue: Spin fluctuation rate	




O2-	


Os3+	


µ+	


Metal-insulator (MI) transition in Cd2Os2O7 	


A. Koda et al. 
T < 150 K: Muon site may be slightly off-center in the Os tetrahedron 
cage so that Hint does not cancel out.!

Hint = 0	
 Hint > 0	
 …µ+ is attracted by negative 
charge of oxygen?	


µSR on single crystal: 	


T > 150 K: Hyperfine interaction:!
2δ 2 ∝ Ai

αβ( )
2

i,α,β
∑ (α = x, y;β = x, y, z)

Αµ/γµ
 = 0.21 T/µB (Calculated for 4 nn Os ions)	


!
δ = 27.8(9) MHz (experiment) ! !    |µ’i| = δ/γµΑµ ≒ 0.15(1)µB!

i.e. δ is a rms value 
of dipole tensor. 	


Issue: Muon site and δ	



H int = Âi

µi

i
∑

€ 

ˆ A i
αβ =

1
ri

3 δαβ −
3ri

αri
β

ri
2

& 

' 
( 

) 

* 
+ 

µi	

→	


i.e. Hint is a vector sum. 	


…having	
  no	
  direct	
  relaConship	
  with	
  Hint.	




Metal-insulator (MI) transition in Cd2Os2O7 	


FT 17Ｏ NMR spectrum!

2	
  

3	
  

1	
  

4	
  
5	
  

6	
  

H0 || [100] Hi
nt	
  

Estimated ordered moment is 
1.0~1.5 µB/Os 

(from HF parameter for T > TMI) 

Ψ1(Γ3) 
all-in/all-out spin structure!

NMR on single crystal: 	
 I. Yamauchi et al.  



Metal-insulator (MI) transition in Cd2Os2O7 	


A. Koda et al. 

Muon probes fluctuation of the Os moments perpendicular 
to [111] axis?!

µSR vs NMR: 	


17O	


Os moment parallel to [111] : 1-1.5µB 	


Os moment perpendicular to [111] : 0.15µB 	


Origin:	
  anisotropic	
  exchange	
  interacCon	
  under	
  
relaCvely	
  large	
  spin-­‐orbit	
  interacCon	
  for	
  5d	
  
electrons?	


10 Dq~ 4 eV!

t2g 

eg 

Jeff = 1/2 

Jeff = 3/2 

SO-coupling !
λ~ 0.5 eV!

CEF!

Cd2Os2O7 (5d 3)!

0.46	
  eV	


0.19	
  eV	


Tetragonal splitting Δ~ 0.29 eV!

(H. Shinaoka) 

µ+	




Summary	


• The ground state property of 5d electron compounds is subject to 
strong influence of spin-orbit interaction whose energy scale is 
comparable with that of the Hund coupling and/or tetragonal CF.!
!
• In an iridium spinel CuIr2S4, it is likely that Ir4+  ions are in Jeff=1/2 
state and are mapped onto the Kitaev model due to strong 
anisotropy of exchange interaction, where the observed random 
magnetism may be interpreted as a frozen spin liquid state due to 
inter-octamer interaction.!
!
• In an osmium pyrochlore Cd2Os2O7, anomalous enhancement of 
spin fluctuation is observed over a wide temperature range below MI 
transition. While theoretical study based on LSDA+U suggests Mott 
transition as possible origin of MI transition, the strong residual  
fluctuation suggests important role of geometrical frustration. 	





