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Thermoelectric power of La12xCaxMnO31d : Inadequacy of the nominal Mn31/41

valence approach

M. F. Hundley and J. J. Neumeier
Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 25 November 1996!

The temperature-dependent thermoelectric power~TEP! and resistivity of La12xCaxMnO31d 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 aboveTC is significantly smaller than that predicted by nominal Mn31/41 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 of 3d4-3d4 ~Mn31-Mn31) charge disproportionation into more stable
3d5-3d3 ~Mn21-Mn41) pairs.@S0163-1829~97!06617-4#
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The electronic transport and magnetic properties of
doped ferromagnetic ~FM! semiconductors
La12xAxMnO31d (A5Ba, Ca, or Sr! were first examined
many years ago.1 Undoped LaMnO3 is an insulating super
exchange antiferromagnet~AFM!, while divalent substitu-
tion for La31 leads to a mixed Mn31/41 nominal valence, a
FM ground state intimately associated with a metal-insula
~MI ! transition at TMI5TC , and the colossa
magnetoresistance2 ~CMR! effect. The concept of double ex
change~DE! was proposed to account qualitatively for th
close interplay between magnetic order and electronic tra
port in these compounds.3 The recent rediscovery of th
CMR effect4 has led to renewed interest in these compou
with an emphasis on moving beyond the basic notions of
in order to uncover the physical mechanisms involved in
CMR effect. The emerging theoretical picture is that D
alone cannot account for the physical behavior of the CM
system at other than a very crude level.5 Instead, it may be
that the CMR effect stems from an interplay between m
netic exchange and a strong electron-phonon interaction
occurs due to the Jahn-Teller~JT! active octahedrally coor
dinated 3d4 ions present in these materials.5 In this scenario6

the interplay between the spin, charge, and lattice degree
freedom leads to localized small-polaron quasiparticles in
paramagnetic state, while long-range order delocalizes
carriers, leading to metalliclike large polaron transport bel
TC . In support of this picture, experimental evidence7 indi-
cates that delocalized polaronlike effects persist belowTC .

Central to the above description is that divalent subst
tion for La31 results in Mn mixed valency and that charg
carrier transport involveseg holes on 3d

3 ~Mn41) sites hop-
ping to eg states on neighboring 3d4 ~Mn31) sites.
Thermoelectric power~TEP! measurements8 are a powerful
way to check for the validity of this description because
carrier contribution to the Seebeck coefficientS depends di-
rectly upon the fractional hole concentrationch in polaronic
systems. In this work we present temperature-dependent
measurements of polycrystalline La12xCaxMnO31d samples
synthesized in the range 0<x<0.45. Our TEP results ar
fully consistent with metalliclike conduction belowTC and
550163-1829/97/55~17!/11511~5!/$10.00
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small-polaron quasiparticle hopping in the paramagne
state. The magnitude ofS in the small-polaron regime indi
cates that there are far more holes per active transport
than would be expected based on a simple nom
Mn31/41 valence description. This may be an indication th
charge disproportionation is present in this system due to
near degeneracy of Mn31-Mn31 and Mn21-Mn41 com-
plexes in octahedrally coordinated systems.

Polycrystalline La12xCaxMnO31d samples were synthe
sized by standard solid-state reactions; stoichiometric qu
tities of high-purity~99.99% or better! La2O3, CaCO3, and
MnO2 powders underwent four grinding-firing stages
1250 °C to 1400 °C. All samples were slow-cooled in a
over a 20-h period except for the undoped specimen wh
was cooled in Ar to limit the uptake of excess oxyge
X-ray-diffraction measurements showed single-phase m
rial in all cases. Iodometric titration~with the assumption
that La, Ca, Mn, and O valences are13,12,12, and22 in
acidic solution! was employed to determine the average M
valence~and, in turn, the excess oxygen content! present in
each preparation batch.TC was determined from magnetiza
tion Arrott plot measurements (M2 vsH/M ! using a SQUID
magnetometer. The resistivityr and TEP were determine
on the same specimen for each Ca-doping level in the 4–
K temperature range. Electrical resistivity measurements
ployed a conventional four-probe dc technique while T
measurements were performed by suspending a sample
tween electrically isolated copper posts across which a v
able temperature gradient was applied. The absolute T
was determined relative to copper by a copper-constan
reference thermocouple. Electrical contacts were achie
with silver epoxy or paint. The stoichiometry, excess oxyg
content, average Mn valence,TC , and transport activation
energies are presented in Table I for the seven samples
sidered here.

The resistivity and TEP for Ca-doped samples with do
ing levels ranging fromx50 to 0.45 are shown in Fig. 1
~data atx50.33 and 0.45 are omitted for clarity!. We focus
first on the 21% Ca-doped specimen. In this sample mag
tization measurements indicate that magnetic order occu
11 511 © 1997 The American Physical Society
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11 512 55M. F. HUNDLEY AND J. J. NEUMEIER
the same temperature wherer peaks~205 K!, while S peaks
roughly 20 K aboveTC . The abrupt drop in bothr andS
nearTC is fully consistent with carrier delocalization~i.e., a
substantial mobility increase! due to the onset of long-rang
magnetic order. The few-mV value of S well below TC is
typical for metalliclike materials. ForT.TC the T depen-
dence of bothr andS are described by

r~T!5r0TexpS Er

kBT
D ~Er5131 meV! ~1!

and

S~T!5S kBe D S a1
ES

kBT
D ~ES519 meV!, ~2!

respectively, wherekB is Boltzmann’s constant,e is the elec-
tron’s charge, anda is a sample-dependent constant. T

TABLE I. Stoichiometry for the La12xCaxMnO31d samples
employed in the TEP study;x12d is the average Mn valence,TC is
the Curie temperature, andEr and ES are theT.TC activation
energies as determined from resistivity and TEP measurement
spectively.

x d x12d TC ~K! Er ~meV! ES ~meV!

(6 0.003! (6 5! (6 5! (6 2!

0 0.013 0.026 – 215 33
0.18 0.03 0.24 170 134 27
0.21 0.017 0.244 205 131 19
0.25 0.03 0.31 230 128 15
0.33 0.03 0.39 271 81 2
0.40 0 0.40 270 62 2
0.45 0.013 0.476 252 50 1

FIG. 1. TheT-dependent resistivity~a! and Seebeck coefficien
~b! for La12xCaxMnO31d samples with varying Ca

21-doping con-
centrations. The arrows indicate the magnetic ordering tempera
for each specimen.
nature of Eqs. ~1! and ~2! indicates that in
La0.79Ca0.21MnO3.017 carrier transport involves adiabati
small-polaron hopping.9 The large difference betweenEr

and ES signifies that conventional band transport does
occur aboveTC , but rather is the hallmark of small polaro
hopping wherein the transport is dominated by temperatu
dependent mobility effects.9,10

The same overallT-dependent trends evident in the 21
data are also present in the transport data for the o
samples. For LaMnO3 ~not shown! no FM ordering occurs,
and S is roughly 300mV/K at 180 K and drops with in-
creasing temperature. Thex518% sample is very close to
the FM insulator-FM metal phase boundary;1 althoughr ex-
hibits only a weak anomaly atTC for this doping level, full
FM order is evident in magnetization measureme
(TC5170 K! and S displays a drop belowTC . The close
proximity of this specimen to the FM-AFM phase bounda
may be the reason for the presence of a second featurer
near 80 K and the very gradual nature of the drop inS below
TC . With increasing doping,r andS progressively decreas
in value, whileTC reaches a maximum value~271 K! at 1/3
doping.Er andES also decrease with increasingx ~Table I!.
The large difference between these activation energies i
cates that small polaron hopping occurs for all doping lev
considered here. In all cases,S extrapolates to a high
temperature value of roughly220mV/K. While the data in
Fig. 1 are qualitatively similar to those reporte
previously,8,10 we see no evidence for large low-temperatu
peaks inS that have been reported by Mahendiranet al.11

In order to determine the validity of various transpo
models, a quantitative analysis of the TEP data aboveTC is
needed. In small polar systemsS is given by the sum of two
terms,12 a spin termSs , and charge-carrier termSc . In the
absence of magnetic order the spin term is aT-independent
constant that is determined by the configurational entropy
placing a hole with spins1 among sites with spins0. The
spin term is given by

Ss5S kBe D lnS 2s111

2s011D . ~3!

The strong Hund’s rule exchange present in the mangan
forces the spin of a hole on aneg state to align with the
t2g electrons on the same Mn site. Hence, for a hole hopp
amongst Mn31 sites s153/2 and s052, leading to
Ss5219.2 mV/K.10 The presence of charge carriers pr
duces a contribution to the TEP for low to moderate te
peratures (kBT<ES) that is given by

Sc5S kBe D S a1
ES

kBT
D , ~4!

while at high temperatures (kBT@ES), Sc reaches a constan
value given by the Heikes formula13 ~applicable due to the
dominant Hund’s rule exchange!:

Sc,`5S kBe D lnS 12ch
ch

D , ~5!
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55 11 513THERMOELECTRIC POWER OF La12xCaxMnO31d : . . .
where ch is the fractional hole concentration~number of
holes per active transport site!. When extrapolated to the
high-T limit, S will obey the relation S~high-
T)5Ss1Sc,` . Hence, by extrapolating TEP data in this w
one can directly determine the validity of transport mod
through their estimate ofSs andSc,`(ch).

An experimental estimate ofSc,` can be made by extrapo
lating a11a2 /T fits14 to S(T.TC) data and subtracting th
expected spin-entropy contribution (219.2 mV/K !.15 The
experimental values forSc,`(x) are presented in Fig. 2. Th
T<325 K data indicate thatSc,` is 0620 mV/K for doping
concentrations at and above 18%. High-T ~1300 K! TEP
measurements on LaMnO3 ~Ref. 16! indicate that this is also
the case for undoped samples. This experimental result
be compared to that predicted by nominal Mn31/41 valence
arguments wherein every La31 ion replaced by a Ca21 ion
converts one Mn31 to Mn41. Similarly, each excess oxyge
ion creates both cation vacancies16 as well as converting two
additional Mn ions to the 41 state. If all Mn ions are active
transport sites, the fractional hole concentration
Ch5x12d. The dashed line in Fig. 2 gives the predictio
for Sc,`(x) based on this model assuming no excess oxy
(d50); the prediction when the excess oxygen level for e
specimen is accounted for corresponds to the open circle
Fig. 2. The wide difference between the data and the mo
predictions in Fig. 2 indicates that the TEP in the CMR co
poundsis far too small to be explained by a simple nomin
valence argument. For example, withch50.3 ~valid for the
x50.25 sample! the Heikes expression predic
S554 mV/K, far larger than the experimental value abo
TC for any of thex.0 samples considered here.

The near-zero, doping-independent value ofSc,`(x) indi-
cates that La12xCaxMnO31d behaves as if it were alway
half-filled (ch51/2) regardlessof the divalent doping level.
This suggests that there are far more holes present and/o
fewer active Mn transport sites than expected based on n
nal valence arguments. Such behavior cannot be ascribe
the elimination of the JT splitting betweeneg subbands

FIG. 2. Theoretical and experimental values ofSc,` plotted vs
Ca-doping concentration. Solid symbols are from experime
data, while the solid and dashed lines are produced from theore
models with and without disproportionation, respectively~and, as-
sumingd50). The open symbols are the respective theoretical p
dictions when each sample’s excess oxygen content is accou
for.
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brought on by increased divalent substitution;17 that descrip-
tion would actually predict that the TEP would become s
verely electronlike @predicted TEP values includ
Sc,`(x50.25)5244 mV/K, Sc,`(x50.4)5273 mV/K #,
at odds with the results presented here. Similarly, the cha
in sign of the TEP nearx50.3 cannot be attributed to
crossover from holelike to electronlike transport at this do
ing level because this simplistic argument neglects the s
entropy contribution to the thermoelectric power.11 An alter-
native approach to explain the half-filled nature of the T
was recently proposed by Emin; the small polarons could
in a multiatomic state such that the only active Mn transp
sites are those closely associated with a divalent dop
atom.18 This model accounts for the discrepancy between
TEP data and the nominal valence picture by excludin
large fraction of the Mn ions from the transport proce
although the reason for there being only two active transp
states per divalent dopant~rather than one for each of th
eight nearest Mn neighbors! needs to be more fully devel
oped.

The TEP data can be reconciled with the electron confi
ration when the relative instability of the 3d4 ~Mn31) con-
figuration is considered. Thermal-gravinometric analy
~TGA! of high-temperature (1000,T,1300 K! excess-
oxygen–oxygen-partial-pressure isothermsd(T,PO2) ~Ref.
16! are consistent with the presence of cation vacancies
Mn31 charge disproportionation~CD! in both Ca- and Sr-
doped lanthanum manganites; models based solely on ex
oxygen leading to cation vacancies cannot account for
d(T,PO2) data. Charge disproportionatio
~2 Mn31→Mn211Mn41) is driven by the degeneracy o
Mn31-Mn31 (3d4-3d4) and Mn21-Mn41 (3d5-3d3) pairs.
The static JT distortion~present only forx50) will act to
stabilize the Mn31--Mn31 complex by a few tenths of an
eV, while the energy of the 3d5-3d3 configuration may be
lowered significantly by Hund’s rule exchange. The stabil
of the 3d5-3d3 complex could be limited by the 30% large
size19 of the Mn21 ion relative to that of Mn31, leading to
non-negligible lattice strain energy~in comparison, Mn41

ions are 20% smaller than Mn31 ions!. An examination of
chemical Gibb’s free energies of MnO, Mn2O3, and MnO2
also indicates that the 3d4 configuration is significantly less
stable than either 3d5 or 3d3 ions.20 CD is not uncommon
amongst JT-actived4 andd9 transition-metal-oxide~TMO!
compounds; it has been observed in La12xCaxCoO3,
Mn3O4, CaFeO3, Sr12xLaxFeO3, and Sr2LaFe3O8.

21 The
atomic-structure effects that lead to CD also manifest the
selves in the nonmonotonic progression exhibited by TM
ionic radii across the 3d series.19 Valence instability effects
may also account for the anomalously largedTC /dP values
observed in the CMR compounds,22 and it could be involved
in the CMR effect observed in the europium chalcogenide23

To formulate a CD-based transport model, the relative
valence concentration must be specified. TGA results16 are
consistent with valence-specific Mn concentrations given

@Mn21#5j22d,

@Mn31#5112d2x22j, ~6!

and

@Mn41#5x1j.
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11 514 55M. F. HUNDLEY AND J. J. NEUMEIER
Thex-dependent disproportionation coefficientj is a relative
measure of the amount of 21 and 41 Mn that evolves from
disproportionating Mn31-Mn31 pairs. TGA measurement
indicate that 70–80 % of the Mn31 ions undergo CD for
x50 @j(0)50.4#, while the 3d4 configuration is fully stabi-
lized by 45% divalent doping@j(0.45)50#; j varies linearly
with x between these extremes.16 Electron hopping between
21/31 states is rarely observed, relative to the more f
quent 41/31 hole hopping.21 This is because the characte
istic small polar hopping energy is determined, in part,
the difference in bond lengths between the initial and fi
configuration oxidation states; the 50% larger ionic size d
ference between 21/31 Mn ions relative to that of 31/41
indicates that, while 21/31 electron hopping will occur, it
will do so at a considerable lower rate than that of h
hopping between 31/41 Mn sites. Hence, Mn21 sites can
be assumed to act as blocking sites for polaron transp
Within this model the fraction hole concentration is given

ch5
@Mn41#

@Mn41#1@Mn31#
5

x1j

112d2j
. ~7!

The Sc,`(x) prediction based on the model@employing the
Heikes expression, Eq.~5!# produces the solid line in Fig. 2
~assumingd50); the prediction when the sample-speci
excess oxygen level is accounted for are plotted as o
triangles. This CD model provides excellent agreement w
the experimental trend evident in the TEP data. The dop
dependence ofd andj combine to produce a fractional ho
concentration that is never far from 1/2 , and is only wea
x dependent.

In the CD-based transport model, the doping-depend
resistivity trend evident in Fig. 1~a! cannot be ascribed to a
th
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l
-

rt.

en
h
g

y

nt

increase in holes because TGA measurements sugges
@Mn41# is a slowly varying function ofx due to the interplay
between cation doping and charge disproportionation.
steadr(x) is controlled by the rapid decrease in transpo
inactive Mn21 sites that occurs with increased divalent do
ing concentrations. Within a CD description, the F
insulator-FM metal phase boundary occurs atx'0.2 because
a 3D percolation path of hole-accessible Mn31 transport
sites exists only at and above this doping concentrat
Spectroscopic evidence is needed to confirm that Mn31 CD
occurs in La12xCaxMnO31d , although lifetime effects could
make this problematic.24 The effect should be most pro
nounced at high temperatures where TGA measurem
have been carried out.16

In summary, temperature- and doping-dependent TEP
resistivity measurements on La12xCaxMnO31d indicate that
transport aboveTC involves small polaron hopping. Th
magnitude ofS is too small to be accounted for by a simp
Mn31/41 nominal valence description. The data indicate th
there are considerably more holes and/or fewer active
transport sites than expected. A charge disproportiona
model based on the instability of the Mn31 state relative to
that of a Mn21-Mn41 complex provides excellent agreeme
with the doping-dependent trends exhibited by both the T
and the resistivity. These results provide a framework
future studies that examine the novel behavior exhibited
CMR compounds.
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Phys. Rev. Lett.76, 1356~1986!.

7M. F. Hundleyet al., Appl. Phys. Lett.67, 860 ~1995!; R. H.
Heffneret al., Phys. Rev. Lett.77, 1869~1996!; M. F. Hundley
et al., J. Appl. Phys.79, 4535~1996!.

8Prior TEP publications have focused on qualitative aspects of
transport effect in CMR systems. See R. Mahendiranet al.,
Solid State Commun.98, 701 ~1996!; Baoxing Chenet al.,
Phys. Rev. B53, 5094~1996!; J. Fontcubertaet al., Appl. Phys.
Lett. 68, 2288~1996!; V. Crespiet al., Phys. Rev. B53, 14 303
~1996!; J.-S. Zhouet al., Nature381, 770 ~1996!.

9P. Nagels, inThe Hall Effect and its Applications, edited by C. L.
Chien and C. P. Westgate~Plenum, New York, 1980!, p. 253.
is

10M. Jamie et al., Appl. Phys. Lett.68, 1576 ~1996!; T. T. M.
Palstraet al. ~unpublished!.

11R. Mahendiranet al., Phys. Rev. B54, 9604R~1996!.
12D. Emin, Phys. Rev. Lett.35, 882 ~1975!.
13R. R. Heikes, inTransition Metal Compounds, edited by E. R.

Schatz~Gordon and Breach, New York, 1963!, p. 1.
14S` will be somewhere between the constant terma1 and the

experimental high-temperature valueS~325 K! because the
Heikes term evolves from both low-T terms, not solely from
a1. Therefore,S` was determined by taking the average ofa1
and S~325 K!; this produces a maximum uncertainty o
620 mV/K in Sc,` for x.0.

15The fact that this simple fit describes the TEP data aboveTC
indicates that temperature-dependent bandwidth effects are
present.

16J. W. Stevensonet al., J. Solid State Chem.102, 175~1993!; J. A.
M. Van Roosmalenet al., ibid. 110, 109 ~1994!; 110, 113
~1994!.

17A. Asamitsuet al., Phys. Rev. B53, 2952R~1996!.
18D. Emin ~unpublished!.
19R. Shannon, Acta Crystallogr. A23, 751 ~1976!.
20CRC Handbook of Chemistry and Physics, edited by R. C. Weast

~CRC Press, Boca Raton, 1988!, p. D-74.
21S. R. Sehlinet al., Phys. Rev. B52, 11 681 ~1995!, and refer-



on-
See

55 11 515THERMOELECTRIC POWER OF La12xCaxMnO31d : . . .
ences therein; P. D. Battleet al., J. Solid State Chem.77, 124
~1988!.

22J. J. Neumeieret al., Phys. Rev. B52, 7006R~1995!.
23S. von Molnar and S. Methfessel, J. Appl. Phys.38, 959 ~1967!;

M. R. Oliver et al., Phys. Rev. B5, 1078~1972!.
24EPR measurements on La12xCaxMnO31d detect no evidence for
individual Mn ions of any valency~21, 31, or 41!. The spec-
tra may instead reflect a time or spatial average of the Mn c
figuration due to the nonstatic nature of the hopping process.
S. B. Oseroff,et al., Phys. Rev. B53, 6521~1996!.


