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Abstract

We report the electrical resistivity, thermoelectric power and magnetization of Srp_,La,IrO4

(x = 0 and 0.05) and SrpIr;_,RhyO4 (y = 0.05, 0.1 and 0.2) measured below room
temperature. In Sr,IrOy, electrons (La substitution) or holes (Rh substitution) can be doped,
which lead to a strong decrease of the resistivity. In particular, a nearly-metallic state is realized
in the case of Rh doping. The thermoelectric power turns out to be metallic-like for y = 0.2.
The presence of a gap in the electronic band structure is robust against these substitutions. From
various experimental data, similarities with the 3D charge density wave compound, BaBiOs3, are
suggested. Nevertheless, rather than a charge density wave, our scenario implies the presence of

a spin density wave.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the past 20 years, 3d transition metal oxides (TMOs) have
been extensively studied for their extraordinary properties
including the high-temperature superconductivity in cuprates
and the colossal magnetoresistance in manganites. Recently,
more and more studies are devoted to 4d and 5d TMOs
rather than 3d ones. 4d and 5d elements have more
extended orbitals, which results in stronger hybridization of
neighbouring 4d/5d and O 2p orbitals. As a consequence,
we expect weak electron correlation effects and conventional
metallic behaviour. Nevertheless, many intriguing properties
have been discovered in these compounds and suggest the
presence of strongly correlated electrons. In particular, Ru, Rh,
Os, Ir and Pt oxides can show features of strongly correlated
materials. We can refer to, for example, the ruthenium
oxides of the Ruddlesden—Popper (RP) family A, +1Ru, 03,41
(A = Ca or Sr), all of which show unusual properties such
as superconductivity in Srp,RuO4 (n = 1) with 7, = 1.3 K
[1], metal-insulator transition in CazRu,O; (n = 2) with
Tn = 48 K [2] and itinerant ferromagnetism in StTRuO; (n =
oo) with 7, = 163 K [3]. Among iridium oxides, Pr;Ir,O;
shows spin-liquid behaviour and is described as a frustrated
Kondo pyrochlore [4], while BalrO3; shows giant nonlinear
conductivity [5].

0953-8984/08/295201+05$30.00

Here we focus on the transport and magnetic properties
of Sr;IrO4. This compound adopts the 74, /acd space group
with a unit cell volume multiplied by four in comparison
with SroRuOy (/4/mmm space group) [6]. The difference
is a rotation of the IrOg octahedra around the c¢ axis of
approximately 6 =~ 11°. In the ideal structure, the octahedra
are alternately turned in a clockwise and anticlockwise
direction along the ¢ axis (figure 1), but neutron diffraction
revealed that the sequence of IrO, planes in real samples is
subject to disorder [6]. Sr,RhO4 adopts the same structure
as SrIrOy4, with a slightly lower angle of rotation, 6 =
10° [7]. Whereas Sr,RuO4 and SroRhO4 show a metallic
resistivity [1, 8], SryIrOy4 is a narrow-gap semiconductor with
a weak ferromagnetic ground state (7. ~ 240 K, M, =~
0.14 pg/Ir) [9]. For polycrystalline samples, the resistivity
is of the order of 10  cm at room temperature and the
thermoelectric power shows a broad maximum around 110 K
(S ~ 300 uV K7') [10], above which minority carriers
are thermally activated. Surprisingly, band calculations and
photoemission spectroscopy experiments on Sr,RuO, and
Sr,IrO4 give contrasting results concerning the density of states
(DOS) at the Fermi level (Eg) [11]. On the one hand, the
calculated electronic structures of both compounds are similar,
with a Fermi level falling in the middle of the t;, bands. On the
other hand, photoemission spectroscopy revealed that Sr,RuO4
has a finite DOS at Ef, while Sr,IrO4 does not. The nature of

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Structure of Sr,IrO,. Sr, Ir and O elements correspond to
large green spheres, medium grey spheres and small red spheres,
respectively.

the gap at Er has not yet been clarified, but it is found to be
responsible for the insulating transport properties of SrpIrOy,
which may discriminate 5d TMOs, from two 4d TMOs such
as Srp,RhO,4 and Sr,RuO4. We expect that the difference in
experimental and theoretical results is due to some many-body
effect because that kind of phenomenon is not fully considered
in band calculations. Although an electronic specific heat was
measured to be y &~ 2 mJ K2 mol(Ir)~! [10], it does not
always mean weak correlation, because the carrier density is
reduced by the opening of the gap.

It was reported that Ca’>* and Ba’>* can be substituted
for Sr’* by a small fraction, which does not change the
magnetic and transport properties [12]. This may be due to
the similar electronic configuration of these three alkaline-
earth elements. In the present work, two kinds of cationic
substitutions have been tried in order to tune the properties of
Sr,IrO4 and get some insight on its electronic state. Sr has been
substituted with La in order to see the response of the material
to electron doping. Rh has been inserted on the Ir lattice as a
perturbative element of the magnetic environment. Resistivity
(p), thermoelectric power (S) and magnetization (M) have
been measured and analysed. The electrical resistivity itself
is insufficient to understand the transport properties because
it depends on extrinsic phenomena such as grain-boundary
scattering and cannot distinguish n-type from p-type carriers.
We need another probe that is less affected by grain boundaries.
The thermoelectric power and the Hall coefficient are relevant
in the case of polycrystalline samples [13]. Here we show
results of thermoelectric power measured below 300 K.

2. Experimental details

Sry_,La,IrO4 (x = 0 and 0.05) and SrpIr;_,Rh,04 (y = 0.05,
0.1 and 0.2) polycrystalline samples were synthesized from the
solid state reaction of SrCOs, IrO,, La; O3 and Rh,O3 powders.
Mixtures were heated in air at 900 °C for 24 h, 1000°C for
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Figure 2. X-ray diffraction patterns of the polycrystalline samples
Sry_,La,IrO4 (x = 0 and 0.05) and Sr,Ir;_,Rh, 04 (y = 0.05, 0.1
and 0.2). The Cu Ke is used as an x-ray source.

24 h and 1100 °C for 60 h with intermediate grindings. Note
that this conventional technique is completely different than
the rapid heating and quenching technique used recently to
synthesize Srp_,La,IrO4 [14].

The x-ray diffraction was measured using a standard
diffractometer with Cu Ko radiation as an x-ray source in
the 626 scan mode. The resistivity was measured though
a four-terminal method, and the thermoelectric power was
measured using a steady-state technique with a typical gradient
of 0.5 Kecm™!. The magnetic properties were studied with
a dc SQUID magnetometer (2—400 K, 0-7 T) by recording
magnetization as a function of temperature.

2.1. Structural analysis

Figure 2 shows the x-ray diffraction patterns of the sintered
samples. All the peaks are indexed according to the /4, /acd
space group. This shows that La and Rh are substituted for
Sr and Ir, respectively. For La content exceeding x = 0.05,
we observed a tiny peak corresponding to some unknown
impurity. As a consequence, the solubility limit of La to
Sr is determined to be x = 0.05. In figure 3, we plot the
evolution of the cell parameters as a function of the La and
Rh contents. For the mother compound, the a and ¢ axes
have been reported many times with different values, ranging
from 5.4921 to 5.4994 A for a and 25.766 to 25.798 A for
c[6,9, 11, 12, 14, 15]. We calculated the lattice constants to
be 5.4955 A and 25.783 A for a and c, respectively, which are
in the range of the reported values. Concerning the effect of
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Figure 3. Cell parameters, a axis (circles) and ¢ axis (squares) of
Sry_,La,IrO, (empty symbols) and Sr,Ir,_,Rh, O, (filled symbols).

lanthanum, we observe a slight increase of the a axis (about
0.001 A), and no evolution for the ¢ axis. On the other
hand, Cosio-Castaneda et al have reported a more significant
increase of a (about 0.003 A) and a decrease of ¢ (about
0.021 A) [14]. The effect of rhodium is more complicated.
For 5% Rh content, a and c¢ increase and then decrease for
higher percentages. As is reported for different perovskites,
for example AMnO;_s manganites (A = La, Ca, Sr, etc), the
control of the oxygen stoichiometry is very difficult for non-
substituted samples, while it is easier to realize in substituted
samples [16]. Considering that oxygen content affects the
cell parameters, we think that oxygen non-stoichiometry is a
good explanation for the discrepancy noticed before. As a
consequence, the a and ¢ axis lengths of the x = 0 sample
may be different from those for a stoichiometric compound.
Higher values would be compatible with the gradual decrease
for y > 0.05.

2.2. Properties of the La-doped samples

Figure 4 shows the resistivity and the thermoelectric power
of Sro,La,IrO4 and SrpIr;_,Rh,O4 samples. The La
substitution for Sr has a strong effect on the resistivity. The La
content of x = 0.05 decreases p by a factor of 10 at 300 K and
by a factor of 10* at 50 K. This suggests that La can provide
mobile carriers to SrpIrOy.

Note that the resistivity data of our non-doped and La-
doped samples are completely different from those reported by
Cosio-Castaneda et al [14]. The value of p at room temperature
is of the order of 10 €2 cm in both cases but the insulating
behaviour is much more pronounced in our sample, as also
reported in other references [10, 17, 18]. Furthermore, they
reported a smooth and gradual enhancement of the resistivity
with increasing La content in contradiction with our strong
decrease, even for small La content. This difference can be
attributed to different synthesis routes. As mentioned before,
they used a fast heating sintering technique and, at the end of
the process, quenched their samples. We believe that oxygen
contents may be different, which is consistent with different
values of lattice parameters. For example, ¢ ~ 25.782
A and 25.746 A for ours and theirs Srj 95Lag osIrO,4 samples,
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Figure 4. Resistivity (a) and thermoelectric power (b) of
Sry_,La,IrO4 and StpIr;_,Rh,Oy.

respectively. In their situation, since the resistivity increases
with La content, this cation does not act as a dopant and the
increase of the resistivity may be simply related to a structural
disorder effect, while in our case, La has a much stronger
potential to provide carriers. This hypothesis is shown by the
thermoelectric power measurements (see below).

For the non-doped sample, S(7") rapidly increases from
50 to 110 K, reaches a maximum value of 305 uV K-!
and then decreases with increasing temperature to a value of
120 £V K~! at 300 K. The high-temperature decrease indicates
that minority carriers, i.e. electrons, are thermally activated
through an energy gap of the order of 100 K. For x = 0.05, S
changes from large positive values to moderately large negative
values. We also measured S(7) for an x = 0.1 sample,
the thermoelectric power of which is identical to that of the
x = 0.05 sample, confirming that La cannot supply electrons
any more above x = (.05. There is also a maximum in the
absolute values of § &~ —95 uV K~! at 150 K, suggesting the
activation of minority p-type carriers. The change of the sign
of S for small quantities of La dopant is similar to the situation
in semiconducting oxides such as LaCoOs3 [19]. Below 300 K,
both n-type and p-type LaCoO3 samples show a large Seebeck
coefficient of the order of 500 uV K~!. But above 350 K,
S(T) curves converge to a small value. High-temperature
measurements are now in progress for our samples.

2.3. Properties of the Rh-doped samples

The effects of the introduction of Rh on the Ir lattice are
quite different. The main effect on the resistivity is to
cause much less localized behaviour. For only 5% of Rh
substitution, p decreases by a factor of more than 10 at room
temperature and by a factor of more than 10* at 50 K. With
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Figure 5. M /H of Sr,IrOy, Sty gLag IrO, and Sr,IrysRho,04 as a
function of temperature measured in a field-cooled process. The
applied magnetic field is 0.5 T.

increasing Rh content, the resistivity at room temperature
does not decrease so much but the localization is dramatically
suppressed by a ratio py—o/py=0.2 of more than 10° at 50 K. At
the same time, the thermoelectric power is strongly decreased
and progressively exhibits metallic behaviour with a room
temperature value of 16 uV K~! for y = 0.2. Rhodium can
provide Ir’* holes if the oxidation state of Rh is 34+. But
concomitantly, Rh would act as a strong scattering centre in the
IrO; planes, which considerably decreases the carrier mobility.
The metallic-like thermoelectric power of the y = 0.2 implies
a rather large number of carriers, while the x = 0 sample
has fewer carriers activated thermally. As a consequence, to
achieve similar values of the resistivity at room temperature,
the mobility of the undoped sample is much larger than that of
the y = 0.2 samples, which should be examined through the
measurement of the Hall constants.

2.4. Magnetization

Figure 5 shows the magnetic susceptibility of SrpIrOy,
Sry95LaggsIrO4 and SrpIrg gRhg04. As for the non-
doped compound, our data are in accordance with previous
results [10, 15]: the ferromagnetic transition occurs below
Tc ~ 240 K with an effective moment pe ~ 0.3 up/Ir. For
the substituted samples, the magnitude of the magnetization
is decreased. The saturation magnetization is reduced by
more than a factor of two for x = 0.05. This is consistent
with recent results published by Cosio-Castaneda et al [14].
The magnetization of the Rh-substituted sample monotonically
increases below 200 K, which is unconventional in comparison
with other ferromagnetic materials. The magnetic interaction
between Ir elements is not strongly perturbed by the presence
of Rh, even in a quantity as large as 20%.

3. Discussion

We will now try to explore possible origins of the energy gap of
Sr,IrO,4. Fukuyama classified insulators among four different
categories: band insulators (1), Mott insulators (2), insulators
induced by charge ordering (3) and insulators induced by

Anderson localization (4) [20]. Insulating states induced by
density waves (3) are special cases of (3).

The transport properties of undoped and doped samples
suggest that SrpIrO4 is a simple narrow bandgap semiconduc-
tor. This is clearly incompatible with the band calculation be-
cause a finite DOS at E¥ is predicted. A simple consideration
can rule out this possibility: as a consequence of the elongation
of the IrO¢ along the ¢ axis and the resulting crystal field split-
ting, tye states in SrpIrO, are separated into two degenerated
and fully occupied dy, and d, orbitals, and one half-occupied
dy, orbital [21]. Therefore, the system can be considered as a
spin-1/2 lattice with one electron per iridium site. According
to band theory this system is a metal. On the other hand, the
energy gap has been clearly detected at Er by photoemission
spectroscopy [11, 21].

Now, we consider case (2). Because of the separating
SrO planes, the electronic interactions between IrO, planes
are limited and in-plane interactions dominate the properties.
Then, with one electron per lattice, a Mott insulating state is
possible if U/W > 1, where U is the repulsive Coulomb
potential and W is the bandwidth. To our knowledge, values
for U and W of iridium oxides, including Sr;IrO4, have not
been reported. Here we compare SrpIrO4 with the pyrochlore
Y,Ir,07, which is regarded as a Mott insulator [22]. A residual
y and a small ferromagnetic moment are common points with
Sr,IrO4. On the other hand, the transition of the resistivity from
non-metallic to metallic behaviour with the substitution of Ca
for Y contrasts with the robust insulating state of Sr,IrOj.

Due to the quadrupling of the unit cell, one can imagine
a splitting of the d,, band, and therefore a charge order (CO)
state, i.e. situation (3), between I’ and Ir>* cations. We can
consider two kinds of order, which are an intra-plane order with
equivalent planes and an inter-plane order with homogeneous
planes of Ir** or Ir’*. Regarding the structural, magnetic
and transport properties, both situations are unlikely. First,
the rotation of the IrOg octahedra around ¢ keeps the same
environment for the iridium cations, i.e. IrOg octahedra are
all equivalent if we consider bond lengths and bond angles [6].
From a magnetic point of view, the disproportionation between
I3t (t6g, S = 0) and I’ (t‘z‘g, S = 0) is incompatible with
the observation of a ferromagnetic component. Finally, doping
should bring some disorder in the IrO, lattice and break the
CO state. As a consequence we expect that the resistivity
changes to metallic with respect to slight doping [23]. This
is not the case in Sry.gsLag 5IrO4, Sralr;_,Rh,O4 and also in
SroIr;_yRu,O4, in which more than 60% of Ru are necessary
to induce a metallic state [17].

Anderson localization (4) causes no energy gap [24],
which cannot be responsible for the high-temperature
insulating state of SrIrOy.

As an origin of the gap, we propose a charge density wave
(CDW) or a spin density wave (SDW) state, case (3), consid-
ering similarities to the perovskite type compound, BaBiOs.
In this material, the formal oxidation state of bismuth is 4+,
which corresponds to a 5d'%6s! state. As a consequence,
BaBiOs is calculated to be a metal with a half-filled 6s conduc-
tion band in the band calculation. However, this compound is
a semiconductor with a direct optical gap energy Eq ~ 1.9 eV
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and a transport activation energy E,. ~ 0.24 eV [25]. The
explanation comes from the disproportionation between two
inequivalent Bi sites that have a Bi“"®* and a Bi“~®* con-
figuration [26, 27]. This disproportionation can be regarded as
a commensurate 3D CDW. We can notice the similarity with
SrpIrO4 in which the d,, is half-occupied. Another common
feature is that the optical gap is much larger that the activation
energy. The gaps of Sr;IrO, are evaluated to Eq4 ~ 0.3 eV [20]
and E,. =~ 0.056 eV [18]. The ratio Eq/E,. is 5.4, which is
close to 7.9 for BaBiOs3. Finally, according to electrical resis-
tivity, the energy gap of both BaBiO3 and Sr,IrOy is very robust
against doping. In fact, Ba;_,K,;BiOs3 turns out to be metallic
for a large amount of K substitution, x > 0.35, with the par-
ticularity of a superconducting state at low temperature [28].
BaBi;_,Pb,O; holds the gap for x < 0.7 and suddenly be-
comes a superconductor for x > 0.7 [29]. A CDW mech-
anism has been proposed for Sr,IrO4 on the basis of nonlin-
ear conduction observations [9], but it has been shown later,
by more precise measurements, that SrIrO4 exhibits a normal
linear resistivity [18]. We should also consider that neutron
diffraction patterns do not reveal any superlattice peak due to
an ordered state [6]. Furthermore, the susceptibility is Curie—
Weiss-like while a CDW is, in general, associated with diamag-
netism [30]. For these reasons, we think that an SDW is more
probable than a CDW. In BaBiO3, the on-set temperature (Ton)
for the CDW is given by Ton ~ E4/3.5kg ~ 6000 K [25], a
temperature higher than the melting point of the material. This
model, applied to the eventual SDW in Sr,IrOj, gives a lower
value Tonx =& 1000 K, but still too high to observe any transition
on the magnetic or transport curves. In that case, the pinning
force of the CDW or SDW is too strong to observe nonlinear
conduction or magnetoresistance due to a ‘sliding’ of the den-
sity wave. In fact, a 12 T magnetic field does not induce any
magnetoresistance in Sr,IrOy single crystals [9]. In order to de-
tect the existence of an SDW order, we think that nuclear mag-
netic resonance and/or muon spin relaxation will be effective.

4. Conclusion

In conclusion, we have synthesized n-type and p-type SrpIrO4
by using cationic substitutions. The resistivity is strongly de-
creased for small contents of Rh or La, but keeps a semicon-
ducting dependence. With the Rh substitution for Ir, the lo-
calization at low temperature is strongly suppressed and the
thermoelectric power progressively evolved to a metallic be-
haviour. At first glance, Sr,IrO,4 seems to be a normal band in-
sulator, which is incompatible with the electronic configuration
of the half-filled d,, band. Therefore, we believe that Sr,IrO4
is not a band insulator and that the gap comes from many-body
effects. As neutron diffraction did not reveal any superlattice
structure, charge order and charge density wave are unlikely
to occur. Although the possibility of a Mott insulator cannot
be discarded, we propose that a two-dimensional spin density
wave is an alternative origin for the gap. More experiments are
needed to clarify the electronic state of SryIrOy.
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