
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Author(s): Shibasaki, Soichiro & Terasaki, Ichiro & Nishibori, Eiji & Sawa, Hiroshi
& Lybeck, Jenni & Yamauchi, Hisao & Karppinen, Maarit

Title: Magnetic and transport properties of the spin-state disordered oxide
La0.8Sr0.2Co1-xRhxO3-[delta]

Year: 2011

Version: Final published version

Please cite the original version:
Shibasaki, Soichiro & Terasaki, Ichiro & Nishibori, Eiji & Sawa, Hiroshi & Lybeck, Jenni &
Yamauchi, Hisao & Karppinen, Maarit. 2011. Magnetic and transport properties of the
spin-state disordered oxide La0.8Sr0.2Co1-xRhxO3-[delta]. Physical Review B. Volume
83, Issue 9. 094405/1-7. ISSN 1550-235X (electronic). DOI:
10.1103/physrevb.83.094405.

Rights: © 2011 American Physical Society (APS). This is the accepted version of the following article: Shibasaki,
Soichiro & Terasaki, Ichiro & Nishibori, Eiji & Sawa, Hiroshi & Lybeck, Jenni & Yamauchi, Hisao &
Karppinen, Maarit. 2011. Magnetic and transport properties of the spin-state disordered oxide
La0.8Sr0.2Co1-xRhxO3-[delta]. Physical Review B. Volume 83, Issue 9. 094405/1-7. ISSN 1550-235X
(electronic). DOI: 10.1103/physrevb.83.094405, which has been published in final form at
http://journals.aps.org/prb/abstract/10.1103/PhysRevB.83.094405.

All material supplied via Aaltodoc is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that material may
be duplicated by you for your research use or educational purposes in electronic or print form. You must
obtain permission for any other use. Electronic or print copies may not be offered, whether for sale or
otherwise to anyone who is not an authorised user.

Powered by TCPDF (www.tcpdf.org)

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Aaltodoc Publication Archive

https://core.ac.uk/display/80716829?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.aalto.fi/en/
http://aaltodoc.aalto.fi
http://www.tcpdf.org


PHYSICAL REVIEW B 83, 094405 (2011)
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We report measurements and analysis of magnetization, resistivity, and thermopower of polycrystalline samples
of the perovskite-type Co/Rh oxide La0.8Sr0.2Co1−xRhxO3−δ . This system constitutes a solid solution for a full
range of x, in which the crystal structure changes from rhombohedral to orthorhombic symmetry with increasing
Rh content x. The magnetization data reveal that the magnetic ground state immediately changes upon Rh
substitution from ferromagnetic to paramagnetic with increasing x near 0.25, which is close to the structural
phase boundary. We find that one substituted Rh ion diminishes the saturation moment by 9 μB , which implies
that one Rh3+ ion makes a few magnetic Co3+ ions nonmagnetic (the low-spin state) and causes disorder in the
spin state and the highest occupied orbital. In this disordered composition (0.05 � x � 0.75), we find that the
thermopower is anomalously enhanced below 50 K. In particular, the thermopower of x = 0.5 is larger by a
factor of 10 than those of x = 0 and 1, and the temperature coefficient reaches 4 μV/K2, which is as large as
that of heavy-fermion materials such as CeRu2Si2.

DOI: 10.1103/PhysRevB.83.094405 PACS number(s): 75.30.Cr, 75.30.Wx, 72.15.Jf

I. INTRODUCTION

Cobalt oxides are interesting materials. First, the trivalent
cobalt ion in perovskite-related oxides takes different spin
states depending on temperature,1,2 pressure,3,4 structure,5

and magnetic field.6 Second, hole-doping drives a spin-state
crossover to make Co3+ ions adopt the intermediate or high-
spin state and causes various magnetic phases.7–14 A doped
Co4+ ion dresses a cloud of magnetic Co3+ ions, as observed
by neutron scattering.15 The double-exchange mechanism
between the low-spin Co4+ (t2g

5) and the intermediate-
spin Co3+ (eg

1t2g
5) stabilizes an itinerant ferromagnetic

state in La1−xSrxCoO3 and causes spin-glass or cluster-
glass behavior depending on the Sr concentration.9 Third,
since the discovery of good thermoelectric properties in
the layered cobalt oxide NaxCoO2,16 various cobalt oxides
have been extensively investigated as possible candidates
for oxide thermoelectric materials.17–22 The origin of the
large thermopower in the layered cobalt oxides is discussed
from viewpoints of band calculation23,24 and spin and orbital
degeneracy.25

Although Rh is located just below Co in the periodic
table, rhodium oxides have been less investigated than their
cobalt-oxide counterparts, but recently have attracted consid-
erable attention as candidates for thermoelectric oxides.26–33

An advantage for the thermoelectric application is that the
low-spin state is highly stable in Rh3+, which gives a large
thermopower in the perovskite rhodium oxides. LaCoO3-based
oxides show fairly good thermoelectric properties at room
temperature,34,35 but the thermopower suddenly decreases to
a few μV/K above 500 K, accompanied by a spin-state
crossover.36–38 In contrast, LaRhO3-based oxides are found
to exhibit a large thermopower up to 800 K,39,40 which is
theoretically explained by Usui et al.41

Comparing the transport properties between La1−xSrxCoO3

and La1−xSrxRhO3,14,38–40,42 we find three differences as
follows: (i) For the same doping level, the resistivity of doped
LaCoO3 is one order of magnitude smaller than that of doped
LaRhO3. (ii) The metal-insulator transition occurs around xc =
0.3 in La1−xSrxCoO3; in La1−xSrxRhO3, xc is significantly
smaller (∼0.15). (iii) La1−xSrxCoO3 is a ferromagnetic metal,
while La1−xSrxRhO3 is a Curie-Weiss metal. These three
differences are basically ascribed to the difference in the
highest occupied orbital of Co/Rh ions. In the doped LaCoO3,
holes in the eg orbital are responsible for the conduction
and interact with the Co3+ ions through the double exchange
mechanism. In the doped LaRhO3, in contrast, holes in the t2g

orbital are responsible for the conduction. It is thus tempting
to study the physical properties of a solid solution of doped
LaCoO3 and LaRhO3, where the highest-occupied orbitals and
the spin states are disordered. Very recently, Li et al.43 reported
the structural and thermoelectric properties of LaCo1−xRhxO3.
We expect that more exotic effects will emerge in the solid-
solution system of Co and Rh when carriers are doped. In
this paper, we show the magnetic and transport properties of
polycrystalline samples of La0.8Sr0.2Co1−xRhxO3−δ .

II. EXPERIMENTAL

Polycrystalline samples of La0.8Sr0.2Co1−xRhxO3−δ were
prepared by a solid-state reaction. The Sr content of 0.2
was chosen based on the fact that the solubility limit
of Sr in La1−ySryRhO3 is at y = 0.2.40 At this doping
level, La0.8Sr0.2CoO3 is a ferromagnetic semiconductor, and
La0.8Sr0.2RhO3 is a Curie-Weiss metal. Thus, we expect to
observe a systematic evolution between the two states with
increasing Rh content x. Stoichiometric amounts of La2O3,
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SrCO3, Co3O4, and Rh2O3 were mixed and calcined at 1373 K
for 24 h in air. The calcined products were thoroughly ground,
pelletized and sintered at 1473 K for 48 h in air.

X-ray-diffraction patterns were measured using MoKα

radiation (RIGAKU ultraX18 with multilayer mirror) and a
Debye-Scherrer camera of radius 286.48 mm with an imaging
plate. Oxygen contents of the samples were determined by
thermogravimetric H2-reduction analysis with reproducibility
better than ±0.03 for 3 − δ.44 The resistivity was measured
using a conventional four-probe technique in a liquid He
cryostat from 4.2 K to 300 K. The thermopower was measured
using a steady-state technique with a typical temperature
gradient of 0.5 K–1 K/cm in a liquid He cryostat from 4.2 K
to 300 K. Using a magnetic property measurement system
(MPMS, Quantum Design), the magnetization measurements
were performed with an external field of 0.1 T from 5 K to
400 K, and the magnetization-field curve was measured from
0 to 7 T at 5 K.

III. RESULTS AND DISCUSSION

From the thermogravimetric reduction experiments, it was
revealed that the La0.8Sr0.2Co1−xRhxO3−δ system is apparently
oxygen-deficient. This is rather common for ambient-pressure-
synthesized ACoO3-type perovskites based on A-site cations
with a lower-than-+3 valence state on average. For the present
samples, the 3 − δ value was determined at 2.95(4), with no
evident dependency on x. Consequently, we may conclude that
in La0.8Sr0.2Co1−xRhxO3−δ the average valence of the B-site
cations (Co and Rh) remains essentially constant at ca. +3.1
through the whole substitution range, being significantly lower
than the value (+3.2) calculated assuming δ = 0.

Figure 1(a) shows a typical x-ray-diffraction pattern for
x = 0.5. At room temperature, La0.8Sr0.2CoO3−δ crystal-
lizes in rhombohedral structure (space group R3̄c) and
La0.8Sr0.2RhO3−δ in orthorhombic (space group Pnma) struc-
ture, as is revealed from the evolution of the main peak with
x in the inset of Fig. 1(a). Clearly, the phase boundary is
between x = 0.2 and 0.25 at room temperature. The lattice
parameters of these materials are shown in Fig. 1(b). The
lattice parameters increase with increasing Rh content, which
is consistent with the larger ionic radius of Rh3+ compared to
that of Co3+. This means that the substitution works well, and

the Co and Rh species are distributed homogeneously to form
a solid solution.

Figure 2 shows the temperature dependence of the magneti-
zation of La0.8Sr0.2Co1−xRhxO3−δ . A ferromagnetic transition
is observed for La0.8Sr0.2CoO3−δ at around 220 K, as is already
reported in the literature.13 The transition temperature and
the saturation moment rapidly decrease with increasing Rh
content. This means that the substituted Rh ions seriously
disrupt the magnetic order. The inverse magnetization is
plotted as a function of temperature in Fig. 2(b). The Curie
temperature (TC) is estimated by the extrapolation of the
high-temperature data as shown by the dotted lines. TC

disappears near x = 0.25, which coincides with the structural
phase boundary shown in Fig. 1(b). The inverse magnetization
shows finite values for 0.1 � x � 0.25, which indicates that
the ferromagnetism within this composition range is not ho-
mogeneous, and only a part of the volume goes ferromagnetic.
On the contrary, the inverse magnetization for x = 0.5 and
0.75 has a positive offset, indicating an antiferromagnetic
interaction. The magnetization of x = 1 shows a value one
order of magnitude smaller than that of x = 0.75, which is
consistent with the fact that the Rh3+ ions are stable in the
low-spin state. However, the magnetization increases with
decreasing temperature. Nakamura et al.42 first measured the
susceptibility of this compound and analyzed the data with a
sum of a Curie-Weiss term and a constant term. This suggests
that the Rh4+ ion does not act as a simple itinerant hole,
but works partially as a localized moment. Such a duality
of itinerancy and localization is observed in the misfit-layered
cobalt oxides.45

To discuss the spin states of the present compound, we
briefly review the discussion on the spin states of undoped
and doped LaCoO3 here. As is well known, the spin states
of the Co3+ ion have been debated for more than 40 years,
because the low- and high-spin states of Co3+ are almost
degenerate in energy. First of all, there is a consensus that
the Co3+ ion in LaCoO3 takes the low-spin state below 10 K,
which was suggested by early susceptibility measurement46

and was verified by neutron experiment.47 Above around
90 K, LaCoO3 becomes magnetic, which implies that the
high-spin or intermediate-spin state is thermally excited
above that temperature. Goodenough48 originally thought that
the high-spin state of Co3+ was thermally created. Later

FIG. 1. (Color online) (a) A typical x-ray-diffraction pattern and (b) the lattice parameters of La0.8Sr0.2Co1−xRhxO3−δ . The crystal structure
is rhombohedral for x � 0.2 and orthorhombic for x � 0.25. The inset shows the x dependence of the main peak near 2θ = 15 deg.
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FIG. 2. (Color online) (a) Magnetization M and (b) inverse
magnetization 1/M of La0.8Sr0.2Co1−xRhxO3−δ . The dotted lines are
guides for the eyes and indicate the Curie temperature at 1/M = 0.

Potze et al.49 suggested a possibility of the intermediate spin
state by introducing the hybridization to the oxygen 2p state.
Asai et al.50 reported that there were two magnetic transitions,
one near 90 K and a second near 500 K. They further proposed
that the lower transition is a crossover from low-spin to the
intermediate-spin state.2

The concept of the intermediate-spin state is highly contro-
versial. On the basis of a localized picture, the intermediate-
spin state has much higher energy than the low-spin and
high-spin states.51 It is convenient to introduce a concept
of “p-hole” in the presence of hybridization between the
transition-metal 3d and O 2p states.52 Using this concept, the
intermediate-spin state of Co3+ is expressed as a composite
of the high-spin state of Co2+ (eg

2t2g
5) antiferromagnetically

coupled with one p-hole. Korotin et al.53 pointed out that
the one eg electron on the intermediate-spin state of Co3+
has orbital degrees of freedom and suggested a possibility
of orbital ordering as an origin of the nonmetallic nature of
LaCoO3. Maris et al.54 observed a monoclinic distortion in
LaCoO3, which they attributed to a piece of evidence for
the orbital ordering. Very recently, Nakao et al.55 observed
σ → π ′ resonant x-ray scattering in the related cobalt oxide
Sr3YCo4O10.5, which is clear evidence of the orbital ordering
of eg electrons and the existence of the intermediate-spin state
as well. On the contrary, some researchers questioned the
existence of the intermediate-spin state. Haverkort et al.51

clarified that the spin state of LaCoO3 is well understood
by a mixture of the low-spin and high-spin states from the
Co-L2,3 x-ray-absorption spectra. They further pointed out that
the spectra carried a large orbital moment, which is seriously
incompatible with the intermediate-spin state. A similar orbital
contribution was detected by electron spin resonance (ESR).
From high-field ESR measurement, Noguchi et al.56 found
the g factor to be 3.35 for LaCoO3 at 50 K. This value is
substantially larger than 2, strongly suggesting the existence

of the orbital moment (L = 1) and, equivalently, the existence
of the high-spin state.

The second transition near 500 K is also controversial.
At this temperature, LaCoO3 experiences a metal-insulator
transition, and the metallic nature at high temperature is not
well understood at present. Heikes et al.57 claimed that pair
formation of Co2+ an Co4+ should be taken into account for
the high-temperature metallic conduction, but this idea was
rejected by Jonker.46 Raccah and Goodenough1 proposed a
spin-state order, above which the high-spin- and low-spin-state
Co3+ ions were ordered in the NaCl-type pattern. However,
this ordering was not detected in the neutron experiments.58

Asai et al.2 associated this transition with a crossover from
low-temperature intermediate-spin to high-temperature high-
spin state. Tokura et al.11 proposed that this metal-insulator
transition can be regarded as a Mott transition where one
eg electron per Co in the intermediate-spin state is identical
to a half-filled state. Kobayashi et al.59 found a similarity
in the high-temperature metallic state between LaCoO3 and
Sr3YCo4O10.5. In the latter compound, low metallic resistivity
is realized above 600 K, together with a small thermopower
and Hall coefficient. This indicates that most of the Co3+
ions become “itinerant” to make a large Fermi surface in the
charge sector. We should note that this metallic state is quite
anomalous in the sense that it accompanies a large effective
moment of 3.4 μB per Co in the spin sector.

Compared with the diverging discussion on LaCoO3, the
situation is better for the spin state of the doped LaCoO3.
In this case, the doped hole hops from one Co to another
through the hybridization to the oxygen 2p state, and the
intermediate-spin state can be stabilized relative to the high-
spin state.15 It is now established that the ground state changes
from nonmagnetic insulator for LaCoO3 to ferromagnetic
metal for La1−xSrxCoO3 (x > 0.25).7–14 Since the magnetic
and transport properties of the ferromagnetic La1−xSrxCoO3

are similar to those of La1−xSrxMnO3, it is natural to
associate them with the double-exchange mechanism.60 For
this mechanism, a hole in the eg band is responsible between
the intermediate-spin state of Co3+ (eg

1t2g
5) and the low-spin

state of Co4+ (eg
0t2g

5), whereas a hole in the t2g band is
responsible between the high-spin state of Co3+ (eg

2t2g
4)

and the low-spin state of Co4+ (t2g
5). Since the reduction

of the kinetic energy of the hole is essential to the double-
exchange mechanism, the former case is more likely to be
realized, because the eg band is wider than the t2g band.
Kriener et al.13 showed that the saturation magnetization for
ferromagnetic La0.75M0.25CoO3 (M = Sr and Ba) was 1.65
μB , which is consistent with the intermediate-spin state of
Co3+ and the low-spin state of Co4+. Podlesnyak et al.15

revealed that a spin cluster of one low-spin-state Co4+ ion
surrounded with six intermediate-spin-state Co3+ ions was
localized at low temperature in La0.998Sr0.002CoO3. However,
things are not simple; Wu and Leighton61 claimed that the
glassy ferromagnetism of La1−xSrxCoO3 is understood by
a combination of the intermediate-spin state of Co3+ the
intermediate-spin state of Co4+. Kriener et al.13 also pointed
out that the saturation magnetization for La0.75Ca0.25CoO3

is 1 μB , which is significantly smaller than the Sr-doped
sample. As mentioned above, in spite of some controversy,
many experiments suggest that Co3+ in the doped LaCoO3 is
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FIG. 3. (Color online) Magnetization-field curves for
La0.8Sr0.2Co1−xRhxO3−δ at 5 K.

in the intermediate-spin state. Thus, we assume that the Co3+
ions are in the intermediate-spin state in La0.8Sr0.2CoO3−δ .

Figure 3 shows the magnetization-field (M-H ) curves of
La0.8Sr0.2Co1−xRhxO3−δ at 5 K. The magnetic moment of
La0.8Sr0.2CoO3−δ at 7 T is 1.55 μB, which is well understood
by the combination of the intermediate-spin state for Co3+
(S = 1) and the low-spin state of Co4+ (S = 1/2). For
x = 0.05, the hysteresis loop broadens possibly because the
substituted Rh acts as a strong pinning center. Looking at the
magnetization at 7 T, we find that the saturation magnetization
decreases by 0.45 μB from x = 0 to 0.05, which implies
that one Rh ion decreases the magnetic moment by 9 μB .
Assuming the intermediate-spin state for Co3+ (2 μB), we
estimate that three to four Co3+ ions transfer to the low-spin
state per one substituted Rh ion. For x = 0.1, the M-H curves
are almost linear with a tiny hysteresis, suggesting a tiny
fraction of the ferromagnetic order. From x = 0.05 to 0.1, the
saturation magnetization decreases by 0.5 μB , which is close to
the rate from x = 0 to 0.05. As a result, the spin state of the
Co3+ ions is disordered in La0.8Sr0.2Co1−xRhxO3−δ , as the
intermediate-spin Co3+ is partially converted to the low-spin
state by the substituted Rh ions. Concomitantly, disorder is
induced in the highest-occupied orbitals of t2g and eg . We
notice that the magnetization does not saturate, but continues
to increase above 4 T with almost the same slope from x = 0
to 0.1, although we do not understand the origin for this. For
x > 0.1, the magnetization is almost linear in external field,
the slope decreasing with x.

Next let us focus on the transport properties.
Figure 4(a) shows the temperature dependence of the resistivity
of La0.8Sr0.2Co1−xRhxO3−δ . The values for x = 0 and 1 are
consistent with those given in the literature,38,40 and the values
for the intermediate compositions increase monotonically
with increasing Rh content x at 300 K. This indicates that
the room-temperature resistivity is roughly understood as an
average of the two end phases. We should note that the
resistivity of the x = 0 sample exhibits an upturn below 100 K,
which is ascribed to the electronic phase separation of the spin
clusters.61,62 The spin cluster consisting of the low-spin Co4+
surrounded with the intermediate-spin Co3+ cloud can move
rather freely at room temperature and is gradually confined
by the low-spin Co3+ ions in the background with decreasing

FIG. 4. (Color online) (a) Resistivity and (b) thermopower for
La0.8Sr0.2Co1−xRhxO3−δ .

temperature. Thus, although the room-temperature resistivity
is less than 1 m� cm, the carriers are eventually localized at
low temperatures. In contrast, the resistivity for x = 1 shows
a metallic conduction down to 4 K with a large value on the
order of 10 m� cm, owing to the narrow t2g band. The effect of
the solid solution is drastic at low temperatures. The x = 0.05
sample shows a strong localization below 50 K, which suggests
that the substituted Rh works as a strong pinning center. As is
discussed above, one substitued Rh creates a few nonmagnetic
Co3+ ions at 5 K, which can disrupt the motion of the spin
cluster. For x > 0.10, the resistivity shows nonmetallic tem-
perature dependence at all temperatures, which is explained
by the variable-range-hopping transport. This implies that the
conduction paths are seriously disordered owing to the disorder
in the highest occupied orbital. A similar resistivity is seen in
the layered oxide Bi-Ba-(Co,Rh)-O.63

Figure 4(b) shows the temperature dependence of the
thermopower of La0.8Sr0.2Co1−xRhxO3−δ , in which the data
for the two end phases are consistent with those given in
literature.38,40 The thermopower for x = 0 is small and roughly
linear in temperature, indicating a metallic nature of this
composition. A small cusp is seen near 220 K, which is close
to the Curie temperature. On the other hand, the data for x = 1
show a large value of 80 μV/K at room temperature, which
suggests that the band effective mass is substantially large
owing to the narrow t2g bands. The temperature dependence
is roughly linear in temperature, indicating that the electronic
states are essentially understood as a metal. The effects of
the solid solution to the thermopower are remarkable. The
thermopower is enhanced particularly at low temperatures.
For example, the thermopower for x = 0.05 at 50 K is larger
than those for x = 0 and 1, which strongly suggests that the
electronic states for 0.05 � x � 0.75 cannot be understood
from a simple average of x = 0 and 1. With increasing x

from 0.05, the thermopower systematically increases up to 0.5
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and exceeds kB/e = 86 μV/K at 50 K for x = 0.5, which
is ten times larger than those of x = 0 and 1. We should
note that simple disorder cannot enhance the thermopower
because this quantity is insensitive to the grain boundary
scattering.64 We should also note that the oxygen vacancies
cannot be the origin of this enhancement either, as our
oxygen-content analysis indicated that oxygen content and
therefore the carrier density remains essentially constant in
La0.8Sr0.2Co1−xRhxO3−δ . A similar phenomenon is seen in the
misfit-layered Rh/Co oxides, but the effect of the solid solution
is subtle; the thermopower for x = 0.5 slightly exceeds those
for x = 0 and 1 near 300 K.63

The temperature dependence of the thermopower for
0.05 � x � 0.75 is rather complicated. The thermopower
is roughly linear in temperature below about 30 K, nearly
independent of temperature from 50 K to 200 K. It slowly
decreases with increasing temperature above 200 K for 0.05 �
x � 0.25. The thermopower of La1−xSrxCoO3 decreases with
increasing temperature above 200 K,38 which is attributed
to a precursor of the high-temperature metallic state above
500 K. Since Co is the main B-site constituent for x �0.25,
the high-temperature electronic states tend to favor those of
La1−xSrxCoO3. For x = 0.5 and 0.75, on the other hand,
the thermopower continues to increase up to 300 K, which
resembles the thermopower of La1−xSrxRhO3.40

Let us have a closer look at the thermopower at low
temperatures. Below 100 K, gross features of the thermopower
are similar to those of the layered cobalt and rhodium
oxides.18–22,26 Limelette et al.65 have proposed that the low-
temperature thermopower of the misfit-layered cobalt oxides
can be understood by a sum of a constant term and a T -linear
term, corresponding to the spin part and the Fermi liquid part,
respectively. Figure 5 shows S/T plotted as a function of
1/T . For small 1/T (i.e., high temperature), S/T is roughly
linear in 1/T , indicating that S is weakly dependent on T .
With increasing 1/T , the behavior starts to deviate from the
linear relation as indicated by the arrows, and S/T tends to
saturate. In other words, S/T goes toward a constant value for

FIG. 5. (Color online) The thermopower divided by temperature
S/T plotted as a function of 1/T . The arrows represent the degenerate
temperature below which the thermopower is roughly linear in
temperature.

a large 1/T (low temperature). In this context, the temperature
indicated by the arrows corresponds to the onset temperature
of the T -linear thermopower. It should be noted that S/T

for x = 0.25 is anomalously large. It seems to approach
∼4 μV/K2 at zero temperature, although S/T still increases
in the measured temperature range. Behnia et al.66 have found
a universal relationship between S/T and the electron specific
heat coefficient γ , such that the thermopower is given by

S = K0
kB

e

T

T0
, (1)

where T0 is the degenerate temperature (the Fermi tempera-
ture) and K0 is a constant of the order of unity. Equation (1)
implies that T0 is of the order of 10 K–102 K from S/T =
4 μV/K2. Since the temperature indicated by the arrows in
Fig. 5 is of the same order of T0, we identify this temperature
to T0 like heavy-fermion and/or mixed-valence materials. In
fact the value of S/T = 4 μV/K2 is close to S/T of the
heavy-fermion materials, CeRu2Si2 and CeCoIn5.66 However,
we notice that the resistivity is highly nonmetallic, and the
electronic states are even qualitatively different from these
materials.

Here we examine the Behnia et al. relationship of S/T

to γ for La1−xSrxCoO3. The S/T value for x = 0 is about
0.1 μV/K2, which corresponds to γ = 10 mJ/mol K2. This
value is smaller than the observed 30 mJ/mol K2 reported by
He et al.67 This is not surprising, because the ground state of
La1−xSrxCoO3 is a ferromagnetic metal, not a paramagnetic
Fermi liquid. A similar situation is seen in the doped LaMnO3;
the thermopower is negligibly small (±5 μV/K at 77 K),68

and γ is 5 mJ/mol K2 for the metallic region.69 Okuda
et al.69 pointed out that the Kadowaki-Woods relation is
seriously broken down in the doped LaMnO3, where the T 2

coefficient of the resistivity is too large to compare with other
correlated metals. This indicates that the double-exchange
mediated ferromagnetic metals cannot be understood from the
conventional Fermi liquid ground state. On the other hand, our

FIG. 6. (Color online) Phase diagram of La0.8Sr0.2Rh1−xCoxO3−δ .
TC and T0 correspond to the Curie temperature determined in Fig. 3
and the degenerate temperature determined in Fig. 5, respectively.
The circles indicate the Curie temperature as a bulk transition, and
the triangles represent a kink temperature seen in Fig. 2(b). In the
right axis, the temperature coefficient of the thermopower S/T at
15 K is also plotted.
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sample of x = 0.5 is paramagnetic, which can be compared
with some heavy-fermion compounds.

Figure 6 summarizes the electric phase diagram of the title
compound, where TC and T0 correspond to the Curie tem-
perature determined in Fig. 3 and the degenerate temperature
determined in Fig. 5, respectively. Although T0 for x = 0 and
1 should be above 300 K, we plot it at 300 K. We plot TC with
different symbols, circles and triangles. The circles correspond
to a bulk ferromagnetic transition, that is, the divergence of the
susceptibility in the absence of external field. In Fig. 2(b), 1/M

for x = 0 and 0.05 touches the abscissa axis below TC. On the
other hand, 1/M for x = 0.1, 0.15, and 0.2 shows a kink at
TC, but remains finite below. This indicates that only a part
of the sample goes ferromagnetic, and thus we plot the kink
temperature with triangles as a Curie temperature for a partial
ferromagnetic order. In the same figure, we plot S/T evaluated
at 15 K. As mentioned above, the ferromagnetism appears
only in the rhombohedral phase, although the transition is
not of bulk nature for x � 0.1. The degenerate temperature
is roughly independent of x from 0.2 to 0.75 and correlates
with S/T . This means that the enhancement in S/T is related
to neither the ferromagnetism nor the crystal structure, but
is related to the disorder induced by the solid solution of
Co and Rh.

Finally, let us discuss a possible origin for the enhanced
S/T for 0.05 � x � 0.75. As discussed above, the spin state
and the highest occupied orbital are disordered in this solid
solution, which induces additional entropy in the system.
Since the thermopower reflects entropy per carrier,40,70 we
expect that the enhanced thermopower found here is related
to the entropy due to the disorder in the spin state and/or
the highest occupied orbital. In the perovskite-related oxide
Sr3YCo4O10.5,5 partial substitution of Ca for Sr substantially
enhances the thermopower, which is associated with the
spin-state crossover of the Co3+ ions. In the same oxide, also
partial substitution of Rh for Co enhances the thermopower.70

These two examples indicate that the spin-state distribution
of the Co3+ ions affects the thermopower, and we think that a

similar mechanism works in the present system as well. Further
experimental and theoretical studies are, of course, necessary
to examine this conjecture.

IV. SUMMARY

We have presented the transport and magnetic properties
of the perovskite-type Co/Rh oxide La0.8Sr0.2Co1−xRhxO3−δ .
From the magnetization-field curve, we find that one substi-
tuted Rh ion makes three to four Co3+ ions transfer to the
low-spin state at 5 K and causes disorder in the spin state.
As a result, the ferromagnetic order in x = 0 immediately
vanishes at x = 0.10, while a part of the sample remains
ferromagnetic near the crystal structure phase boundary at
x = 0.25. While the resistivity systematically changes with x

at 300 K, it is highly nonmetallic for 0.05 � x � 0.75 at low
temperatures. This suggests that the spin-state disorder acts as
a strong pinning center. The most remarkable effect is that the
thermopower is anomalously enhanced for 0.05 � x � 0.75.
In particular, the thermopower for x = 0.5 exceeds kB/e at
50 K, which is ten times as large as those for x = 0 and 1. The
enhanced thermopower looks similar to the thermopower of
heavy-fermion or mixed-valence materials, but the origin of
the enhancement should be different. We suggest that disorder
in the spin state or the highest-occupied orbital is the origin for
the additional entropy that attaches the conduction electrons
to enhance the thermopower.
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28Y. Klein, S. Hébert, D. Pelloquin, V. Hardy, and A. Maignan, Phys.

Rev. B 73, 165121 (2006).
29Y. Okamoto, M. Nohara, F. Sakai, and H. Takagi, J. Phys. Soc. Jpn.

75, 023704 (2006).
30S. Shibasaki, W. Kobayashi, and I. Terasaki, Phys. Rev. B 74,

235110 (2006).
31W. Kobayashi, S. Hébert, D. Pelloquin, O. Pérez, and A. Maignan,

Phys. Rev. B 76, 245102 (2007).
32A. Maignan, V. Eyert, C. Martin, S. Kremer, R. Frésard, and

D. Pelloquin, Phys. Rev. B 80, 115103 (2009).
33S. Shibasaki, T. Nakano, I. Terasaki, K. Yubuta, and T. Kajitani,

J. Phys. Condens. Matter 22, 115603 (2010).
34P. Migiakis, J. Androulakis, and J. Giapintzakis, J. Appl. Phys. 94,

7616 (2003).
35J. Androulakis, P. Migiakis, and J. Giapintzakis, Appl. Phys. Lett.

84, 1099 (2004).
36R. Robert, M. Aguirre, P. Hug, A. Reller, and A. Weidenkaff, Acta

Mater. 55, 4965 (2007).
37R. Robert, M. H. Aguirre, L. Bocher, M. Trottmann, S. Heiroth,

T. Lippert, M. Dbeli, and A. Weidenkaff, Solid State Sci. 10, 502
(2008).

38K. Iwasaki, T. Ito, T. Nagasaki, Y. Arita, M. Yoshino, and T. Matsui,
J. Solid State Chem. 181, 3145 (2008).

39S. Shibasaki, Y. Takahashi, and I. Terasaki, J. Phys. Condens. Matter
21, 115501 (2009).

40I. Terasaki, S. Shibasaki, S. Yoshida, and W. Kobayashi, Materials
3, 786 (2010).

41H. Usui, R. Arita, and K. Kuroki, J. Phys. Condens. Matter 21,
064223 (2009).

42T. Nakamura, T. Shimura, M. Itoh, and Y. Takeda, J. Solid State
Chem. 103, 523 (1993).

43J. Li, A. E. Smith, K.-S. Kwong, C. Powell, A. W. Sleight, and
M. Subramanian, J. Solid State Chem. 183, 1388 (2010).

44M. Karppinen, M. Matvejeff, K. Salomäki, and H. Yamauchi,
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