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Abstract In continuation with both the thermoelectric waluation and exciting physics of cobalt based perovskites re
shrdied the interplay of thermal and electric tansport, the spin statc and the local symmetry of the coordination of Co ions.
The comprehensive experimental examination of systems coverirg a wide range of Co2*/Co3*/Co4* ratio involving the cubic
Pz32 and rhornohedral R-3c phas€s, with straighten Co-GCo bon{ orthorhombically distorted Prtrn perovskitos and 2D
p€Iovsftites l4/mmm of Lar,*Sr*CoOa type, r?s performed in a wide temperatwe domain up to 1000 K .The obsewed results,
referring namely the thermielectric power and thermal conductivity, are discussed with respect to possibl€ spin states and
orbital degeneracy ofCo' /Co"/Co'- species.

1. Introduction
Cobalt perovskites have been recently rwiwd with

rcspect to their promising thermoelectric potential- see.g. [1].
Furthermore, in spite of alrcady 50 years research of the
spill state of cobalt ions and the nature of the broad
rnagnetic-electronic transitions in Lq-*ApoO3 perovskites,
the unequivocal physical backgrourd is sti 

 

lacking [2]. ln
the ground state of prototype IaCoO3 ther€ is no magnetic
moment on Co ions, which impli€s tbat all trivalent cobalt
are in the diamagnetic, low-spin state (LS, qfero, s = o;-see
Fig.l. With inqeasing t€Nnperaturs the system becomes
paramagnetic, the zusceptibility increases mpidly ard shows
a broad maximum aromd 100K. Anoth€r pronounced
anomaly in the susceptibility accompanied with a signiftcant
defease of fre resistivity is observed at 500 K. The 100 K
tansition was fust inGrpreted by Goodenough as a change
of 50% of cobalt ions from the low-spin gromd state to
high-spin state (1IS, t *oe"', S=2) -s€e Table l�
Simultaneously, the 500 K tnnsition w8s assigned to an
order-disorder transition, ${Iere the eg electrons b€come
itinerant and d€stroy the LS-HS superstuctus. The latter
lla.s, howevsr, never observed experimentally when a
dynamic resonance of LS and HS Co" states was proposed
zubsequently [3]. Morc rccent sxperiments of photoelectron
emission a.nd X-ray absorption spe.ctos€opy, zupported by
bard structure calculations led to an altemative
interDretation ofthe l0O K aansition as a stabilisation of an
inGrmediat€ spin state (IS, t g5%t, s = 1). This is an orbitally
degenerate (Jahn-Teller activ€) state in *trich both the eg
electon and hg hole may be coupled with the same
distortion mode ofthe CoO6 octahedron of the Es sy utretry.
Using the rcsults of LDA+U, Korotin et al. [4] explained
stabilization of Intermediate Spin state over High Spin state
due io the large hybridization between CG3d (eg) and O.2p
orbitals. The physical reason for this transition is a
cornpetition between crystal-field energy Ar and inba-
atomic (I{und) excbange energy 4.. (Fig. 1). In the gormd
state A"r is only slightly larger then A* so the energy of the
€xeited magnetic state of Co ion is relatively small and with
increard tenperature its population inqeas€s resulting in
an increase of magnetic susceptibility. To demonstate the
complexity of lhe possible growd stales lspin,and orbital)
the total degearcracy for Co' , Co' and Co'- species is
shown in Table l�

A. l

Fig 1. Schqne of energy lwels for Low Sin state of Co"
ions in LaCoO3

When La ions are substituled in perovskite
cobaltites by smaller rare earth aIId alkaline earths el€ments
(inducing Co"* formation), magnetic properties show
signihcant changes as demonstated in Fig.2 using our d.ata.

Fig2. The ternperatue dependence of the DC magnetrc
susceptibility for LaroBa€oO: and Yr-'Ca"CoO3. In the
LaCoO3 the dominating interactions are antiferromagnetic
while the La0.6Ba! 4CoO3 is ferromagnetic due to
introduction of Coa* sp€cies.

cohercnfly the 5eco Klight shift measurements
showed that Co ioos r€main to be in the Low Spin state uP
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to the temp€ratue where the gradual metal-insulator
tansition is obs€rv€d For (e.g NdCoQ up to 580 K). Our
X-ray diffraction sb.tdy of lanthanide cobaltite p€rovskites
LnCoO3 0-n=N4 G4 Dy alld Y) led to similar
conclusion- that "at room temp€rature all cobalt ions are
in the Low Spin state regardless of the Ln atomic
nlrmb€r". Moreover magnaic and el€ctic measurem€nts
for Ho1-*Ca*CoQ systen [5] showed that '1iere is no
apparent transilion between Low Spin and High Spin of
Co'- ions in 30G900 K temperature mnge". All these data
indicate tlrat Low Spin state of Co+ ions in lanlhanide
cobaltite p€rovskites with smaller rare earth ions beaomes
more stabls comparing with LaCoOt and hansition
temp€ratur€ incr€ases chamatically.

Table I Possible spin stat€s and total degeneracy of
ground-states of co2*, CoI a Co+ species (S=Spin only
mmber)

In following paper we prcent the exp€rimental
data of the thennal conductivity, thermo€lectric pow€r,
el€ctrical rcsistivity and magnetizatiou of various 3D
p€rovskites Ln1"*ApoO3 (Ln=La,Y and A=Ca, Sr and
Ba) and the 2D La2-*Sr,.CoOa systens for 0.5<x<1.5. We
perform the measuements up to highest temp€ratur€s
(-1000 K) and *rc analyse, with rcspect to possible spin
and orbital states, the plausible mechanism of the cbarye
carier ftansport both for electron (Co2*) and hole (Coa)
doped Co3* matrix corsidering that the high difference in
degeneracy between co"'/CoGrrts spin states has been
pointed od as a possibte origin of the large S values.

2, Experimental
The studied 3D systems crystallize a perovskite

stnrcture, which, in dependence ofthe size ofinterpolated
cation adopts ertlrcr Pm3m, Pbntn or R3c syflmetry, lhe
2D perorskites adopt l4lrnmm s]"rnrnetry. The samples
Lar-^A*CoO3 (05€.5; A=Ca,Sr or Ba) and Y1.
.Ca.CoOd03c30.20), Lar-*Sr*Cooa(0.59c51.5) wert
prepar€d by a solid-state or nitate decomposition method,
respecl"ively. . The samples were -synthesized either in
oxygen (Co+ rich) air (-Co") or argon (Co2+)
atnosphere in ord€r to achieve the oxyg€n stoichiometry.
The X-ray diffraction analyses at room t€mp€ratre
confirmed that all shrdied samples were single phase. The

electrical resistivity, thermoel€ctric power and thermal
conductivity were m€asrutd in vacuum by a standard four
teminal method in close cycle qyostat (T300 K) or in air
in the tubular fi.rmaee Ct>300K), using home made s€t-ups.
The magnetization M was measured using a SQIJID (I<400
K) or torque (>300 K) magnetometers.

3, Results and Digcussion

3.1 YllCaaCoos (G!xs0.20) syttem

Magnetic, stsuchual aod hansport properties w€f,e
investigaied over a broad temperatue region up to 1000 K.
The temp€ratwe d€pendence ofmagnetic susceptibility is in
Fig. 2 compared with lines marting the characteristic spin
states. The magnetic susceptibility data shows that the Ca
doping do€s not induce the significant cbange of magnetic
behaviour and both Y-based samples, r=O.0 and x=0.1,
preserve the low-spin gound-state up to ^400 K. Contrary
to published data on LaCoOr, the high temperature metal
insulator transition is widently not associated with a
IS=>HS spin statc transition but is accompanied only by the
gradual increase to the internediato spin state with S=1.
Nonetheless, in distinction to the ltragnetic data the
el€ctrical rcsistivity and thermoelectric power are
substa.ntially decreas€d Lpon the Ca doping.
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Fig. 3. The temp€rature clependence of the thermoelectric
power (upper panel) and electrical resistivity (lower panel)
of Y1-*Ca*CoO3.
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We suppose that, contary to LS Na€oOz
cobaltites, where the possible impact of spin and orbital
degeneracy on the thermoelectric power was emphasized,
tle high value of thermoelectric power up to 700 K is
dorninandy inlluenced by a low concentation of charge
carries.

3.2 Lar,Sr,CoOr system
We show in Fig. 4 the temperatule dependence

of tle magnetic susceptibility for small Sr doping up to
0.1. We see that the incoryoration of even very sma^ll
concantralion of formally Coa* species via A'�*
substitution leads to the appeamnce of FM interactions.
and the ferromagnetism, competing with
antifenomagnetic interactions in LaCoO3, leads to spin
elass behaviow.
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Fig4. The tempemtuxe dependence of the DC magnetic
susceptibiiity for Lar-*Sr*CoO3*6.

The magnetic flnctuations depress
simultaneously the thermal conductivity, as evidenced in
tlle Fig 5. Nonetheless the stongly depressed thermal
conductivity below 300 K is observed also for pure
LaCoO3 . The low tempenture phononic peak of fu is,
howwer, completely wiped out for x>0.02.
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Fig5. The temperahle dependenca of the thermal
conductivity for Lar,xSr*Coo16.

The origin- of this behaviour resides as in the Jahn-
Teller active IS Co't (hg5erl) dlnamic modes (intemediate
temperahnes) as in a strong scattering dua to fast hopping
electrons between IS Coa* (t2s4esl) or LS Co+ (t2g5es0) and
IS Co" (t2s5eg1) species (low temp€ratwes). The
association-of the strongly depressed thermal conductivity
with IS Co" is supported by comparison with the thermal
conductivity for the LS Y1-.Ca"CoO3 pressnted in Fig 6.
Despite of a high disorder due to Ca for Y substitution (both
size and mass mismatch) and high porosity of the sample
the broad low temperatwe \6 peak is still present for x=0.1
samDl€.

Fig6. The tempentue dependence of the thermal
conductivity for Y1-*Ca*CoO3.

Fig7. The temp€ratur€ dependence of the themoelectnc
power for La 1-*Sr,CoO3*6.

Finally we demoustrate in the Fig. 7 the
temperature dependenc€ of the thermoelecfric power S for
Lar,*Sr*CoOro. For the lowest Sr concantrations the
electrical r€sistivity exceeds the minimum metallic
conductivity (the 1offe-Regel "metallic" limit q-l -2 mOcm)
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and is stongly temperatuxe depsrd€nt pointing to the
hopping mechaniun of the charge carrier transport In
mherence the tlennoelectric power is temperahrre w€akly
d€p€Ndent and its tlre absolute value at room tempsratule
corresponds to tlat deduc€d from a simple Heiks
confi gurational entropy ap'proximalioq

l . I

g""*,=1461J1-'1 111
e x

Applying this fomula e.g for r{.005 w€ obs€rve SH6}s :

455 pVK-r whicb compares with 5*-500 pVK-r,
similarly fcr x={.05 Soe-250 pVK-r match€s with Sgu;5-
257 uVKr.
For the higher x the thermopower is reduced below 0rc
Heiks approximation and tle behavior[ approaches to that
typical for the metals with a high carrier conc€ntratiolL
This corroborates with a strongly enhaaced electrical
condrictivity approaching at 300 K to the Iofe-Regel
'tnetallic" limit .

3.3 N-type doping
We have attempted to intoduce the n-type

carriers in both LS @yCoO3) and IS (LaCoO3) parent
systerns substitution of Coy by Ti4. (3d") was formd
successfirl with respect to sample pwity. As wiclenced in
Fig. 8 for q/Cor-*Ti*q tle thermopower is negative
below - 400 K conf:ming thris the formation of n-type
cbarge carri€rs at low tempemtwes.

Fig8. The tempeEtue dependsnce of the thermo€lechic
power for the Ti doped Ls Dycor-*Ti*O3 r.p to 900 K
(x=0.02 ,0.05). In the insets the thermal wolttion of the
electrical resistivity and thermal conductivity is shown.

The creation of n-type carriers conductivity is
not, howev€r, accompaaied by commonly obs€rved
&crease of electrical resistivity - see the inset. This
indicates that the N-true charge carriers posses a very low
mobility which coroborates with their limited impact on
phonon scattering --see the ins€t Abov€ 400 K tlle
thermopower switches to positive values indicating the
dominanc€ of P-qp€ carriers and $trcn the t€mperature is
fi.utler increased above the -700 K the broad metal-
insulator transition is observed and accompanied by a

signifrcant decrease of therrnopower below -100 pVK-'. As
a possible explanation of tenp€rature limited N-$pe
conductivity we propos€ the elechon hopping betw€en the
co2* (stabilized eventually in LS state via LS Co'* and/or .IT
distofted IS Co+ ewironment) and nonmagnetic LS Co+,
on the otler hend-the hopping between magnetic HS Co'-
and IS or HS Co'*is strongly limitcd due to dominating
antiferromagnetic interactions betw€en these species. This
picture is fi]Ifrer s4ported on the study of 2D perovskites
Laz-*SrxCoor as shoun in following section.

3.4 2D perovskites Laz,Sr,CoO3 system
In order to check the possibility of boih N- and P-

type conduction in a wide range using single prototype
system we bave performed the investigation of
La2-*Sr*CoOa layered perovskites where, in principle, the Co
formal valence can be varied from Co2 r up tc Cois. The
magnetic interactions are revealed in Fig.9 where the
magnetic susc€ptibility of Coo* rich side is presented. With
the increasing Co"* concenhation, similarly as in case of 3D
analogue, the Weiss constant increases and culmhates at @
-170 K for )F1.4-1.5 indicating, together with the high
value of the susceptibility and spontaDeous moment, the
long range ferromagnetic order. Simultaneously with
increasing @, the spin only mrmber S inqeas€s ftom
minimum for )FI.0 (S^{.9) to S-l .2 lor x=l .5. The Co2-
rich side is characterized by negative Weiss constant
decreasing down to @ - -200 K for x{.5 (Co2* /co}=l)
r{rile the spin number increases up to S-1.8.
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Fig9. The temperature dependencre of the magnetic
susceptibility for Laz-,Sr*CoOa (1<x<1.5). In the inset the
composition dependence of the spin number S and Weiss
constant @ is shoun (data for 0.4<<<l .0 taken ftom Ref 6).

The increasing stength of antiferromagnetic
interactions witl decreasing cobalt valency is
understandable presuming that the HS Co" species interact
antiferrornagnetically with srmounding IS or HS Co"
network. The co2*/co3* system is electricalty insr.rlating and
contrary to 3D cobalt perovskites, even all fe[omagnetic
samples rernain insulating down to low temperutures.
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The interesting insight in the carries subsystem
offers the complex Figure 9 $here the temperatur€
dependence of ttre thennopower is pres€nted. The most
important feature is that for any studied composition and
for any tempemtwe region the negative thermoelectric
power is not achieved. At fust glance this is very
surprisirg, as intuitively one should presume, els a
consequence of electon additioq the N-type conduction
ufien iowering the valence belowCo3'. We speculate that
this behaviour likely originates from the "immobility" of
additional electrons associaed with HS Co'- speci$. On
the other hard the introducdon of Co* leads to substantial
decr€ase of electrical resistivity accompanied
simultaneously by decreased thennoelectric po$€r, e.g.
from -l75pVK-r (x=l.l) d,cwn to -25pVK-r i x=|.5) at
300 K.

Fig10. The temperature depeudence of the thermoelectric
power for Lar-*Sr*CoOa (1<x<1.5) up to 900 K.

3.5 6q}}.6.4+ =1'1
The role of mismatch uas finally studied on 3D

sysiems wherc the cobalt valsuce $as fxed as
co4* /co1=l/1, i.e. utrere, supposing the hopping
conductiorg the simple Heiks confrgwational contribution
is missing. In the Fig ll we show the tempsrature
dsp€ndence of themopo&€r for tl.nee cobaltites which
differ significandy with rcspect to structural matching of
La(Sr,Ca,Y).O and Co-O bonds - starting from relaxed
Lao 5Sro.5CoO3 (t{.975), via Lao 5Ca! 5CoO3 (F0.95) and
endrng by highly distorted La0jYo.2Cao 5CoO3 (r=0.94).
The most conducting cubic La-Sr system poss€s at room
temperature resistivity of ^O.3 mc)cm and is
ferromagnetic below - 250 K, for the highly distorted La-
Y-Ca systen the rcsistivity increas€s up to ^4.5 mQcm
and T" is lowered below 100 K. At 900 K the differenc€
in electrical resistivity is de.creased to ^4.7 mocm (La-
Sr) and -2.7 mocm (La-Y-Ca), rcspsctively. .In order to
explain the tenperatue weakly depfldent aod rclatively
high value of the themropower for La-Y-Ca syslem we
employ the generalised Heikes formula
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Fig. 11. The iemperature dependence of the thermoelectric
power for Lao:Sro sCoO:, Lao 5cao 5CoOj and
Laa 3Y6 2Caj 5CoO3 up to 900 K.
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supposing tbat dominating contribution to the thermopower
is the configurational €ntropy of quasi-degenerate charge
carriers. The additional 9s9o terms refled the spin and
orbital degenemcy (see Table 1) and x = Coo*/Co, the
fiaction of Coo* holes sitting on the Co sites, respectively.

This allows express lJspo as the muo & , **r"r" g" *d g.
8a

stand for the degeneracy of configurations for lxivalent and
tetravalent cobalt in the octahedral coordinatior
respectively.

Using this pictwe the hoppu€ conductivity of the
Coo* rich perovskites can be interpr€ted $.pposing the IS
spin state of both CoI and coa*. In that case the holes of the
ta character are involved and for identical Co3' and
Contconcenaatioq indepenclendy on the eventual Jahn-
Tellsr distortion the ratio between g3 and g= leads to pspq
=3/4 in the formula [2]. This leacls to ,S - 24 pVK-' what is
indeed v€ry close to the value experimentally observed in
higbly mismatched 3D and 2D cobaltites, containing
50 %Co'*, at high temperatures when hopping conductivity
dominates - see Fig. I 0, I I . Nonetlreless, when the structural
distortion in 3D perovskite is decreased, the Co-O-Co bond
is straightened and diffrsive conduction of the itinsrant or
quasi-itinerant charge carriers e. electrons start to dominat€
(p<<1 mocm). This situation coroborates with th€
ferromagnetic coupling, observed for the high enough Co*
concentration favouring the kinetic energy gain of the eg
electon linking the neighbouring Co ions. This makes the
states b€fore and after the electron tansfer degenerate and
corresponds to the t2r5 o"oj electronic conf_rguration @y
otlrcr words to 50olo lS Co! and 50% LS Coa ). This leads
to similar magnetic exchange mechanism as kno$n for
feromagnetic manganites- so called DoubleExchange. ln
the ferrornagnetic state the coresponding thermoelectric
power should be negative due to the electron diffirsion in a
quarter hlled band. Indeed, as shown in Fig 11 for
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ferromagnetic metallic La-Sr atrd La-Ca systern, this
sitration is experimentally observed.

4. Conclusions
The physical properties ofvarious cabalt 3D and

2D perovskite cobaltites have b€en me€sured and
analyzed. We sunnarize tie complex experimental
observation:
(i) inclependendy on the cobalt valsncy the low spin
ground-state of Co ions h Lnr-"A"Coq is favoured by a
small size of the interpolated cation. The LS state aan be
extended u€ll above 300 K, promoting cons€quently the
absolute value of thermoelectic power, (ii) the large
depression of the thermal conductivity in LnCoO3 is
dtecfly cormected with the gradual stabilization of IS
Co"species, the depressed thennal conductivity in
Lnr-*A,Coq is due to fast €lecton fluctuations bstween
LS(S)Coat and IS Col species, (iii) the absenc€ of
negative tlermoelectric pov'rr in 2D Lar-'&€oOa and in
3D perovskites (at high tempenbres ooly) is lik€ly linked
with the "immobility" of electroru associated with
antiferromagnmaically cgupled HS Co2* species
surrounded by magnetic Co" species, (iv) the generalised

Heikes formula is applicable in interpretation ofthe hopping
conductivity in perovskite cobaltitss.
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