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ABSTRACT An unusual thermoelectric response was observed in n-type perovskite oxide La;—Ce,CoO5. Combining transport and
magnetic measurements, we found that the thermoelectric response is driven by the spin-state transition of Co®". This transition
destroys the spin blockade effect and induces an abrupt decrease of resistivity as well as an insulator—metal transition. In contrast
to the resistivity change, changes in thermopower and thermal conductivity are moderate. Consequently, a peak of figure of the
merit ZT is present in a narrow temperature range. The room-temperature ZT & 0.018 of Lag ¢4Ceg0sC005 is comparable to that of
p-type Na,CoO,. These observations can be helpful for the search and design of new thermoelectric materials.
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INTRODUCTION
T\ nvironmentally friendly thermoelectric (TE) materials

—{ have been widely studied for a long time because
JA__4 they hold great promise for clean energy generation.
Good TE materials require a large thermopower S, a low
resistivity p, and a small thermal conductivity « in order to
achieve a high figure of merit Z = S$*/pk. Usually, ZT larger
than one is necessary for practical applications, where T is
the absolute temperature. Unfortunately, good natural TE
materials are rare. To date, only a few state-of-the-art alloys
exhibit ZT > 1 (1). Recently, TE oxides have attracted a
renewed interest because of their many advantages com-
pared with traditional TE alloys (2). Among various metal
oxides, n-type manganites, titanates, doped In,Os and ZnO,
and p-type cobaltites exhibit large TE response, and thus
several all-oxide TE power generators have been fabricated
by using these oxides (2—11). For instance, single-crystalline
(Ca,C005).7C00; exhibits ZT~ 0.87 at 973 K (11); Nb-doped
SrTiO5 epitaxial thin films show ZT~0.37 at 1000 K (4); ZT
of doped In,O5 ceramics can reach ~0.3 around 1000 K
(8, 9); ZT values of Al, Ga dually doped ZnO can reach 0.47
at 1000 K and 0.65 at 1247 K (10), which appear to be the
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highest ZT so far for bulk n-type oxides. These high ZT values
obtained in oxides suggest that the application of all-oxide
TE devices may be on the horizon.

Among these TE metal oxides, cobalt oxides exhibits
some interesting TE behaviors due to their complex spin/
orbital configurations which are the probable origin of high
TE performance (12). In addition to layered cobaltites (2, 11),
perovskite-type LaCoOs systems are also considered as
potential TE oxide materials. Several reports have pointed
out that the substitution of divalent Sr** or Ca** for La**
(hole-doping) can noticeably decrease p while S remains a
relatively high level (5, 13—15). In contrast, the investiga-
tions on TE properties of electron-doped LaCoOs (e.g.,
tetravalent Ce*" doped LaCoOs) are still scarce. Electron-type
La;—,Ce,CoO5 has been widely investigated as catalyst for
exhaust gas depollution (16). The magnetic properties of
La;-,Ce,CoO5 have also been studied both experimentally
and theoretically (17—19). Hebert et al. recently found that
Lap 99Ce0 .01 C00O5 exhibits a high negative S value, but p is also
quite large (20). Nevertheless, limited by the solubility of Ce
dopant, the preparation of single-phase bulk material
La;—,Ce,CoO5 with x > 0.03 is difficult (18). So the TE
properties of La,—,Ce,CoO5 with higher Ce content remain
unexplored up to date.

In this study, we adopt a cold high-pressure method to
synthesize La,-,Ce,CoO5 ceramics in a wider doping range
and investigate their TE properties. A TE response is found
in a narrow temperature range in these compounds. The
transport and magnetic results reveal that the observed TE
response is driven by the spin-state transition of Co>*.
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FIGURE 1. Room-temperature XRD pattern and the Rietveld refine-
ment result for Lag 94Ce 0sC005. The experimental data are shown
as dots; the global fitting profile and the difference curve are shown
as solid lines; the calculated reflection positions are indicated by
stick marks. The inset shows the SEM image of the cross-section for
cold-pressed Lag 94Ce0.0sC005.
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EXPERIMENTAL SECTION

Polycrystalline La;-,Ce,CoO5 (0= x =0.06) samples were
prepared by a standard solid-state reaction followed by a cold
high-pressure process. A mixture of high-purity La,Os, CeOs,
and Cos04 powders in stoichiometric quantities was ground and
pressed into disk-shaped pellets. Then, they were sintered at
1473 K in air for 24 h with intermediate grindings. To obtain
dense ceramic samples, the products were repeatedly ground
and cold pressed into pellets under a high pressure of 3 GPa,
and then sintered at 1473 Kin air for 24 h. The detailed process
of this cold high-pressure synthesis is shown in Supporting
Information.

The powder X-ray diffraction (XRD) data at room temperature
were collected by using the XRD diffractometer (Advanced D8)
with CuKa (A = 0.15406 nm) radiation. The data were collected
from 10° up to 135° in 260 with 0.02° step and a counting time
of 30 s per step. Rietveld refinement was performed to deter-
mine the structural parameters by using the profile analysis
program Fullprof. The XRD data and the refinement results
confirmed the formation of single-phase compounds. We also
fabricated several specimens with Ce content x > 0.06, but the
XRD data revealed CeO, and Co-oxides impurities in those
specimens. Hence, the solubility of Ce in our cold high-pressure
synthesized La; xCe,CoO5 samples is ~0.06. lodometic titration
indicated the oxygen content fell in the range of 3.01—=3.02.
Details of the iodometric titration had been described in ref 21.
Microstructure and energy-dispersive spectrum (EDS) measure-
ments were performed using a JEOL JSM-6700F scanning
electron microscope (SEM).

Temperature dependences of the resistivity, thermopower,
thermal conductivity, Hall coefficient, and magnetic susceptibil-
ity were measured from 20 to 350 K by using the physical
property measurement system (Quantum Design PPMS). Re-
sistivity and thermopower at elevated temperatures were mea-
sured by ULVAC-RIKO ZEM-3. High-temperature thermal con-
ductivity was determined by the thermal diffusivity (Netzsch
LFA-427), specific heat capacity (Netzsch DSC-404), and density.
These results revealed that the x = 0.06 sample exhibited the
optimal TE response, so we will mainly discuss the results of
Lap.04C€0.06C00s.

RESULTS AND DISCUSSION
As shown in Figure 1, the XRD patterns show that

La;,Ce,Co05 (x = 0.06) samples are single-phase with
rhombohedral R3¢ crystalline structure. The structural pa-
rameters, determined by Rietveld refinement, are listed in
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Table 1. Lattice Parameters, Atomic Positions,
Isotropic Thermal Factor B;s,, and Fitting Factors
(Rwp, Rg, and Ry) for the La,—.Ce,CoO5 Samples

x=0 x=0.01 x=0.03 x =0.06
a () 53812(6)  5.3808(5)  5.3790(6)  5.3779(5)
B (deg) 60.7021(8)  60.6924(8)  60.6210(10) 60.5286(8)
Biso(La) (A7) 0.23(3) 0.23(3) 0.24(3) 0.23(3)
Biso(CO) (A% 0.27(3) 0.27(4) 0.28(4) 0.28(4)
Xo 0.21018(20) 0.21052(18) 0.21177(22) 0.21295(21)
Yo 0.28982(25) 0.28948(22) 0.28823(24) 0.28705(27)
Biso(O) (A2)  0.76(4) 0.79(5) 0.78(4) 0.81(5)
Rup (%) 8.36 8.52 8.79 9.12
Rg (%) 4.55 4.71 4.69 4.78
Rr (%) 3.61 3.63 3.68 3.76

Table 1. The lattice parameter a and f decrease systemati-
cally with increasing Ce content. These results indicate that
Ce doping does not change the crystalline structure of this
system, but induces a reduction in the unit-cell volume as
well as a weakening of the rhombohedral distortion. The EDS
results confirmed the gradual increase in Ce content in our
La,—,Ce,Co05 samples from x = 0.01 to 0.06 (see the
Supporting Information). The p—T curves for La, -,Ce,CoOs3,
as shown in the Supporting Information, indicate that the
resistivity p decreases monotonously with Ce content until
x=0.06. This could be attributed to the increase in electrons
induced by Ce doping. However, when the doping level
exceeds 0.06, p begins to increase slightly. This phenom-
enon may result from the insulating impurities. It also
confirmed that the Ce solubility is around 0.06 in our cold-
pressed samples, which is consistent with the XRD results.

Fuchs et al. synthesized La;..Ce,CoO5 ceramics by a
sol—gel method and found that the preparation of single-
phase bulk material of La;-,Ce,CoO5 with x > 0.03 was very
difficult (18). However, their prepared La, -,Ce,CoO5 (0.1 <
x = 0.4) epitaxial thin films are all single-phase (18). This
indicates that the Ce solubility is noticeably enhanced in the
strained thin films. Considering the similarities of substrate-
induced pressure and applied high pressure, we speculate
that the Ce solubility should be also enhanced in the high-
pressure synthesized samples. From the XRD and resistivity
results as discussed above, it is clear that the Ce solubility
has been enhanced to 0.06 in our high-pressed
La,-,Ce,CoO5 specimens. From the SEM image (see the inset
of Figure 1), these high-pressure synthesized samples are
quite dense, without any obvious pores. The density of the
samples is in the range of ~7.10—7.15 glcm?, very close to
the theoretical density (7.29 g/cm®). The typical grain size is
~3 um.

Figure 2 shows the temperature dependences of the
resistivity p, thermopower S, thermal conductivity «, and ZT
of Lag 94Ce0.0sC005. The huge p below 50 K is meaningless
to a TE material, so we only present the transport param-
eters and ZT values above 50 K. Below ~250 K, the p—T
curve of Lag4Cep06C005 is insulating-like (i.e., dp/dT < 0),
similar with that of pure LaCoOs. S is negative in the whole
measured temperature range, indicating the nature of elec-
tron carrier (n-type). A remarkable features of this material

Wang et al. Www.acsami.org



p(MQ cm)
3

-100 |

S (4VIK)
(m]

150 | -

2.0 } t t t } t t t
181 B

161 &

[wl]
o
a
1.4? B

x(Wm'K™")

0.020 } t t t t t t t

00151 / T 1

I~ 0010} = / 1
N o

0.005 + o H E
o u}

—vm-rrrrn—rn—rn—m—n—rrrrrrrﬂliﬁp n
0.00 .

0 L Il Il
50 100 150 200 250 300 350 400 450 500
T (K)

FIGURE 2. Temperature dependences of resistivity p, thermopower
8, thermal conductivity «, and figure of merit ZT of Lag 94Ce0.0sC0O5.
Because of the different measure equipments, the low-temperature
data (blue squares) and high-temperature data (red squares) cannot
change smoothly. The shadow area indicates the temperature range
for noticeable TE response. The inset in ZT—T plot gives the
temperature dependence of carrier concentration n.

is that p exhibits a step-shaped drop in a narrow temperature
range (as sketched by the shadow area in Figure 2) near
room temperature, after which a metallic-like temperature
dependence (i.e., dp/dT > 0) is observed. In the same
temperature range, the absolute value of S shows a decrease,
whereas the low-temperature broad peak in the k—T curve
is suppressed, followed by a dk/dT > 0 behavior. As a result,
the ZT exhibits a steep peak and reaches 0.018 at room
temperature. This room-temperature ZT value is close to the
value observed in the layered Na,CoO, (ZT =~ 0.03) (22), but
is much smaller than that of the perovskite-type hole-doped
LaCoOs5 (ZT =~ 0.1) (15).

The rapid decrease in p in this temperature range can be
attributed to the considerable increase in carrier concentra-
tion n, evidenced by the Hall measurements (see the inset
of Figure 2). To probe the source of these interesting varia-
tions of transport parameters, the magnetic susceptibility x
under 1000 Oe field was measured. The y~'—T curve clearly
indicates that the system undergoes a magnetic transition
around 250 K that is just the onset temperature of the steep
variations in the transport parameters (see Figure 3). Since
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FIGURE 3. Inverse susceptibility y ' as a function of T for
Lag 94Ce.0sC00s. The solid lines in xy~'—T are the linear fittings. The
inset presents a sketch for the e, electron hopping processes
between HS Co?" and LS Co®*, and between HS Co?" and IS Co®*.

the substitution of Ce** for La®* brings Co®* ions to Co®*
matrix, and Co®* is always a high-spin (HS, t34e3) ion (23),
the change in y is reminiscent of the spin-state transition of
Co’". (Although Zhang et al. theoretically suggested a LS
ground state of Co ions for x < 0.08 in La,—,Ce,CoO5 (19),
their conclusion is different from our observations herein
and Maignan et al.’s experimental results (23); see the
discussions below.) It has been confirmed that nonmagnetic
LaCoOs5 undergoes a spin-state transition from a low-spin
state (LS, t3¢) to an intermediate-spin state (IS, t3gef) at ~100
K, above which LaCoO5 exhibits paramagnetic behavior
(24—26). Both carrier and chemical pressure have important
effects on the spin-state transition. Divalent Ca®* or Sr?*
doping introduces large numbers of hole carriers, which
suppresses the nonmagnetic ground state and then stabilizes
the IS state, causing the LS-IS transition shifts to lower
temperatures (25, 26). Nevertheless, when the carriers
introduced by doping are limited, the doping-induced chemi-
cal pressure becomes dominant. (Herein although Ce doping
introduces electron carriers, the carrier concentration of
La;+Ce,CoOs5 is still very low compared with that of hole-
doped LaCoOs, so the chemical pressure plays a key role in
the spin-state transition.) Because chemical pressure in-
creases the crystal field splitting energy, the substitution of
La by other rare-earth ions with smaller radius stabilizes the
LS state to higher temperatures (27—29). Accordingly, con-
sidering that the radius of Ce** is much smaller than that of
La®*, it is reasonable to assume that Ce** doping will
increase the LS—IS transition temperature.

To confirm this assumption, we performed an analysis
of the effective magnetic moments by fitting the y~'-T curve
using the Curie—Weiss law below 80 K and above 275 K,
respectively. Below 80 K, the fitting gives the effective
moment of ues ~ 0.62 ug per Co ion, where ug is the Bohr
magneton. Assuming a single-electron picture where peg =
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ge X V/S(S + 1), with the electron g factor ge = 2, this uer
value corresponds to a total spin S = 0.083. This spin value
implies that ~5.8% Co?* ions are HS, whereas all the 94 %
Co’*ions are LS, which is well-consistent with our situation.
Above 275 K, the fitting gives per &~ 2.04 up and thus S =
0.67. Taking into account a two-level spin system of Co**
consisting of LS and IS, this spin value corresponds to 6 %
Co?* jons in HS, 58 % Co’*ionsin IS, and 36 % Co’* ions in
LS. The ratio of IS Co®" and LS Co®" ions is comparable to
that observed in LaCoOs bulks and polycrystalline films
around room temperature (30). This result suggests that
most Co®" ions are already in the IS state above 275 K.

The spin-state transition scenario is compatible with the
electrical and thermal transport behaviors, and can well
elucidate the observed unusual TE response at room tem-
perature. Considering the configurations of Co?* (HS) and
Co’* (LS and IS) (see the inset of Figure 3), the charge
transport depends strongly on the spin state of the back-
ground Co’*. In the LS Co’* situation, moving one eg electron
of Co*" to empty eq orbitals of the LS Co’* is forbidden,
because that will simultaneously change the spin states of
Co?t and Co®*, and lead to wrong configurations: LS Co®*
and IS Co®*. Therefore, the electric conduction process will
be strongly suppressed. Accordingly, the charge transport
can only be achieved by thermal excitation of electrons in
the initially empty conduction band, which thus results in
large resistivity, poor carrier concentration, an insulating-
like p—T behavior. Herein the charge transport scenario is
similar to the spin blockade effect as proposed for layered
perovskite cobaltites (23). Nevertheless, once the LS — IS
transition takes place as temperature rises, the charge
transport will be much facilitated. The hopping of e, elec-
trons between Co?t and IS Co®* is very easy because of the
degenerate configurations of HS Co?" and IS Co”*, namely,
ey electrons become delocalized. Consequently, a large
number of electron carriers and a high conductivity appear.
The obvious increase in eg4 electron carriers also widens the
ey bandwidth because of a strong electron interaction. When
the ey band is widened to approach the narrow-band limit
of itinerant electrons, the system will show metallic-like p—T
behavior. That is why the insulator—metal transition occurs
and dp/dT > 0 is observed at elevated temperatures.

On the other hand, the considerable increase in n must
cause a rapid reduction of S. However, n is not the unique
factor in determining S; S of cobaltites is also strongly
dependent on the rich spin/orbital degeneracies of Co ions
(12). At high enough temperatures, S of doped cobaltites is
expected to be determined by the Heikes formula

kg n 9>
S= ;[ln(l = n) + 1n(g—3)] (1)

where g, and gs denote the number of Co?t and Co’*
configurations, respectively (12, 13). Although this model
assumes a high temperature limit, Koshibae et al. had
pointed out that S in cobaltites at room temperature is close
to that at the high temperature limit, so this model is
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appropriate for an approximate evaluation of S near room
temperature (12). According to eq 1, one can calculate that
the LS — IS transition of Co®" will yield an increment of S
(denoted by AS) approximately equal to —144 uV/K because
of the contribution of configurational entropy. Detailed
calculation is presented in the Supporting Information. The
calculated AS roughly agrees with the observed S value in
the LS — IS transition (approximately —160 to —120 uV/K).
Therefore, although a large number of carriers induced by
spin-state transition reduce S, the reduction of S is partially
compensated by the contribution of configurational entropy,
and hence the decrease in S is not as sharp as that in p.
Consequently, a peak of TE response is observed in the
LS — IS transition temperature range (around room tem-
perature). After the spin-state transition, the entropy does
not influence S any more and the compound becomes
metallic-like, so that S monotonously decreases with the
increase in n. In addition, as T — oo, S tends to reach a
constant value of approximately —40 uV/K that does not
depend on carrier concentration. Recently, it has been
observed that all the LaMn,_,Co,O5 (x > 0.5) compounds
exhibit such an identical S value at high temperature (31).

Furthermore, this spin-state transition scenario is also
consistent with the «-T behavior. Estimated from Wied-
emann—Franz law, the phonon thermal conductivity «pn
is dominant in «, so the variation of ¥ mainly originates
from the change in kp. Since Co* in the IS state is a
strongly Jahn—Teller (JT) active ion which can induce
larger local distortion, whereas Co®* in the LS state is non-
JT active, after the IS — LS transition occurs, the JT
distortion vanishes, which will lengthen the average free
path of phonons with decreasing temperature, and hereby
lead to an evident revival of k. Accordingly, a broad low-
temperature peak in «—T curve appears. As for the
positive temperature dependence of k of La; ,Ce,CoO5 at
high temperature, it is similar to the « behavior of un-
doped LaCoOs. It has been reported that the anomalous
thermal expansion, lattice disorder, and temperature-
induced LS—IS disorder in LaCoOs5 cause the glass-like
phonon transport behavior at elevated temperatures
(13, 32—34). Because kyp is dominant in «, similar with the
case of LaCoOs, herein La,;-,Ce,Co0O5 also exhibits di/dT >
0 above room temperature.

CONCLUSIONS
In summary, the electrical transport, thermal transport,

and magnetic measurements reveal a spin-state transition
in La;-,Ce,CoOs5. The spin-state transition drives a TE re-
sponse in a narrow temperature range. The room-temper-
ature ZT of Lagq4Ceg0,C005 reaches 0.018. Although the
present ZT value is still far from application criterion (ZT >
1), the occurrence of such a TE behavior in oxide system is
exciting. It is well-known that rich spin/orbital configurations
and spin-state transitions are widespread in transition-metal
oxides, so such TE response driven by spin-state transition
may open a new approach to search and design TE oxides.
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