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Iridium oxide materials: various kinds of exotic physics

Na4Ir3O8:  insulating quantum spin liquid (Okamoto, Takagi et al, 
2007)

Sr2IrO4:  Jeff = 1/2 spin-orbit entangled Mott insulator (B.J. Kim 
et al, 2008)

Other interesting proposals:

A2IrO3: quantum spin Hall effect? (Shitade, Nagaosa et al, PRL 
2009), realization of Kitaev spin liquid? (Jackeli, Khaliullin, PRL 
2009)

Ln2Ir2O7 pyrochlore iridates: 3d correlated topological 
insulator? (Pesin, Balents, Nat Phys 2010). 
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Sr2IrO4: prelimaries
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sulating state (�eff /�S�1) and a paramagnetic metallic state
(�eff /�S�infinity�. This point is supported by the following
transport properties.
Shown in Fig. 3 is resistivity � at 0.1 mA as a function of

temperature for the a and c axis. The anisotropy between the
two directions is significant (�c /�a�3 and 5.6 for T�295 K
and 2 K, respectively�. In this compound, the Arrhenius law
is not well obeyed, i.e., �(T) could not be fit successfully to
an activation energy. However, the temperature dependence
of resistivity along the a axis is found to obey a law of the
form ��A exp(To /T)� with �� 1

4 being slightly favored over
�� 1

2 for 190�T�300 K �see the inset in Fig. 3; we note that
the fitting range is relatively narrow�. While both the T�1/2

and T�1/4 dependences are thought to be associated with the
three-dimensional variable-range hopping �VRH� of carriers
between states localized by disorder, the weaker temperature
dependence T�1/4 implies negligible long-range Coulomb re-
pulsions between electrons in this temperature region. As T
decreases, �(T , a axis� shows a plateau, which is followed
by a rapid drop below 20 K. The broad transition is possibly
caused by a gradual change in disorder which dominates
�(T) in high temperatures �see the inset in Fig. 3� and be-
comes weaker at low temperatures, thus delocalizing more
electrons. �(T) along the c axis cannot be fit to any existing
models at high temperatures �see the inset� and shows an
even broader transition below 120 K. �At higher currents I ,
�(T) along the c axis does as well show a down turn at
T�20 K. This will be further discussed below.� No corre-
sponding anomaly is discerned in �(T) near TM�240 K,
suggesting a negligible contribution from spin scattering to
the overall resistivity. Associated with this, magnetoresistiv-
ity in magnetic fields up to 12 T is found to be insignificant.
Such a weak spin-charge coupling may not be unexpected
considering the small saturation moment observed. This be-
havior is also found in the antiferromagnetic insulator
Ca2RuO4 whose resistivity is well described by the VRH
with �� 1

2 �Ref. 11� although for most of the ruthenates,
transport properties are intimately associated with magnetic
properties.2
Another major feature in this system is the nonohmic be-

havior which exhibits current-controlled negative differential

resistivity �NDR� for both the a and c axis directions. In the
inset of Fig. 4, �(T) for the a axis is shown for a few rep-
resentative applied currents I . �(T) is clearly current depen-
dent and drastically decreases as I increases throughout the
temperature range measured. For example, at T�100 K, the
ratio of the decrease in �(T), ���1 mA����60 mA��/��1 mA�
�80%. It is noted that �(T) shows a noisy yet well defined
peak near 50 K for I�40 mA, signaling the existence of a
metastable state near which the transition occurs, consistent
with Fig. 4. The nonohmic behavior is apparently intrinsic,
given the fact that the resistivity in low temperatures is still
smaller than that at much higher temperatures �e.g., ��10
K����130 K��. Should it be a heating effect, �(T), particu-
larly at higher current, would be expected to show a plateau
or an up turn rather than a sharp drop at low temperatures.
The nonlinear characteristic persists up to room temperature
and is more dramatically demonstrated in Fig. 4 where the dc
I-V curves for the a axis are presented for various tempera-
tures. As seen, the initial linear I-V response is followed by
an apparent threshold voltage V th above which the voltage
across the sample V abruptly drops as I increases, resulting
in the NDR. The I-V curve near V th for all temperatures
shows a hysteresis effect typical of the first-order transition.
As the current increases further �much higher than 100 mA
in this case�, the ohmic behavior will be restored, giving rise
to an I-V curve characterized by an ‘‘S’’ shape. The S-
shaped effect is categorically different from the more com-
monly seen ‘‘N’’-shaped effect or the Gunn effect, which is
referred to as voltage-controlled NDR and attributed to elec-
trons transferred between multienergy valleys.12
It has been reported previously that the S-shaped effect is

observed in some materials with a metal-insulation transition
such as CuIr2S4�xSex .13 This effect is, however, restricted
only to the insulating phase, and is attributed to an electro-
thermal effect.13 The similar I-V characteristic has been
found earlier in a layered Ca3Ru2O7.14 Given the low dimen-
sionality and the negligibly small � which may be a reflec-
tion of a band gap associated with the CDW, the S effect
observed here may be driven by collective dynamics in the
presence of disorder commonly seen in the CDW state.15 It is
plausible that in this material the CDW is pinned to the un-

FIG. 3. Resistivity �(T) vs temperature for the two principle
crystallographic directions at I�0.1 mA. Inset: Fit of �(T) to the
3d variable range hopping for 190�T�300 K.

FIG. 4. Current I vs voltage V for various temperatures. Inset:
�(T) along the a axis vs temperature for various currents.
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Mott insulator

K2NiF4 structure
similar to La2CuO4
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Why a Mott insulator? 

Ir 4+ is in a 5d5 configuration. 

!!!" 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" % 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 % 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 % 1 states with  ml%'1 % (!jzxi'
ijyzi"=

!!!
2

p
and  ml%0 % jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff % 1=2 doublet and Jeff % 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff % 1=2 is energetically
higher than the Jeff % 3=2, seemingly against the Hund’s
rule, since the Jeff % 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 % 3=2 band and

one remaining electron in the Jeff % 1=2 band, the system
is effectively reduced to a half-filled Jeff % 1=2 single band
system [Fig. 1(c)]. The Jeff % 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff % 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff % 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

LDA*U 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) LDA* SO, (c) LDA* SO*U
(2 eV), and (d) LDA*U. In (c), the left panel shows topology
of valence band maxima (EB % 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
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15 AUGUST 2008

076402-2

SO coupling splits t2g level into Jeff = 1/2 
and Jeff = 3/2 bands. 

Jeff = 1/2 band is half-filled and narrow 
=> moderate  U can drive it into a Mott insulator

B. J. Kim et al, PRL 08
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confirmed by O K-edge XAS

Characteristic orbital state with 
xy:yz:zx=1:1:1 ratio of Jeff=1/2 is 
confirmed by O K-edge XAS
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Jeff moments order into a magnetic state below 240 K. 
Weak ferromagnetism (from canting of AF moments): 0.14 μB

Spin-orbital content confirmed by resonant magnetic X-ray diffraction 
(Takagi et al, Science 2009) 

Results of x-ray-diffraction patterns from powdered Sr2IrO4
single crystals show no impurity peaks. The refinement of a
tetragonal cell yielded a�5.494 A and c�25.796 A, consis-
tent with those published.4
Shown in Fig. 1 is the temperature dependence of the

magnetic susceptibility �(T) of Sr2IrO4 along the two prin-
cipal crystallographic directions in a field cooled sequence
�FC� with H�0.5 T �for T�TM , the magnetic ordering tem-
perature, we determined that a field of 0.5 T was low enough
to define ‘‘zero field’’ susceptibility�. The evidence for weak
ferromagnetism in the vicinity of TM�240 K is obvious for
both directions. The large anisotropy of the magnetic suscep-
tibility clearly indicates that the easy axis is aligned with the
a axis.
Fitting to a modified Curie-Weiss law for T�TM yields

the following parameters �see the inset in Fig. 1�: The
temperature-independent susceptibility �o�8.8�10�4

emu/mole, the Curie-Weiss temperature �cw�251 K and ef-
fective paramagnetic moment �eff�0.50 �B/Ir. �cw is com-
parable to the magnetic ordering temperature, and suggestive
of a ferromagnetic spin coupling, but �eff is significantly
lower than the Hund’s-rule value 1.7�B/Ir for S� 1

2. This
reduction may indicate a strong hybridization between Ir
ions and oxygen.8 �o is relatively large compared to those
for ordinary metals, but the low-temperature specific heat
coefficient � is found to be nearly zero ��0.2 mJ/mol K2).
This behavior is characteristic of the Stoner enhancement
where �o is significantly enhanced, but � has no equivalent
enhancement. In oxides with a narrow band such as in
LaNiO3 and LaCuO3, the exchange interaction is commonly
enhanced by spin fluctuations and thus drives the paramag-
netic state unstable, leading to a nearly ferromagnetic state.
The magnetic properties observed in Sr2IrO4 appear to be
consistent with this contention.
Shown in Fig. 2 is isothermal magnetization M at T�5 K

in fields to 7 T for the two principal crystallographic direc-
tions. The large magnetic anisotropy between the directions
is apparent, and the easy axis is evidently along the a axis
consistent with Fig. 1. M (H) at H�0.5 T appears to be
nearly saturated below TM , however, the saturation moment
�S extrapolated is 0.14�B/Ir, only 14% of the expected spin-

only moment of 1�B /Ir which would be increased by any
orbital contribution (J�L�S). There are a number of ways
in which such a reduced moment may arise, including spin
canting, as asserted in Ref. 4. However, Sr2IrO4 may be a
band ferromagnet with low-density of charge carriers be-
cause the system appears itinerant (�eff /�S�1, and d�/dT
�0 though the magnitude of � is large at low temperatures�.
If so, the density of states becomes spontaneously exchange
split. As a result, there is an excess of electrons with spin up
�majority-spin band� as compared to those with spin down
�minority-spin band�. The net overall magnetic moment then
is largely determined by the exchange splitting of the 5d
electrons and is necessarily nonintegral. The observed low
moment reflects a small exchange splitting or unequal popu-
lation of the two subbands. A larger t2g band compared to a
small exchange splitting may also result in a small polariza-
tion of d electrons. Yet it cannot be ruled out that the re-
duced moment may result from hybridization between Ir ions
and oxygen which is presumably strong in 4d and 5d com-
pounds such as Sr2IrO4. Measurements of magnetization up
to 30 T are planned to search for possible high-field spin
reorientations. A low-field spin reorientation is observed, and
is clearly evidenced in the inset of Fig. 2 where M (T�5 K�
for the a axis vs H is plotted for �0.5�H�0.5 T. The
mirror image, typical of a spin reorientation transition, illus-
trates the presence of such a transition at Hsr� 0.2 T. This
spin reorientation transition also takes place along the
‘‘hard’’ axis, the c axis, at a higher field �see Fig. 2�. It is
possible that such a transition in the weak ferromagnet is due
to the strong electron-lattice coupling, i.e., the interplay be-
tween the magnetic energy and the elastic energy,10 which is
related to the change in volume at low temperatures reported
in Ref. 4.
It is also remarkable that the ratio of �eff /�S ��3.5�

qualitatively fits the Rhodes-Wohlfarth plot, �eff /�S vs TC ,
yielding a corresponding TC near 200 K.9 This qualitative
agreement indicates that spin fluctuations may be significant,
and that Sr2IrO4 is in an intermediate region �which may be
described by the Stoner model� between a ferromagnetic in-

FIG. 1. Magnetic susceptibility M /H vs temperature at H�0.5
T for the two principle crystallographic directions. Inset: ���1 vs
temperature at T�TM where ����(T)��o .

FIG. 2. Isothermal magnetization M vs magnetic field H at T
�5 K for the two principle crystallographic directions. Inset: Iso-
thermal magnetization M (T�5 K� along the a axis vs magnetic
field H for �0.5�H�0.5 T.
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A microscopic model

Spin dependent nearest neighbor hopping between local Jz = ± 1
2 states.

t0 + iσzt1
t0 ≈ 0.2eV, t1 ≈ −.04eV
Further neighbors t� ≈ .05eV, t�� ≈ −.02eV .

than the modest value of on-site U. The decomposition of the
upper Hubbard band wave function into the !"jeff ,mj#$ basis
clearly demonstrates the robustness of its jeff=1 /2 character
as shown in Fig. 2%b&, whereas the jeff=1 /2 weight for U
=2 eV is slightly reduced from that of U=0. Therefore it is
reasonable to consider an effective Hamiltonian based on the
jeff=1 /2 single-band Hubbard model instead of the conven-
tional S=1 /2 model,

H = '
(ij#mm!

t̄mm!
ij dim

† djm! + Ū'
i

ndi+1/2ndi!1/2, %6&

where dim represents for the "jeff=1 /2,m# state at the site i
with m ,m!= !1 /2 and ndim=dim

† dim. t̄mm!
ij and Ū are effective

hopping and on-site interaction parameters, respectively.

III. ANISOTROPIC EXCHANGE INTERACTIONS

A. Effective exchange Hamiltonian

The jeff=1 /2 single-band Hubbard model has an interest-
ing feature in t̄mm!

ij , which originates from a peculiar nature of
the spin-orbit integrated state in Sr2IrO4. In the strong SO
coupling limit, the orbital wave functions of the "jeff
=1 /2,m# state of Eq. %1& consist of the cubic harmonics with
respect to the local coordinate axes. The rotation of the IrO6
octahedron results in a rotation of the "jeff=1 /2,m# state at
each site i, thereby generating a spin-dependent hopping
term. In Sr2IrO4, where the IrO6 octahedron is rotated by an
angle ")11° about the c axis, the effective hopping matrix
t̄mm!
ij can be represented in terms of Pauli matrices by tij

= t̄01+ it̄1#z, where t̄0 and t̄1 for %ij&= x̂ or ŷ become

t̄0
x̂/ŷ =

2t0

3
cos "%2 cos4 " ! 1& , %7&

t̄1
x̂/ŷ =

2t0

3
sin "%2 sin4 " ! 1& . %8&

At half-filling, an effective jeff-spin Hamiltonian can be
derived from the jeff=1 /2 single-band Hubbard model of Eq.
%6&,

Hspin = '
(ij#

*I0Ji · J j + I1JziJzj + Dij · Ji $ J j+ , %9&

where I0=4%t̄0
2! t̄1

2& / Ū, I1=8t̄1
2 / Ū, and Dij =Dzẑ with Dz

=8t̄0t̄1 / Ū. The first term is a conventional Heisenberg form
of superexchange with the coupling constant I0. The second
and third terms are pseudodipolar and Dzyaloshinkii-Moriya
%DM& antisymmetric exchange interactions, which originate
from the pure imaginary hopping matrix element it̄1 between
the neighboring "jeff=1 /2,m# states of rotated IrO6 octahe-
dra.

B. Comparison with LDA+SO+U results

From our LDA+SO+U calculations, the magnetic con-
figuration of the insulating ground state was determined to be
a canted AFM state with the ab plane as an easy plane. We

found no preferred direction within the ab plane. As illus-
trated in Fig. 3%a&, there are two inequivalent Ir sites, i.e., Ir1
and Ir2 within the ,2$,2 unit cell. It is found that the
magnetic moment at each Ir site is 0.36%B and both spin
%0.10%B& and orbital %0.26%B& moments are parallel to each
other. In addition, AFM moments are canted with the canting
moment 0.063%B, which is comparable to the single crystal
measurement.12

According to the rule by Dzyaloshinkii and Moriya,6 the
direction of the vector Dij in Sr2IrO4 should point to the c
axis due to a mirror plane containing Ir1-O-Ir2, as illustrated
in Fig. 3%b&. The directions of Dij can be represented by
DAB=!DBC= %0,0 ,dc& when considering the inversion sym-
metry at site B, which gives the consistent results as the
jeff=1 /2 Hamiltonian of Eq. %9&. From the LDA+SO+U cal-
culations, it is concluded that the DM interaction is respon-
sible for the magnetic anisotropy of Sr2IrO4 with the ab
plane as an easy plane but isotropic within the ab plane,
whereas the single-ion anisotropy term has a negligible con-
tribution. Contrary to the La2CuO4,26 which has no single-
ion anisotropy due to the S=1 /2 ground state, the absence of
the ab-plane anisotropy in Sr2IrO4 is attributed to the tetrag-
onal symmetry.

From the effective exchange Hamiltonian of Eq. %9&, the
ratio of Dz / I0, which determines the spin canting angle, be-
comes "Dz / I0") tan 2" for small ". In the strong SO coupling
limit, the canting angle increases close to the rotation angle
of IrO6 octahedra. We can estimate the magnitude of Dij to
be "D")3.8 meV assuming the intersite superexchange in-
teraction J)10 meV. This enormous DM interaction may
well be related to the peculiar nature of the jeff=1 /2 state.
Contrary to the S=1 /2 counterpart of La2CuO4,26 the jeff
=1 /2 state has an open shell of the l=1 orbital where the
nonperturbative ground state of jeff=1 /2 spin-orbit coupled
state contributes to the DM term. Although the small mag-
netic moment of Ir observed in experiments was attributed to
the effective moment the jeff=1 /2 state, one can expect pos-
sible contributions from the j=1 /2 quantum fluctuation.
Nevertheless, since jeff=1 /2 state is an eigenstate of the fic-
titious angular moment Jeff=Leff+S=!L+S, the orbital con-
tribution to the magnetic moment needs a careful
interpretation.8

FIG. 3. %Color online& %a& Magnetic configuration and %b& DM
vectors of the calculated LDA+SO+U ground state of Sr2IrO4.
Blue %gray& arrows in %a& represent a noncollinear ordering of the
local Ir moments, consisting of both spin and orbital components, in
a canted AFM configuration. The DM vectors, DAB and DBC, in %b&
are aligned along the c axis with alternating signs and consistent
with the DM rule.

JIN et al. PHYSICAL REVIEW B 80, 075112 %2009&

075112-4

Spin canting explained by Dzyaloshinski-Moriya term 

Jin,  Jaejun Yu, et al, PR B 2009

Tightbinding model for spin-orbit coupled t2g orbitals projected to Jeff = 1
2

subspace

On-site Hubbard U ∼ 2eV
Spin model at half-filling:
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Mapping to isotropic  model

Sublattice dependent SU(2) spin rotation

drα =

�
eiφ�rσ

z
�

αβ
crβ (1)

gets rid of complex spin dependent hopping.

Rotated basis: Map to isotropic Hubbard model

Spin model limit: staggered spin rotation removes anisotropic exchange

(Jackeli, Khaliullin, PRL 2009, also Shektman et al, PR L 1992 for cuprates)

Explains success of recent fits of high-T spin correlation length to isotropic

Heisenberg AF (Fujiyama, Takagi et al, talk at Highly Frustrated Magnetism

conference, 2010) with J ∼ 1000K.

Wang, TS, 2010
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Compare to cuprate

Effective isotropic Hubbard model parameters:

t ≈ 0.2eV , t� ≈ t
4 , t” ≈ − t

10 , U ≈ 10t.

Similar to cuprate?

1. Roughly same parameter range as cuprate Hubbard model except overall

energy scale smaller by ≈ 2.

2. t�/t positive for iridate - opposite to cuprate

Saturday, October 22, 2011



Doped system - superconductivity? 

If the doped square lattice 2d Hubbard  model is superconducting, can 
we expect  doping the  iridate  will give a `high temperature’ 
superconductor? 

From comparison to cuprate 
(i) t’/t > 0 => Electron doping better than hole doping for iridate
(Example: Replace Sr by La)

(ii) Overall energy scale smaller by 2 => Tc in range of 50 K??? 
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Pairing symmetry

In rotated basis, expect dx2−y2 pairs

∆ ∼
�

r

(dr↑dr+x↓ − dr↓dr+x↑)− (x → y) (1)

In lab basis (i.e undo staggered spin rotation)

∆ =
�

r

cos(φ) (dr↑dr+x↓ − dr↓dr+x↑)−(x → y)−i
�

r

�rsin(φ) (dr↑dr+x↓ + dr↓dr+x↑)−(x → y)

(2)
i.e, a mixture of ‘conventional’ d-wave singlet pairing and a d-wave ‘triplet’
centered at (π,π).

Note: despite apparent complex pair wavefunction, T-
reversal preserved.
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Differences with cuprates: more coherent c-axis 
transport?

Interlayer tunneling matrix element in cuprate:
(coskx − cosky)2 factor which blocks c-axis transport of nodal states.

Iridate: different orbital content implies no suppression of nodal c-axis hop-
ping.

Better c-axis coherence?

Overall resistivity  anisotropy of about 
100 in undoped insulator  

III. EXPERIMENTAL RESULTS

Sr2IrO4 crystallizes in a reduced tetragonal structure
!space-group I41 /acd" due to a rotation of the IrO6 octahedra
about the c axis by an angle #11°.2–4 This rotation corre-
sponds to a distorted in-plane Ir1-O2-Ir1 bond angle ! that
decreases with decreasing temperature. Our single-crystal
x-ray diffraction data confirm this trend for stoichiometric
crystals !"=0" and also reveal that ! for "=0.04 increases
slightly with decreasing temperature from 157.028° at 295 K
to 157.072° at 90 K, and the latter angle is significantly
larger than that for "=0, !i.e., !=156.280° at 90 K", as
shown in Fig. 1 and Table I. The increment #!=0.792° is
large for such a small oxygen depletion. Moreover, the vol-
ume of the unit cell V for "$0.04 contracts by an astonish-
ing 0.14% compared to that for "=0 !see Table I". These data
indicate that dilute oxygen vacancies relax ! and reverse its
temperature dependence with increasing " while significantly
reducing the structural distortion at low T. No such changes
in the lattice parameters would be observable in x-ray dif-
fraction data should the oxygen depletion be confined to the
crystal surface and not uniformly distributed within the bulk.

The Ir1-O2-Ir1 bond angle ! is an important focus of this
study, as it controls the hopping of the 5d electrons and
superexchange interactions between Ir atoms via the bridging
O sites10 and is therefore expected to influence physical
properties. For example, the a-axis resistivity $a !c-axis re-
sistivity $c" is reduced by a factor of 10!9 !10!7" with doping
at T=1.8 K as " changes from 0 to #0.04 %see Figs. 2!a"
and 2!b"&. For "$0.04, there is a sharp insulator-to-metal

transition near TMI=105 K, resulting in a reduction of $a
!$c" by a factor of 10!4 !10!1" from just below TMI to T
=1.8 K %Fig. 2!b"&. The strong low-T anisotropy reflected in
the values of $a and $c and their sensitivity to " are consis-
tent with a nearly two-dimensional !2D", strongly correlated
electron system. Below 20 K, $a has linear-T dependence
without saturation to a residual resistivity limit; and although
there is a plateau in $c for 5%T%35 K, it is followed by a
very rapid downturn near Ta=5 K %Fig. 2!b" inset&, which
indicates a sudden, rapid decrease in inelastic scattering.

Oxygen depletion also changes the electronic density of
states g!EF" of Sr2IrO4!", as reflected in the thermoelectric
power S!T", as shown in Fig. 2!c". A peak in the c axis Sc!T"
for "=0.04 is only #1 /3 of the peak value observed for "
=0. Since S!T" measures the voltage induced by a tempera-
ture gradient !which cannot be confined to the surface of the
crystal", the drastic changes in S!T" shown in Fig. 2!c" fur-
ther reinforces our conclusion that oxygen depletion is a bulk
effect, as indicated by the observed changes in lattice param-
eters discussed above. The strong reduction of Sc!T" for "
$0.04 indicates an increase of g!EF" with increasing ", since
S&1 /g!EF".13 The rapid increase of g!EF" with increasing "
is also evident in Fig. 3!a", where data for the a-axis resis-
tivity of five representative single crystals of Sr2IrO4!" docu-
ment a decrease of $a!T=1.8 K" by nine orders of magni-
tude as " changes from 0 to #0.04. These rapid changes in
transport properties with doping are much stronger than
those observed for Lifshitz transitions in metallic alloys
where the Fermi level crosses small pockets with doping or

FIG. 1. !Color online" A schematic of the Ir1-O2-Ir1 bond angle
! at T=90 K for !a" "=0 and !b" "'0.04 !the changes in ! are
exaggerated for clarity"; a schematic of the band structure corre-
sponding to !c" "=0 and !d" "'0.04. Note that ! decreases for "
=0 but slightly increases for "'0.04 as temperature is lowered.

TABLE I. Lattice parameters at T=90 K for "=0 and 0.04.

"!T=90 K"
a

!Å"
c

!Å"
V

!Å3"

Ir1-O2-Ir1 bond
angle !
!deg"

0 5.4836!8" 25.8270!5" 776.61!22" 156.28
0.04 5.4812!3" 25.8146!16" 775.56!8" 157.072
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FIG. 2. !Color online" The a- and c-axis resistivities, $a and $c,
as a function of temperature for !a" "=0 and !b" "'0.04; !c" c-axis
thermoelectric power, Sc!T" for "=0 and "'0.04. Inset in !b": $a
and $c vs T for 1.7%T'20 K; note a downturn near 5 K in $c and
linear temperature dependence in $a.
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Experimental prospects? 

Recent report: Metal-insulator transition with 
Oxygen doping

applied pressure.14 On the other hand, they are reminiscent
of the extreme sensitivity of “correlation-gap insulators” to
dilute impurities and pressure.15,16

Magnetic correlations drive a weak FM state for !=0 be-
low TC=240 K, but surprisingly, no corresponding anomaly
has been observed in "!T" and S!T".4,5,8 We find that the case
of oxygen-depleted crystals is quite different, where changes
in magnetic properties with increasing ! are modest in com-
parison with those in the resistivity. The magnetizations
M!T" for !=0 and !#0.04 measured in an applied magnetic
field #oH=0.2 T are compared with "a for !#0.04 in Fig.
2!b". TC is approximately 10 K higher for !#0.04 than for
!=0; and for !#0.04, both Ma and Mc exhibit a weak, yet
visible anomaly at TMI $marked by arrows in Fig. 2!b"%. Ap-
plication of a magnetic field #oH=7 T causes a positive
c-axis magnetoresistance on the order of 10% $Fig. 2!c"%, and
a downward shift of TMI by 6 K, which indicates the low-T
metallic state is destabilized by field. A magnetic anomaly in
Mc!T" near TMI shifts rapidly upward from 100 K for !=0
!Ref. 8" to 160 K for !#0.04, which coincides with a slope
change in "c $see the dashed line in Figs. 3!b" and 3!c"%. In
summary, FM order at high T is stabilized whereas the mag-
netization at low-T is reduced with increasing !.

IV. DISCUSSION

A. Metal-insulator transition

Strong-crystal fields split off 5d-band states with eg sym-
metry in stoichiometric Sr2IrO4, and t2g bands arise from J

=1 /2 and J=3 /2 multiplets via strong spin-orbit coupling. A
weak admixture of the eg orbitals downshifts the J=3 /2 qua-
druplet from the J=1 /2 doublet.6,7 An independent electron
picture anticipates a metallic state, since the Ir4+ !5d5" ions
provide four electrons to fill the lower Jeff=3 /2 bands, plus
one electron to partially fill the Jeff=1 /2 bands. However, the
Jeff=1 /2 bandwidth W !W=0.48 eV for !=0" is so narrow,
even a modest U !&0.5 eV" is sufficient to induce a Mott
gap $&0.5 eV in the Jeff=1 /2 band.6 W is quite sensitive to
structural alterations according to a recent first-principles
calculation10 that predicts that an increased % should cause a
broadening of the Jeff=1 /2 band and a concomitant decrease
of the Mott gap by 0.13 eV, if % increases from 157° to 170°.
The observed increment $%=0.792° does not appear nearly
sufficient to produce the dramatic changes we have observed
in ", and we conclude that another mechanism must be re-
sponsible for TMI.

Removal of oxygen from Sr2IrO4!! is expected to result in
electron doping of the insulating state that is observed to be
stable for !=0. According to !LDA+SO+U" band-structure
calculations10 additional electrons will occupy states in four
symmetric pockets located near the M points of the basal
plane of the Brillouin zone. Each pocket has an estimated
filling of 2% of the Brillouin zone for !=0.04. The situation
appears analogous to doping in strongly correlated
!La1!xSrx"2CuO4 !where pockets of similar shape arise at the
same positions in the Brillouin zone" and La2CuO4+!.17

There are, however, two fundamental differences: while in
Sr2IrO4!! we dope electrons, the added carriers are holes in
the cuprates; moreover, Sr2IrO4 is a weak ferromagnet rather
than a simple antiferromagnet, as is La2CuO4.

Oxygen depletion also introduces disorder, which is ex-
pected to lead to localization of states close to the band edge
in a quasi-2D system.18 We assume that the Fermi level lies
below the mobility edge for !!0, and hence, the occupied
states are all localized at high T, where the compound is a
paramagnetic insulator. As T is lowered, the compound de-
velops increasing FM polarization below TC and the intersec-
tion of the Fermi level with the majority spin band is gradu-
ally pushed closer to the mobility edge as the exchange
splitting of the band increases below TC. Eventually the
Fermi level crosses the mobility edge, leading to metallic
behavior below TMI. The minority-spin carriers are always
localized. TMI is clearly visible only for !#0.04 in Fig. 3!a";
evidently the electron density is not high enough to imple-
ment the crossing for smaller doping. Note that this scenario
requires that TMI is considerably lower than TC since the
electrons in the M pockets first have to be polarized.

The reversed trend of the temperature dependence of %
and the increase of % with doping could be consequences of
increased screening in the metallic state. Furthermore, we
expect the metallic state to be inhomogeneous and conduc-
tivity increases to arise from the growth and percolation of
metallic patches; i.e., the metallic state develops out of a
phase separation of competing states. The importance of dis-
order in the physical properties of Sr2IrO4!! is corroborated
by fits $Fig. 3!c" inset% using a variable range hopping !VRH"
relation "a!T"=A exp!To /T"& with &= 1

4 for 187'T'350 K
and with To a characteristic temperature; such behavior is
also observed in nonmetallic samples.5
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III. EXPERIMENTAL RESULTS

Sr2IrO4 crystallizes in a reduced tetragonal structure
!space-group I41 /acd" due to a rotation of the IrO6 octahedra
about the c axis by an angle #11°.2–4 This rotation corre-
sponds to a distorted in-plane Ir1-O2-Ir1 bond angle ! that
decreases with decreasing temperature. Our single-crystal
x-ray diffraction data confirm this trend for stoichiometric
crystals !"=0" and also reveal that ! for "=0.04 increases
slightly with decreasing temperature from 157.028° at 295 K
to 157.072° at 90 K, and the latter angle is significantly
larger than that for "=0, !i.e., !=156.280° at 90 K", as
shown in Fig. 1 and Table I. The increment #!=0.792° is
large for such a small oxygen depletion. Moreover, the vol-
ume of the unit cell V for "$0.04 contracts by an astonish-
ing 0.14% compared to that for "=0 !see Table I". These data
indicate that dilute oxygen vacancies relax ! and reverse its
temperature dependence with increasing " while significantly
reducing the structural distortion at low T. No such changes
in the lattice parameters would be observable in x-ray dif-
fraction data should the oxygen depletion be confined to the
crystal surface and not uniformly distributed within the bulk.

The Ir1-O2-Ir1 bond angle ! is an important focus of this
study, as it controls the hopping of the 5d electrons and
superexchange interactions between Ir atoms via the bridging
O sites10 and is therefore expected to influence physical
properties. For example, the a-axis resistivity $a !c-axis re-
sistivity $c" is reduced by a factor of 10!9 !10!7" with doping
at T=1.8 K as " changes from 0 to #0.04 %see Figs. 2!a"
and 2!b"&. For "$0.04, there is a sharp insulator-to-metal

transition near TMI=105 K, resulting in a reduction of $a
!$c" by a factor of 10!4 !10!1" from just below TMI to T
=1.8 K %Fig. 2!b"&. The strong low-T anisotropy reflected in
the values of $a and $c and their sensitivity to " are consis-
tent with a nearly two-dimensional !2D", strongly correlated
electron system. Below 20 K, $a has linear-T dependence
without saturation to a residual resistivity limit; and although
there is a plateau in $c for 5%T%35 K, it is followed by a
very rapid downturn near Ta=5 K %Fig. 2!b" inset&, which
indicates a sudden, rapid decrease in inelastic scattering.

Oxygen depletion also changes the electronic density of
states g!EF" of Sr2IrO4!", as reflected in the thermoelectric
power S!T", as shown in Fig. 2!c". A peak in the c axis Sc!T"
for "=0.04 is only #1 /3 of the peak value observed for "
=0. Since S!T" measures the voltage induced by a tempera-
ture gradient !which cannot be confined to the surface of the
crystal", the drastic changes in S!T" shown in Fig. 2!c" fur-
ther reinforces our conclusion that oxygen depletion is a bulk
effect, as indicated by the observed changes in lattice param-
eters discussed above. The strong reduction of Sc!T" for "
$0.04 indicates an increase of g!EF" with increasing ", since
S&1 /g!EF".13 The rapid increase of g!EF" with increasing "
is also evident in Fig. 3!a", where data for the a-axis resis-
tivity of five representative single crystals of Sr2IrO4!" docu-
ment a decrease of $a!T=1.8 K" by nine orders of magni-
tude as " changes from 0 to #0.04. These rapid changes in
transport properties with doping are much stronger than
those observed for Lifshitz transitions in metallic alloys
where the Fermi level crosses small pockets with doping or

FIG. 1. !Color online" A schematic of the Ir1-O2-Ir1 bond angle
! at T=90 K for !a" "=0 and !b" "'0.04 !the changes in ! are
exaggerated for clarity"; a schematic of the band structure corre-
sponding to !c" "=0 and !d" "'0.04. Note that ! decreases for "
=0 but slightly increases for "'0.04 as temperature is lowered.

TABLE I. Lattice parameters at T=90 K for "=0 and 0.04.

"!T=90 K"
a

!Å"
c

!Å"
V

!Å3"

Ir1-O2-Ir1 bond
angle !
!deg"

0 5.4836!8" 25.8270!5" 776.61!22" 156.28
0.04 5.4812!3" 25.8146!16" 775.56!8" 157.072
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FIG. 2. !Color online" The a- and c-axis resistivities, $a and $c,
as a function of temperature for !a" "=0 and !b" "'0.04; !c" c-axis
thermoelectric power, Sc!T" for "=0 and "'0.04. Inset in !b": $a
and $c vs T for 1.7%T'20 K; note a downturn near 5 K in $c and
linear temperature dependence in $a.
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Will it be possible to dope Sr2IrO4
to higher doping levels? 
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Summary

Iridium oxides:  spin-orbit coupling enhances importance of 
correlation effects even with moderate U. 

Sr2IrO4: spin-orbit entangled moments in a Mott insulator
Hubbard model similar to cuprates but smaller overall energy 
scale. 

Doping: Possible high-Tc superconductor, interesting lessons by 
comparing with cuprates. 

Other interesting iridate: 
Na2IrO3 - Jeff = 1/2 frustrated AF Mott insulator on honeycomb 
lattice (Singh, Gegenwart, PR B 2010)
Nature yet to be clarified? effects of doping? 
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