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Thermoelectric power of La;_,Ca,MnO,, 5: Inadequacy of the nominal Mn3+/4*
valence approach
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The temperature-dependent thermoelectric po@W&P) and resistivity of La_,CaMnOg, s polycrystals
(0=x=0.45) are reported. The TEP data are analyzed within an adiabatic small polaron description in order
to determine the number of charge carriers per active transport site in the paramagnetic state. The TEP in the
small-polaron regime abov@&. is significantly smaller than that predicted by nominal M+ valence
arguments. This indicates that more holelike charge carriers and/or fewer accessible Mn transport sites are
present in these compounds than expected based on the divalent doping levels employed. This result is
consistent with a substantial degree af*33d* (Mn3*-Mn3") charge disproportionation into more stable
3d®-3d® (Mn?*-Mn*") pairs.[S0163-18207)06617-4

The electronic transport and magnetic properties of thesmall-polaron quasiparticle hopping in the paramagnetic
doped ferromagnetic (FM) semiconductors state. The magnitude @ in the small-polaron regime indi-
La;_,AMnO;, s (A=Ba, Ca, or Sr were first examined cates that there are far more holes per active transport site
many years agb.Undoped LaMnQ is an insulating super- than would be expected based on a simple nominal
exchange antiferromagnéAFM), while divalent substitu- Mn3*/#* valence description. This may be an indication that
tion for La®* leads to a mixed MA™" nominal valence, a charge disproportionation is present in this system due to the
FM ground state intimately associated with a metal-insulatonear degeneracy of Mii-Mn3* and Mr?"-Mn** com-

(MI) transiton at Ty=Tc, and the colossal plexes in octahedrally coordinated systems.
magnetoresistantéCMR) effect. The concept of double ex- Polycrystalline Lg _,CaMnO;, s samples were synthe-
change(DE) was proposed to account qualitatively for the sized by standard solid-state reactions; stoichiometric quan-
close interplay between magnetic order and electronic trangities of high-purity(99.99% or bettgrLa,O,, CaCO;, and

port in these compoundsThe recent rediscovery of the MnO, powders underwent four grinding-firing stages at
CMR effect has led to renewed interest in these compound4250 °C to 1400 °C. All samples were slow-cooled in air
with an emphasis on moving beyond the basic notions of DEover a 20-h period except for the undoped specimen which
in order to uncover the physical mechanisms involved in thevas cooled in Ar to limit the uptake of excess oxygen.
CMR effect. The emerging theoretical picture is that DEX-ray-diffraction measurements showed single-phase mate-
alone cannot account for the physical behavior of the CMRrial in all cases. lodometric titratiofwith the assumption
system at other than a very crude leVéhstead, it may be that La, Ca, Mn, and O valences at@, +2, +2, and—2 in

that the CMR effect stems from an interplay between magacidic solution was employed to determine the average Mn
netic exchange and a strong electron-phonon interaction thaalence(and, in turn, the excess oxygen conjegmtesent in
occurs due to the Jahn-Tell&fT) active octahedrally coor- each preparation batciic was determined from magnetiza-
dinated 2i* ions present in these materidli this scenari®  tion Arrott plot measurementsv(2 vs H/M) using a SQUID

the interplay between the spin, charge, and lattice degrees aiagnetometer. The resistivify and TEP were determined
freedom leads to localized small-polaron quasiparticles in then the same specimen for each Ca-doping level in the 4—-325
paramagnetic state, while long-range order delocalizes thg temperature range. Electrical resistivity measurements em-
carriers, leading to metalliclike large polaron transport belowployed a conventional four-probe dc technique while TEP
Tc. In support of this picture, experimental evidehaedi-  measurements were performed by suspending a sample be-
cates that delocalized polaronlike effects persist belgw tween electrically isolated copper posts across which a vari-

Central to the above description is that divalent substituable temperature gradient was applied. The absolute TEP
tion for La®" results in Mn mixed valency and that charge- was determined relative to copper by a copper-constantan
carrier transport involvesy holes on 2% (Mn*") sites hop-  reference thermocouple. Electrical contacts were achieved
ping to e, states on neighboring dd (Mn3") sites. with silver epoxy or paint. The stoichiometry, excess oxygen
Thermoelectric powe(TEP) measuremenfisare a powerful ~ content, average Mn valenc&., and transport activation
way to check for the validity of this description because theenergies are presented in Table | for the seven samples con-
carrier contribution to the Seebeck coeffici&tlepends di- sidered here.
rectly upon the fractional hole concentratiofin polaronic The resistivity and TEP for Ca-doped samples with dop-
systems. In this work we present temperature-dependent TERg levels ranging fronx=0 to 0.45 are shown in Fig. 1
measurements of polycrystalline LaCaMnO;, s samples (data atx=0.33 and 0.45 are omitted for clarityWe focus
synthesized in the rangestx<0.45. Our TEP results are first on the 21% Ca-doped specimen. In this sample magne-
fully consistent with metalliclike conduction below: and tization measurements indicate that magnetic order occurs at
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TABLE |I. Stoichiometry for the La ,CaMnO;, ;s samples nature of Egs. (1) and (2) indicates that in
employed in the TEP study;+ 24 is the average Mn valencécis  La, ,fCay ,MNO3 ;7 carrier transport involves adiabatic
the Curie temperature, arid, and Es are theT>Tc activation  small-polaron hopping. The large difference betweeh,

energies as determined from resistivity and TEP measurements, rgnd Es signifies that conventional band transport does not

spectively. occur aboveT ., but rather is the hallmark of small polaron
hopping wherein the transport is dominated by temperature-

X g x+25 Tc(K) E, (meV) Es(meV) deggndgent mobility effecﬁsgo Y

(= 0.003 (=9 (5 (=2 The same overall-dependent trends evident in the 21%
0 0.013 0.026 _ 215 33 data are also present in the transport data for the other
0.18 0.03 0.24 170 134 27 samples. For LaMn@ (not shown no FM ordering occurs,
0.21 0.017 0.244 205 131 19 and S is roughly 300 wV/K at 180 K and drops with in-
0.95 0.03 0.31 230 128 15 creasing temperature. The=18% sample is very close to
0.33 0.03 0.39 271 81 5 the FM insulator-FM metal phase boundargithoughp ex-
0.40 0 0.40 270 62 5 hibits only a_weak'anoma}ly at: for this QOping level, full
0.45 0013 0476 552 50 1 FM order is evident in magnetization measurements

the same temperature wherepeaks(205 K), while S peaks
roughly 20 K aboveT.. The abrupt drop in botlp and S
nearT is fully consistent with carrier delocalizatidne., a
substantial mobility increagelue to the onset of long-range
magnetic order. The fewV value of S well below T is
typical for metalliclike materials. FolT >T. the T depen-
dence of bottp andS are described by

E,
p(T)= pOTexp(kB—’T) (E,=131 meV 1)
and
_(ks Es) _
S(T)— E a’+kB—T (Es—lg meV), (2)

respectively, wherkg is Boltzmann’s constang is the elec-

(Tc=170 K) and S displays a drop belowl. The close
proximity of this specimen to the FM-AFM phase boundary
may be the reason for the presence of a second featyre in
near 80 K and the very gradual nature of the drof imelow

T . With increasing dopinge andS progressively decrease

in value, whileT reaches a maximum valyg271 K) at 1/3
doping.E, andEg also decrease with increasingTable .

The large difference between these activation energies indi-
cates that small polaron hopping occurs for all doping levels
considered here. In all caseS, extrapolates to a high-
temperature value of roughly 20 V/K. While the data in

Fig. 1 are qualitatively similar to those reported
previously®'°we see no evidence for large low-temperature
peaks inS that have been reported by Mahendietral 1!

In order to determine the validity of various transport
models, a quantitative analysis of the TEP data abhyvés
needed. In small polar systerids given by the sum of two
terms'? a spin termS,,, and charge-carrier teri,. In the
absence of magnetic order the spin term is-endependent

tron’s charge, andr is a sample-dependent constant. Theconstant that is determined by the configurational entropy of
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FIG. 1. TheT-dependent resistivitya) and Seebeck coefficient
(b) for La;_,CaMnOs, s samples with varying C& -doping con-

centrations. The arrows indicate the magnetic ordering temperature

for each specimen.

placing a hole with spinr; among sites with spimry. The
spin term is given by

. 3

s |8
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The strong Hund'’s rule exchange present in the manganites
forces the spin of a hole on ag, state to align with the

t,, electrons on the same Mn site. Hence, for a hole hopping
amongst Mi* sites o;=3/2 and o,=2, leading to
S,=—19.2 nV/K.2® The presence of charge carriers pro-
duces a contribution to the TEP for low to moderate tem-
peratures Kz T<Eg) that is given by

Sc= (E 4

e

Es
a+kB_T>’

while at high temperaturek{T>Eg), S, reaches a constant
value given by the Heikes formdfa(applicable due to the
dominant Hund'’s rule exchange

k
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. . brought on by increased divalent substitutidrihat descrip-

500l © . ga:agn::v;gg)l(“ ] tion would actual!y predict _that the TEP would beqome se-
o Eo0(Cxra) verely electronlike [predicted TEP values include
A £20 Se«(x=0.25)=—44 uVIK, S;.(x=0.4)=-73 uVIK],
00l ] at odds with the results presented here. SimiIar_Iy, the change
g in sign of the TEP neax=0.3 cannot be attributed to a
> crossover from holelike to electronlike transport at this dop-
= 100l o e ] ing level because this simplistic argument neglects the spin
w | entropy contribution to the thermoelectric pow&An alter-
e native approach to explain the half-filled nature of the TEP
ol % R . o] was recently proposed by Emin; the small polarons could be
A in a multiatomic state such that the only active Mn transport
oio 012 0i4 sites are those closely associated with a divalent dopant

atom?® This model accounts for the discrepancy between the

TEP data and the nominal valence picture by excluding a

large fraction of the Mn ions from the transport process,
FIG. 2. Theoretical and experimental valuesSpf,, plotted vs  although the reason for there being only two active transport

Ca-doping concentration. Solid symbols are from experimentaktates per divalent dopafttather than one for each of the

data, while the solid and dashed lines are produced from theoretic@ight nearest Mn neighborsieeds to be more fully devel-

models with and without disproportionation, respectivend, as-  gped.

sumingé=0). The open symbols are the respective theoretical pre-  The TEP data can be reconciled with the electron configu-

dictions when each sample’s excess oxygen content is accountqgtion when the relative instability of thed3 (Mn3+) con-

for. figuration is considered. Thermal-gravinometric analysis

(TGA) of high-temperature (1060T<1300 K) excess-

oxygen—oxygen-partial-pressure isotherd@l,Pg,) (Ref.

16) are consistent with the presence of cation vacancies and

where ¢, is the fractional hole concentratiofnumber of
holes per active transport siteWhen extrapolated to the

high-T limit, S will obey the relation S(high- ) . . .
T)=S,+S; ... Hence, by extrapolating TEP data in this way Mn?=* fharhge d|sproport|opat|prD) Im both Ca—l elmd Sr-
one can directly determine the validity of transport modelsdOped anthanum manganites; que s based solely on excess
through their estimate o8, andS, ..(Cp). oxygen leading to cation vacancies cannot account fo_r the
An experimental estimate & .. can be made by extrapo- 5(T'Pc3’i) 29ata. 4t _Cf(;a_rge r:jlsproportmnatlo?
lating a, +a, /T fits'* to S(T>T) data and subtracting the ('\i '\3/I+n Mgi\/'”wj?fgq ) (IjsMr:IZ\/*el?\AbX*t gd‘ge??g!era‘?y 0
expected spin-entropy contribution-(9.2 xV/K).*® The n="-Mn*" (3d"-3d") an -Mn™" (3d°-3d") pairs.
experimental values fdB; ..(x) are presented in Fig. 2. The The.s_tatlc T dls;[f)rtlorgeresent only forx=0) will act to
T=<325 K data indicate th&. ,, is 020 wV/K for doping Stab"'z‘? the Mri*"-Mn complex3 by a few t_enths of an
concentrations at and above 18%. High¢1300 K) TEP ev, whHe_thg energy of the ®-3d* configuration may b(_e_
measurements on LaMnQRef. 16 indicate that this is also lowered glgmgcantly by Hund’s rule exchange. The stability
- imi 0,
the case for undoped samples. This experimental result cé?{ thge 3d°-3d czclm_plex cogld be limited by t+he 30(" larger
be compared to that predicted by nominal #t* valence size!® of the Mn®" ion relative to that of Mri", leading o
arguments wherein every B4 ion replaced by a C& ion non-negligible lattice strain energyn comparison, .Mﬁ
converts one MA* to Mn®*. Similarly, each excess oxygen ions are 20% smaller than Mn ions). An examination of

ion creates both cation vacancitas well as converting two Che”?'ca!' Gibb’s free energies of M_nO,_ M@.3’ _a_nd MnG,
additional Mn ions to the 4 state. If all Mn ions are active also indicates that thed? configuration is significantly less
istable than either & or 3d* ions”° CD is not uncommon

transport sites, the fractional hole concentration i = 9 iy :
C,=x+25. The dashed line in Fig. 2 gives the prediction @mongst JT-activel® andd” transition-metal-oxidgTMO)
ompounds; it has been observed in ;LaCaCo0;,

for S; ..(X) based on this model assuming no excess oxygeﬁ ¥
(6=0); the prediction when the excess oxygen level for eacns0s CaFeQ, Sr,_,lLalFeQ, and SpLaFeOs. . The
specimen is accounted for corresponds to the open circles ffomic-structure effects that lead to CD also manifest them-
Fig. 2. The wide difference between the data and the modgi€!Ves in the nonmonotonic progression exhibited by TMO
predictions in Fig. 2 indicates that the TEP in the CMR com-iOnic radii across the @ series® Valence instability effects
poundsis far too small to be explained by a simple nominal MY @lso account for the anomalously laxjg: /dP values
valence argumentFor example, witrc,=0.3 (valid for the ~ ©oPserved inthe CMR compqunﬁ%and it could be involved
x=0.25 sample the Heikes expression predicts I the CMR effect observed in the europium chalcogentdes.

S=54 wVIK, far larger than the experimental value above To formulate a C_D-based transport r_nodel, the relative Mn
T for any of thex>0 samples considered here. valence concentration must be specified. TGA refulise

The near-zero, doping-independent valueSgf,(x) indi- consistent with valence-specific Mn concentrations given by

cates that La_,CaMnO;, s behaves as if it were always [Mn2*]=¢&-26,
half-filled (c,= 1/2) regardlessof the divalent doping level.
This suggests that there are far more holes present and/or far [Mn3t]=1+26—x—2¢, (6)

fewer active Mn transport sites than expected based on nomis:
nal valence arguments. Such behavior cannot be ascribed to
the elimination of the JT splitting betweeg, subbands [Mn**]=x+&.
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The x-dependent disproportionation coefficignis a relative  increase in holes because TGA measurements suggest that
measure of the amount oft2and 4+ Mn that evolves from [Mn“*]is a slowly varying function ok due to the interplay
disproportionating MA*-Mn®* pairs. TGA measurements between cation doping and charge disproportionation. In-
indicate that 70—80 % of the M ions undergo CD for steadp(x) is controlled by the rapid decrease in transport-
x=0[£(0)=0.4], while the 31* configuration is fully stabi- inactive Mr?* sites that occurs with increased divalent dop-
lized by 45% divalent dopingé(0.45)=0]; £ varies linearly  ing concentrations. Within a CD description, the FM
with x between these extrem&Electron hopping between insulator-FM metal phase boundary occurgat0.2 because
2+/3+ states is rarely observed, relative to the more frea 3D percolation path of hole-accessible #ntransport
quent 4+/3+ hole hopping’* This is because the character- sites exists only at and above this doping concentration.
istic small polar hopping energy is determined, in part, bySpectroscopic evidence is needed to confirm thaf MED
the difference in bond lengths between the initial and finaloccurs in La _,CaMnO;, 5, although lifetime effects could
configuration oxidation states; the 50% larger ionic size dif-make this problemati¢’ The effect should be most pro-
ference between-2/3+ Mn ions relative to that of 3/4+ nounced at high temperatures where TGA measurements
indicates that, while 2/3+ electron hopping will occur, it have been carried otf.
will do so at a considerable lower rate than that of hole In summary, temperature- and doping-dependent TEP and
hopping between 8/4+ Mn sites. Hence, MA" sites can  resistivity measurements on La,CaMnO;. 5 indicate that
be assumed to act as blocking sites for polaron transportransport aboveT: involves small polaron hopping. The
Within this model the fraction hole concentration is given by magnitude ofS is too small to be accounted for by a simple
4t Mn 3*/4* nominal valence description. The data indicate that
_ (Mn™"] _ x+¢ 7 there are considerably more holes and/or fewer active Mn
[Mn**]+[Mn3*] 1+26—¢° transport sites than expected. A charge disproportionation

- . model based on the instability of the Mn state relative to
The S, .(x) prediction based on the modemploying the v 4t )
Heikes expression, E@5)] produces the solid line in Fig. 2 that of a Mrf *-Mn®" complex provides excellent agreement

(assumings=0); the prediction when the sample-specific with the doping-dependent trends exhibited by both the TEP

excess oxygen level is accounted for are plotied as opefll T2 ISR AR TR O

triangles. This CD model provides excellent agreement WithbMR compounds y

the experimental trend evident in the TEP data. The doping P '

dependence of and ¢ combine to produce a fractional hole  The authors thank A. Bishop, D. Emin, F. Garzon, R.

concentration that is never far from 1/2 , and is only weaklyHeffner, R. Lemons, H. Rier, M. Salamon, J. Thompson, S.

x dependent. Trugman, J. Zaanen, and J. Zang for illuminating discussions
In the CD-based transport model, the doping-dependerdnd encouragement. This work was performed under the aus-

resistivity trend evident in Fig.(&) cannot be ascribed to an pices of the U.S. Department of Energy.
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