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The structures, magnetizations, conductivities, and Seebeck coefficients of single-phase polycrystalline
Lag 7:C& ,MNO;5_ 5 and Lg gLa& ,dMNO5_ 5 samples have been investigated as a function of the oxygen-
vacancy concentration. Electrons from oxygen vacancies compensate holes introduced by Ca cations. Thus, by
altering the oxygen deficienc§ the carrier concentration is changed while the calcium concentration remains
constant. The effects of carrier and calcium concentrations on transport and magnetism are thereby separated
from one another. We find the conductivity to be very sensitive to oxygen vacancies while the magnetization
is not. In particular, oxygen vacancies decrease the conductivity and can eliminate low-temperature metal-like
conduction. Thus ferromagnetism in LaCa, ,gMn0O;_ s and Lg gfa& ,dVINO;_ 5 can occur without the con-
comitant occurrence of metallic conduction. However, electronic properties are sensitive to magnetic order. In
particular, the temperature dependence of the Seebeck coefficient changes at the Curie temperature. These
results are consistent with Jonker’s suggestion that ferromagnetism in these manganites is induced by dopant-
induced strains rather than by dopant-induced charge carriers. Loss of magnetic order fosters mobile charge
carriers’ collapse to localized dopant-related polaron states. Thus, the magnetically induced metal-
semiconductor transitions in doped manganites are analogous to those of suitably doped ferromagnetic EuO.
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[. INTRODUCTION between charge transport and alignment of the magnetic mo-
ments of Mn ions in La ,A,MnO;. This paper addresses

Undoped stoichiometric LaMnQis an insulator whose the nature of this relationship.
Mn®* magnetic moments order antiferromagneticalBy Charge transport and magnetic order are linked through
contrast, the Mn magnetic moments order ferromagneticallfhe combined effect of two phenomeHaFirst, exchange
when divalent alkaline-earth atom&+ Ca, Sr, Baare sub- interactions foster alignment between a carrier’s magnetic
stituted for trivalent La atom%.* The Curie temperaturég. ~ moment and a solid’s local magnetic moments. Second, a
of these ferromagnets depend strongly on the size of thearrier’s transfer between sites is maximized if it maintains
alkaline-earth atoms. its spin orientation in the transfé&r 4

These substitutions also alter these materials’ electronic As a result, charge transport can be dramatically affected
properties. In particular, electrical conductivities in by magnetic ordering of the underlying lattice. For example,
La; _,A,MnO; increase with increasingas hole-like charge a large metal-semiconductor transition occurs near the Curie
carriers are introduced by the substitution of divalenttemperature in suitably doped EuO, a ferromagnetic
alkaline-earth cations for 4. Below their Curie tempera- insulator>*® This metal-insulator transition is described as
tures, the conductivities fall with increasing temperature. Byoccurring when thermally induced misorientations of Eu
contrast, above their Curie temperatures, the conductivitie®ns’ S=7/2 magnetic moments induces the collapse of
rise with increasing temperature. In this high-temperature refreely moving charge carriers into small polardfs® Since
gime the holes move by thermally activated hoppingin an applied magnetic field fosters parallel spin alignment of
particular, the very low €1 cn?/V sec) and thermally acti- Ew*" magnetic moments it increases the temperature of this
vated Hall mobility is described as adiabatic hopping ofmetal-semiconductor transition. The increase of the transi-
small polarong. The transition from a metal-like temperature tion temperature with applied magnetic field thereby pro-
dependence beloW. to a semiconductor-like temperature duces what would now be termed colossal
dependence abovE: produces a minimum of the conduc- magnetoresistancé.
tivity near T .34 Charge carriers can also induce ferromagnetic alignment

This metal-semiconductor transition shifts to higher tem-of local magnetic moments. In particular, if the intersite ex-
peratures with the application of a magnetic fiefdl® The  change of an antiferromagnet is weak enough, a carrier can
magnetic-field induced conversion of semiconducting transinduce parallel alignment of associated magnetic moments.
port to metallic transport produces negative magnetoresisfhis carrier-induced local ferromagnetic cluster in a semi-
tance at temperatures near the metal-semiconductaonductor is termed amagnetic polarorf’® Magnetic po-
transition®%1° This effect is now called colossal larons, while not common, are reported in we#w Neel
magnetoresistance’ temperatur antiferromagnetse.g., EuTet?° A sufficient

The near confluence of the metal-semiconductor and thdensity of carriers can even induce formation of a global
ferromagnet-paramagnet transitions indicates a relationshifgrromagnet®
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Most magnetic insulators order as antiferromagrets. centrated HNQ (Fisher, Optima The lanthanum content of
Furthermore, most antiferromagnetic insulators retain theithe Lg,0; was corrected for carbonate and/or hydroxide ad-
antiferromagnetic ordering when dop&d? Lanthanum sorption by gravimetric assay, determined by measuring the
manganite is unusual. The magnetic ordering of LaMnO change in mass of as-received,0g after heating in air at
changes from antiferromagnetic to ferromagnetic uporl000 °C for 6 h. The manganese stock solution was prepared
doping with divalent ions. This exceptional behavior by dissolving hydrated manganese nitrat@lifa Aesar,
has been cited as indicative of carrier-induced99.98% in water. The manganese content of the as-received
ferromagnetisnj?-14.23.24 nitrate was determined gravimetrically by conversion to

Three specific observations cast doubt on this attributionMnsO, by heating in air at 1200°C for 6 .Calcium car-

In particular, Jonker noted that LaMgOis an unusual bonate(Aldrich, 99.999% was dissolved using high purity
antiferromagnef? Its manifestation of Curie-Weiss behavior Nitric acid to form the calcium stock solution.

in its paramagnetic phase presages ferromagnetic, rather th%n Powders having the desired stoichiometry were prepared
antiferromagnetic, ordering. Antiferromagnetic ordering may?Y Mixing an aqueous solution of metal nitrates with a pre-

result from the symmetry-lowering structural change that acSiPitant, an ammonium carbonate solution. The ammonium

companies magnetic ordering. Impeding this structural tran carbonate(Fisher, ACS concentration of the precipitant so-

. . ution was adjusted such that the final pH after addition of
format|on with dopar_1t atoms may account for the dopant-the metal nitrate solution was between 8 and 9 to assure
induced ferromagnetisft.

. . .complete precipitatioR®

Second, the strength of carrier-induced ferromagnetism is Tﬁe m(ftal nri)trate solution was pumped directly into the
expected to rise with the carrier density. However., the CL,'”‘?nixing head of a high-shear mixer placed in the precipitant
temperature is found to depend strongly on the size of divasojytion. This rapid mixing procedure ensured a homogenous
lent dopants rather than on their densfty™" _ cation distribution in the ultimate powders.

Third, carrier-induced ferromagnetism is expected to dis- The precipitate slurry was vacuum filtered, air-dried at
appear as carriers are removed. However, compensatingh°C, and calcined in air at 1000 °C for 3 h. The nonmetal
holes from divalent-dopants with electrons from oxygen va-ons of the aqueous solutiorieitrate, ammonium, and car-
cancies has little affect on the ferromagnetism. Compensategbnatg were chosen to leave no residues in the powders after
materials remain ferromagnetic with only a slight decrease irtalcination. X-ray diffraction of the calcined powders only
Curie temperatur& —2° Meanwhile, consistent with effective found evidence of the La,CaMnO; perovskite structure.
compensation, the conductivities of samples fall sharply as Calcined powders were pressed into pellets of several mm
oxygen vacancies are introducd® Even uncompensated thickness and approximately 1.9 cm diameter under isostatic
samples with moderate calcium doping §lggCay ;gMN03) pressure of 28 000 psi. Pellets were sintered at 1350 °C for 2
are both ferromagnetic and insulati?i'g. h in flowing O,, then cooled slowly to room temperature.

In this paper, we report measurements of the structured;he density of each of the sintered pellets was near 63/cm
magnetizations, conductivities, and Seebeck coefficients gibout 95% of the theoretical density. Rectangular bars of
and La gCa ,MnO5_ 5. Compensation is very effective in Cut from the pellets for transport measurements. Samples for
decreasing the conductivity. As a result, compensation prohagnetization measurements were of similar cross section
duces single-phase samples that are both ferromagnetic aRgd between 0.3 and 0.4 cm in length. Powder samples of
semiconducting. Thus, metallic conduction is not a prerequi€ach composition were obtained by grinding a portion of the
site for these materials’ ferromagnetism. However, the underSintered pellets. _ _ _
lying magnetic order does affect electronic carriers and their Powder x-ray diffraction patterns were obtained with a

motion. In particular, Seebeck coefficients undergo a transiSiemans D5000/26 diffractometer using CK« radiation.
tion at the Curie temperature. Data were collected from 15° to 1259 0.05° steps at 22

s per step. X-ray diffraction confirmed that all as-sintered
samples were single phase. Rietveld refinements of Ca/La
[l. EXPERIMENTAL DETAILS site occupancies were consistent with the specified composi-

A coprecipitation process was used to produce powders Ot*onsx=0.20 orx=0.25. Electron probe microanalysis also

L89.sdC2.2MNO; and of L376C8,MnO;. The powders Cor_:f;]r(ren %isaé?\plsgnf:r?tznor? tZ)ss-.sintered samples, 53in
were then pressed and sintered to form bulk samples. Con- C M)?\go wer lculated t withimOpOOé from
trolled concentrations of oxygen vacancies were introduce - x5 3- 5, Were caiculated to : 0

; : : : : : lease of gaseous oxygen when samples decompose in
by annealing bulk samples in an ambient with a fixed partia €re o . ;
oxygen pressure. Magnetization, conductivity and Seebec owing 10% H/30% N, at 1200 °C according to the chemi-

coefficient measurements were made on these samples. cal formula
1-x
La; ,CaMnO;_ ——|La,O
A. Sample preparation 1-x-% 30772 23
To begin, aqueous metal nitrate solutions of the desired +(1+X)Cay1+ xMny /14, O

cation stoichiometry were prepared by mixing appropriate
stock solutions. The lanthanum stock solution was prepared 1+x-26 0
by dissolving LaO; (Aldrich, 99.999% in high purity, con- 4 2
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TABLE I. Summary of sample data.

Ng, Bohr magnetons

Sample composition P(0Oy) Oxygen deficit Cell volume per formula unit at
xin La;_,CaMnO;_;  (atm) 8inlLa;_,CaMnO;_s a(A) b (@A) cA) (A3 Tc (K) saturation 5 K
0.25 b 0.011 5481 7.748 5.495 23339 2221 3.7t3.9
0.25 104 0.011 5482 7.751 5.497 233.58 508 3.8
0.25 1078 0.04 5482 7.753 5.500 233.80 187 3.6
0.25 1079 0.20° 563 7.718 5528 2402 123 1.8
0.20 P 0.002 5490 7.760 5.504 234.49 19294 3.9¢3.7
0.20 104 0.02 5496 7.767 5.505 235.03 £88 3.9
0.20 10°° 0.02 5497 7.768 5.505 235.05 £89 3.9
0.20 1072 0.04 5500 7.774 5.505 235.39 £76 3.6°
0.20 1078 0.08 5514 7.777 5512 236.40 £63 3.
0.20 1079 0.1% 5.628 7.72% 5528  239.9% 127 1.7
0.20 10°°, then 5480 7.748 5.503 233.63 194 3.8
re-anneal
at 1 atm

aVvalues listed forP(O,) =1 atm were obtained from the as-sintered samples.

bX-ray powder diffraction finds samples equilibratedP0,) of 10~° atm to be a two-phase mixture of the orthorhombic manganite phase
and CgMn,_,0. The lattice constants of the cubic Mn;_,O solid solution, 4.617 A for tha=0.20 sample and 4.635 A for the
=0.25 sample, suggest thatis approximately 0.50.

¢dUsed to denote which of two samples was used in the magnetization measuremen0fab.

&iUsed to denote which of two samples was used in the magnetization measuremen0fap.

The O loss was determined thermogravimetrically by C. Magnetic and electrical measurements

weighing the solid reaction products, 4@ and the mixed Magnetic measurements were made using a Quantum De-
crystal Cgyy.xMny1.,O. This procedure relies on the well- gjgn SQUID magnetometer. Electrical conductivities were
established trivalence of La and the divalence of Mn undef,easured using a standard four-point technique with sput-
these reducing conditiorié. X-ray diffraction of the solid  tgreq Ag contacts. Seebeck coefficients were measured on
reduction products confirmed that only 4@ and  {he same samples by clamping samples’ ends within large Cu
Cay1+xMny O were present. Furthermore, the lattice con-pjocks whose independently controlled temperatures were
stants measured for cubic Ga Mny1,xO (2=4.505 A for  gjowly swept through differences of up t03 K. The Cu-
x=0.20 anda=4.516 A forx=0.25) are very close to those pjock temperatures were measured with Cernox resistance

predicted with the linear dependence @fon x for 0<X  thermometers, chosen for their very small sensitivity to mag-
<1 (a=4.506 A forx=0.20 and 4.518 A fox=0.25) of netic field.

Vegard’s law.

IIl. EXPERIMENTAL RESULTS
B. Vacancies

o . then introduced and trolled b Oxygen deficits of up to5~0.8 are introduced without
Xygen vacancies were then intro ucg and controfie troduc:ing significant phase separation. The Curie tempera-
annealing as-sintered samples at 1200 °C in an ambient

fixed ol 0.). Bulk les f ure T falls slowly (=10% forx=0.2) with increasing de-
Ixed oxygen partial pressufé(G;). Bu samp'es for mag- oxygenation before falling sharply upon phase separation.
netization, transport, and powder for x-ray diffraction were

. By contrast, the electrical conductivity falls sharply with in-
a”[‘Ea'ed S|mulltaneously?(02). 'Ievels' betvyeen 10" and creasing oxygen deficiency. The conductivity then maintains
10> atm, confirmed by a stabilized-zirconia oxygen sensor

lied | ed Ar/Omi levels b its semiconducting behavior throudh.. Nonetheless, the
were supplied in premixed AriOmixtures.P(O,) levels be- o, herature dependence of the Seebeck coefficient changes

7 9 H
tween 10" and 10 atm, were established through the o 1 Thys, the semiconductor's Seebeck coefficient is af-
COICG, equilibrium at 1200°C, where flows of CO and fected by magnetic order.

CO, were independently metered and controlled with a total
flow rate of about 50 sccm. After a minimum of 48 h at
1200°C, samples were cooled rapidlio below 500°C
within two minute$ in an actively cooled portion of an Table | shows the oxygen deficif,in La; ,CaMnO;_ s,
Al,O5 tube within the furnace. When CO/G@nixtures were  for samples withx=0.20 andx=0.25 as a function of the
in use, the gas flow was switched to high-purity Ar immedi- P(O,) of their 1200°C anneal. The dependence &bn
ately after removing samples to the cold end of the chambeP(O,) at 1200°C is in very good agreement with earlier
Oxygen deficiencies were then calculated to withi®.01  measurements:®

from samples’ mass loss. X-ray powder diffraction patterns were obtained as func-

A. Deoxygenation and phase separation
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tions of the oxygen partial pressure. Patterns forslightly affected by deoxygenation. By contrast, large shifts
Lag Cay ,MnO;_ 5 are shown in Fig. 1. Similar diffraction of lattice constants result at very low oxygen partial pressure
patterns were obtained for y.aCa, ,dMNO;_ ; samples. Ex- P(0O,)=10"° atm. Table | lists the dimensions of samples’
tra peaks, denoted by asterisks, emerge at very low oxygesrthorhombic unit cells. Here~c~v2a, and b~2a,,
partial pressure?(0,)=10"° atm. These additional peaks where a, is the dimension £3.9 A) of the parent cubic
indicate that samples decompose when the oxygen deficiterovskite cell.
becomes too great. Earlier investigations did not mention this X-ray diffraction results suggest that samples with excess
decompositiort*3° oxygen depletion decompose into two phases. The decompo-
Lattice constants for single-phase samples are onlgition is approximately described by the chemical formula

La; xCaMnO;_ 5—2y(Ca sMng s0) + (1= y)[La1—xyia1-y)Cax—yya-yyMNOi— s 21—y - 2

Here the equal concentrations of Ca and Mn in thecrostructural features resemble those reported by offiet$.
CaMn; _,0 solid solution were inferred from the value of Energy dispersive spectroscofygDS) found both samples’
the lattice constants for this phase. The residual perovskiteompositions to be homogeneous over the beams’ length
phase contains a higher oxygen concentration and a lower Gaale, roughly 500 A.

concentration than its antecedent since (3— 6—2y)/(1 Many grains of the as-sintered sample contain a high den-
—-y)>(3—-5) and O0<(x—y)/(1—-y)<x when é<y<x sity of fine domains. Single-domain diffraction patterns were
< 1. The lattice constants given in Table | for the decom-rarely observed. Rather, electron diffraction patterns indi-
posed samples are consistent with the residual perovskitgated overlapping domains rotated by 45° with respect to
having a small Ca concentratidi? The large orthorhombic one another. Antiphase domain boundaries were also seen in
distortion of the residual perovskite’s unit cell produces themany grains. Domain fragmentation and antiphase bound-
(101)-(020 splitting that is evident in Fig. 1 for the decom- aries were also observed, with generally larger domain sizes,

posed material. in the sample annealed B(O,) =10 "2 atm.

Transmission electron microscopyEM) was used to ex- TEM examination of the LgCa  MnO;_s sample an-
amine two LggCa,MnO;_s samples: the as-sintered nealed atP(0,)=10 "8 atm found occasional small inclu-
sample and the sample annealed®é0,)=10""8atm. Mi-  sions of CaMn, _,O. This observation suggests incipient de-

composition, phase separation undetected by x-ray
diffraction. Thus, we take the oxygen deficiency produced
when annealing wittP(0,)=10 "% atm to be the limit for
single-phase material.

B. Magnetization

. Magnetization of LagCa MnO;5_ 4 and

107 Lag 7£Ca ,gMNO5_ 5 are plotted against temperature in Fig. 2
for samples annealed in different deoxygenating environ-
ments, denoted by their oxygen partial presse(e®,). The
onset of ferromagnetism is relatively sharp in all single-
phase sampleB(0,)=10 "® atm. The Curie temperatures,
listed in Table I, of single-phase samples decrease only
slightly as the oxygen deficiency increases.
60 70 80 90 100 Magnetization measurements confirmed that each single-
20 phase sample could be fully magnetized. As shown by the
FIG. 1. X-ray powder diffraction patterns of four samples of examples n Fig. 3, Fhe magnetizatiob & K appr(_)aches
Lag {Ca MnO;_ s are labeled by the oxygen partial pressB(©,) ferromagnetic saturation #1<10 kOe. The saturation vgl— .

e jes, presented in Table |, are expressed as the magnetization

used in deoxygenating anneals. Indicative of single-phase materiat, . L
each reflection in the lower three patte0,)=10" "8 atm, can  PE' formula unit. Saturation is close to that expected from

be indexed with an orthorhombic unit cell of a perovskite. By con-ull ferromagnetic alignment of each Ma electron, 3.8 to
trast, the uppermost pattern illustrates a phase-separated sample.%§ Bohr magnetons per formula unit depending on the Ca
pattern contains reflections of a decomposition produghMba_,O dopant and O vacancy concentrations. The saturation magne-
with y~0.5, denoted by asterisks. The top pattern also contain§iZzation measurements depicted in Fig. 3 were also per-
peaks from the other decomposition product, a Ca-depleted peroformed at 125 K. The fractional decline in the saturation
skite. The splittings of th€101)-(020) reflections result from the magnetization of the as-sintered sample is smaller than that
increased orthorhombic distortion of this decomposition product. of the deoxygenated sample. This effect may be attributed

Intensity

(101), (020) on
o0
-

[]
(=]
[
(=}
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g v \ after | FIG. 3. The magnetization is plotted versus applied field for
S - \ LaO,SCa),ZMnog,T(; samples at _5 and 125 K. The upper panel shows
020 ‘\‘ the magnetization of an as-sintered sample, annealed at 1200 °C at
’ H=1000Oe \ standard oxygen partial pressur¢O,)=1 atm. The lower panel
B \ shows the magnetization of a deoxygenated sample produced by
0.00 PR I T N S annealing at 1200 °C in a reduced oxygen partial presB(f®,)
0 50 100 150 200 250 300 =10"78 atm.

FIG. 2. The normalized magnetizatiod (T)/M(5 K), mea-  Ne€ver deoxygenated. This experiment illustrates the revers-

sured upon cooling from room temperature to 5 K in a field of 100iPility of the deoxygenation process.
Oe, is plotted versus temperature for;LaCaMnO;_s with X
=0.25 (top) and 0.20(bottom). Curves are labeled by the oxygen
partial pressurd®(O,) used in deoxygenating anneals. The dashed
curves indicate results for phase-separated samples. Open triangles The dc conductivities of single-phase LaCaMnO;_ 5
denote measurements of a phase-separated sample that was redxith x=0.20 and 0.25 are plotted against reciprocal tempera-
dized by annealing a®(0,)=1 atm. ture 1T in Fig. 4. Each plot is labeled with the partial pres-
sure of oxygen used is the sample’s annealing. Arrows de-
solely to the Curie temperature of the as-sintered samplgjote the Curie temperatures of each sample. The
Tc=192 K, being higher than that of the deoxygenatedconductivies and Seebeck coefficients of our
sampleT-=176 K. 1350 °C-sintered samples closely resemble those of similar
Decomposed samples, dashed curves of Fig. 2, have relaamples prepared at comparably high temperattires.
tively low Curie temperatures, and manifest broad transitions The conductivities are always well below the minimum
that are difficult to saturate. Such behavior characterizemetallic conductivity, e?/Aa~10°(Ohmcm) %% At the
weak ferromagnetism resulting from canted spin arrangehighest temperatures the conductivities are nearly thermally
ments. Such ferromagnetism is strongest in L&aMnO;  activated,o~ oy exp(—E/KT), where the extrapolated values
for smallx, although canted ferromagnetism is reporteddfor o, are of the order of 1D(Ohm cm) 1. This value ofo is
as large as 0.2 Similar behavior has been reported in Sr- comparable to that typical of adiabatic multiphonon hopping
and Ba-doped lanthanum manganite®’ Since the residual between sites whose average separatiors,ise?v/skT,
perovskite phase of decomposed samples is depleted in Oaherev is the characteristic vibration frequerfyThe acti-
this phase may account for the weak ferromagnetism of devation energies 0.1-0.2 eV increase monotonically with oxy-
composed samples. gen deficiency with the exception of the sample wikh
A decomposed sample of §ga, ,MnO;_; was reoxi- =0.25 andP(0O,)=10 "®atm that has an unexpectedly
dized at 1200°C and 1 atm of,O Structural and magnetic small activation energy.
data for this reoxidized sample are contained in the final The effects of deoxygenating anneals on samples’ conduc-
column of Table | and depicted by the triangular symbols intivities were reproducible and roughly reversible. For ex-
the lower panel of Fig. 2. These properties of the reoxygenample, the conductivities of two different samples of
ated sample were restored to near those of material that wasy, ;<Ca, ,MnO;_ s annealed withP(0,)=10* atm lie

C. Electrical transport
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FIG. 4. Conductivities of La ,CaMnO;_; for x=0.20 and
0.25 are plotted separately against reciprocal temperature for as T (K)
sintered samples and those annealed in different deoxygenating en-
vironments. The deoxygenating environment is defined by the oxy- FIG. 5. Seebeck coefficients of LaCaMnO;_ ;s for x=0.20
gen partial pressure during annealing. The Curie temperature ¢nd 0.25 are plotted separately against temperature for samples an-
each sample is indicated with an arrow. The conductivity of anealed in different deoxygenating environments. The deoxygenating
sample that was first deoxygenated wi{O,)=10 % atm and environment is defined by the oxygen partial pressure during an-
then reoxygenated is also shown. nealing. The Curie temperature of each sample is indicated with an
arrow. Note the difference in scale between the upper panel
nearly on top of one another. Furthermore, reoxygenating-0.25 and the lower panel=0.20.
one of these sampleffor 48 h at 1200°C andP(O,)
=1 atm] resulted in a conductivity that resembles that of aroften accompanies the loss of long-range magnetic order at
as-sintered sample. the Curie temperature. However, de-oxygenated samples
The conductivity of a semiconducting sampbe=0.20, show no indication of a metal-semiconductor transition at
P(0O,) of 10 "2 atm] was measured as a function of appliedTc. Indeed, Fig. 4 indicates the persistence of phonon-
magnetic field between 100 and 300 K. Neither the magniassisted hopping in sufficiently deoxygenated samples as the
tude nor the temperature dependence of the conductivittemperature is lowered below the Curie temperature. Thus,
were altered by fields as large as 8 T. the change of the Seebeck coefficient that occurs hgas
The Seebeck coefficients of single-phase samples dfnked to the change of long-range magnetic order.
La; ,CaMnO;_; are plotted against temperature in Fig. 5.
An arrow indicates the Curie temperature of each sample. IV. DISCUSSION
The sign of the Seebeck coefficient indicates the sign of the
predominant carrier. In addition, the magnitude of the See- Doped Lg_,A,MnO3, whereA is a divalent cationCa,
beck coefficient typically falls as the carrier density rises.Sr, or Ba, has been the object of study for half a century.
Thus, these results of Fig. 5 imply that the predominant carThese materials are ferromagnets with metal-semiconductor
riers are holes whose density tends to rise with Ca conteritansitions near their Curie temperature. It has long been es-
and fall with deoxygenation. In one insulating deoxygenatedablished that charge carriers in the high-temperature semi-
sample the Seebeck coefficient even manifests a negatiwonducting phase move by thermally assistézmall-
sign at low-enough temperatur&s< 120 K. In other words, polaron-like hopping?~°2
oxygen vacancies appear to compensate holes introduced by An outstanding issue has been to understand the relation-
Ca substituting for La. ship between the magnetic and transport transitions. In par-
The temperature dependence of each Seebeck coefficietitular, do the delocalized charge carriers of the low-
of Fig. 5 changes at the Curie temperature. Such changes da@mperature metallic phase induce the material's
generally attributed to a metal-semiconductor transition thaterromagnetism? An alternative possibility is that these ma-
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terials are ferromagnets in the absence of charge carrier®r electronic transport to be as simple as in doped-EuO. In
Then in appropriate circumstances the change of magnetigarticular, the probability that none of the six La sites in the
order can induce the material’s carriers to undergo a metaMnit cells surrounding a Ca substitution also has a Ca substi-
semiconductor transition. tution is small: (+x)6=0.26 for x=0.20 and (tx)°®

To address this issue, we have studied the effects of 0.18 forx=0.25. That is, there are few isolated dopants.
deoxygenation on the magnetic, electronic and thermal propthus, holes introduced by Ca substitutions primarily exist
erties of La_,CaMnOs. The introduction of oxygen vacan- and move on Mn ions within complexes containing many
cies tends to compensate charge carriers and further disord@@Pants: Many of the holes introduced by Ca substitution
the material. Will the linkage between the magnetic angVill be_bound within dopant Complexes._lnthls situation only
transport transitions survive with deoxygenation? a fraction of these holes can hop relatively easily.

We find that deoxygenation separates the magnetic and P€0*ygenation further complicates this complex type of

transport transitions. The Curie temperatures of single—phas!amr.)urlty conduction. Oxygen vacancies enhance the Q|sorder
while they serve as traps or sinks for holes. In this way

fully saturated ferromagnets change little with deoxygen- T A
ation. However, deoxygenation causes these samples’ electa_e-o_xygenatlon ncreases the activation energy of the con-
X uctivity. In addition, we find that less than 3% oxygen va-

cal conductivity to fall sharply. De-oxygenated samples ) S : d

maintain small-polaron-like semiconductor behavior throug cancies can S|gn|_f|c§mtly reduce the frac;pqn of relatively mo-

their ferromagnetic transitions. Thus, ferromagnetism occur lle carriers, as mdlcated_by the sensmvny of the Seebgck
coefficient to deoxygenation. Such effective compensation

without metallic conduction. . o .
Nonetheless, magnetic order affects the charge carriers. ceurs yvhen deo>_<ygena§|on significantly reduges the de’?S'tV
. relatively mobile carriers. Because of their low carrier

particular, the Seebeck coefficient, the entropy transport pe(?

carrier charge by a carrier, has a maximum at the Curie teernsmes, effectively compensated strongly insulating

perature. samples are prone to ambipolar conduction. Ambipolar con-

A metal-semiconductor transition similar to that in doped-duc'[Ion may account for the almlomaly in the sign of the_
LaMnO, occurs for carriers added to a ferromagneticlo_w-temperature Seebeck coefficient of one sample shown in
insulator®® In particular, a metal-semiconductor transition Fig. 5. . . .
and associated colossal magnetoresistance similar to those ofAII told, entropy changes a_ssouat.ed W'th the allgnment of
doped LaMnQ occur when the ferromagnetic insulator EuO local moments linked to carriers drive their collapse in the

is doped to produce a suitable density of large-radius donor%iCinity of T . Anomalies in the Seebeck coefficient ndigr

(about 19%.1>16Below the Curie temperature the overlap be_mdicat.e car_riers’ cc_)llapse. The. effect of carriers’ collapse on
tween donors is then sufficient to produce metallic impurity.the adiabatic hopplng conductivity of deoxygenateq samples
conduction. The metal-semiconductor transition that occur‘fS muted When hoppmg transport aIreat_jy p_redomlnates be-
near the Curie temperature has been described in terms o W Tc. Adiabatic small-polz_aronlc hopping IS gover_ned by
the energy landscape experienced by hopping carriers. Car-

donor-state collapst. In particular, as the temperature is " = - " lters th lati ths that dominate th
raised close to the Curie temperature the cost in entropy {ers collapse alters the percolation paths that dominate the
opping conductivity.

having large-radius donor electrons align the local moment
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