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Electron, spin-wave, hyperfine, and phonon contributions to the low-temperature specific heat
of La0.65Ca0.35MnO3: Effects of magnetic fields and16OÕ18O exchange
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The field-dependent low-temperature specific heat of an optimally doped polycrystalline sample of
La0.65Ca0.35MnO3 (TC5265 K), 1<T<32 K and 0<H<9 T was analyzed by a global least-square fit to
separate the hyperfine, electronic, spin-wave, and lattice contributions. The hyperfine and spin-wave contribu-
tions are in quantitative agreement with nuclear magnetic resonance and inelastic neutron-scattering results,
respectively. This agreement supports the validity of both the data and their analysis. The calculated band-
structure electron density of states is enhanced by a factor of 1.25. Specific heat was measured for two pieces
cut from the16O parent sample and processed in parallel to produce an18O and a reference16O sample. The
parallel-processed samples have very much larger lattice contributions~;50% at low temperatures! than the
parent sample, and a somewhat larger electronic contribution. Evidently, the many processing cycles needed
for 18O homogeneity produced modifications to both the long-wavelength phonons and the electron density of
states. The spin-wave contribution has a small shift—nearly within the experimental accuracy—expected for
the 18O/16O exchange, while the hyperfine contribution is independent of isotope composition.

DOI: 10.1103/PhysRevB.64.134425 PACS number~s!: 65.40.Ba, 75.30.Ds, 75.30.Vn, 75.40.Cx
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I. INTRODUCTION

In addition to the unusual transport properties, which s
gested the term ‘‘colossal magnetoresistance’’~CMR!, cer-
tain alkaline-earth-doped rare-earth manganites show an
usual ferromagnetic ordering to a low-temperature, h
metallic state at the Curie temperature (TC). At high
temperatures the properties of these materials, includingTC ,
depend strongly on oxygen mass. At low temperatures f
contributions to the specific heatC associated with the elec
tron density of states~EDOS!, ferromagnetic spin wave
~FSW!, lattice vibrations, and hyperfine interactions can
expected, and some of these may depend on oxygen m
The number, magnitudes, and the possibility of differe
magnetic-fieldH and temperature dependences of these c
tributions create a problem in the analysis of the experim
tal data.

There have been prior low-temperature specific-heat m
surements on16O samples of similar composition for Ca,1–6

Sr,1,6–8 and Ba~Refs. 1 and 3! substitutions in the LaMnO3
compound. All of the measurements were forH50, except
those of Refs. 6 and 8. An analysis of the low-temperat
specific heat showed that all of the data, except for Ref
had agT term. A T3/2 ferromagnetic spin-wave term, to b
expected on the basis of neutron-scattering experiments9–13

was found for some of the specific-heat data5–8 but not for
others.1–4
0163-1829/2001/64~13!/134425~9!/$20.00 64 1344
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This paper reports low-temperature specific-heat meas
ments on a well-characterized, optimally doped CMR ma
rial La0.65Ca0.35MnO3 for both 16O and 18O samples. The
measurements cover the temperature range 1<T<32 K in
magnetic fields 0<H<9 T. The temperatures and fiel
ranges of the data permit a definitive separation of the f
contributions. ForH50 the measurements were extended
120 K, and in another cryostat from 95<T<300 K. They are
part of an extensive set of related measurements on the s
or similar samples, which include magnetization from 5
300 K as a function ofH, and near the ferromagnetic meta
insulator transition atTC(0)5265 K, resistivity as a function
of both pressure andH, thermal expansion as a function o
H, velocity of sound, and specific heat in magnetic field. T
low-temperature specific-heat measurements reported in
paper were made to determine the contributions from
electron density of states, the ferromagnetic spin waves,
Mn hyperfine magnetic field, and the lattice, and to ascer
the effects of magnetic fields and16O/18O exchange on thes
contributions.

II. EXPERIMENT

The polycrystalline sample of La0.65Ca0.35MnO3 was pre-
pared from high-purity La2O3, CaCO3, and MnO2 powders
~all 99.999% pure!, which were repeatedly sintered a
1200 °C in air with grinding between each step. A total
©2001 The American Physical Society25-1
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eight sintering steps with a total time of 127 h at 1200
were done. The calorimetric sample was prepared from
powder by pressing it into a right-circular cylinder and s
tering in air~1200 °C, 12 h! followed by sintering in flowing
high-purity oxygen~1225 °C, 48 h!, and then cooling at
1 °C min21 to room temperature. After the air sintering th
sample had 86% of the x-ray density of 5.970 g cm23, and
after the oxygen sintering the density increased to 93
Samples, similarly prepared by us, were investigated
Heilman et al.14 for the total oxygen content usin
thermoelectric-power measurements and powder x
analysis. They found that there was no observable devia
from a stoichiometric O content of 3.000. This was not on
true for 16O samples, but also for the16O and 18O samples
processed in parallel for the isotope-effect experime
X-ray diffraction was used to check for phase purity and
samples was characterized by measuring the magnetiz
M as a function ofH and T. The sample molecular weigh
~MW! is 207.25 g mol21 and the theoretical molar volumeV
is 34.7 cm3 mol21.

SampleA, 2.27 g, was attached to the calorimeter pl
form using a small amount of ApiezonN Grease~;2 mg! of
known heat capacity to ensure good thermal cont
Specific-heat measurements were made for 1<T<32 K for
H50, 2, 5, and 9 T using a semiadiabatic heat-pulse met
that utilizes a calibrated Cernox thermometer; and from
<T<120 K andH50 using a continuous-heating metho
with a calibrated platinum resistance thermometer. Both
of measurements had precision and accuracy of ab
60.1% and60.5%, respectively, for the total measured he
capacity~addenda plus sample!. Between 1 and 6 K, the hea
capacity of sampleA varied monotonically from 93 to 60%
of the total, and then remained approximately constan
60% to 12.5 K.

After the specific-heat measurements, sampleA was cut
into two approximately equal pieces~samplesA1 andA2!.
As a check on the sample homogeneity, specific-heat m
surements were made on one of these pieces, sampleA1, for
the temperature range 1<T<12.5 K for H50, 1, 2, 3, 5, 7,
and 9 T. Although sampleA2 was not measured directly, th
specific heat was obtained by subtraction of the specific h
of sampleA1 from that of SampleA. The specific heats o
samplesA1 andA2 agreed with that of sampleA to within
61.5% for ;90% of the points, with the remaining;10%
falling within 62%. SampleA’s homogeneity is confirmed
by the good agreement among the three data sets. Sam
A1 andA2 were also used for continuous-heating speci
heat measurements nearTC for H50. In addition, the
continuous-heating technique was used to measure the
cific heat of sampleA1 nearTC(H) in magnetic fields to 8 T.
The specific-heat data nearTC will be published separately.15

Following the above measurements, samplesA1 andA2
were either16O or 18O exchanged in 1 atm of flowing gas
using an apparatus for simultaneous parallel processin
two samples described previously,16 to produce samplesA1E
andA2E, respectively.~The ‘‘E’’ in the sample labels desig
nates the additional processing and O exchange.! Except for
the 16O2 or 18O2 atmospheres, the two pieces were trea
identically, and were processed in parallel under conditi
13442
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similar to that for sampleA. The specific heat nearTC for
SampleA1E had a double-peaked structure indicating
inhomogeneous18O distribution. Therefore, both sample
were ground and treated several times as powders in 1
air at 1050 °C. They were then re-ground and new cylind
pressed. Six additional parallel-processing cycles were n
essary to ensure homogeneous18O distribution, where the
annealing temperatures/times were Cycle 1, 1000 °C/48
Cycle 2, 1000 °C/96 h; Cycle 3, 1050 °C/48 h; Cycle
1225 °C/48 h; Cycle 5~regrind, repress, new18O2 supply!,
1000 °C/120 h; Cycle 6, 1200 °C/264 h. Magnetization m
surements were used to characterize the samples follow
each cycle. Following Cycle 6, sampleA1E had a density
86.9% of theoretical, and an18O content>85% with a MW
of 212.35 g mol21. SampleA2E had a density 81.8% o
theoretical. Low-temperature specific-heat measurem
were made on both the 0.60-g sampleA1E (18O) and the
0.46-g sampleA2E (16O), each from 1<T<12.5 K in mag-
netic fields of 0, 2, 5, and 9 T.~The specific heat for both
samples was increased by a large amount when comp
with samplesA, A1, and A2, presumably because of th
many parallel-processing cycles—see below in Sec. III B
details.!

III. RESULTS AND ANALYSIS

A. Original 16O samples

Figure 1 shows the specific heat forH50 over the entire
range of temperature, 1–300 K, plotted asC/T vs T. The
low-T specific heats of sampleA are shown in the inset fo
different H. A common impurity phase in the manganites
the spinel Mn3O4.

17 It orders ferromagnetically near 43 K
with a prominent double-peaked structure inC/T ~Ref. 18!
that is observable in some manganite samples17 even for
relatively small quantities. The present data show no trac
such structure. There is a large sharp anomaly inC/T asso-
ciated with the ferromagnetic ordering of the Mn withTC
5265 K. When a smooth curve is interpolated through

FIG. 1. C(0)/T vs T for La0.65Ca0.35MnO3 ~sample A! from 1 to
280 K for H50. The inset shows the low-temperature specific h
in magnetic fields to 9 T.
5-2
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ELECTRON, SPIN-WAVE, HYPERFINE, AND PHONON . . . PHYSICAL REVIEW B64 134425
region of this anomaly, from well above and belowTC , the
entropy between this curve and the anomaly is only;16%
of that expected for the Mn ordering. It is very improbab
that the entropy associated with the EDOS and spin-w
contributions belowTC can account for all of the;84%
remaining entropy—see below in Sec. IV. Therefore, a re
tively large amount of entropy must be removed aboveTC
by, e.g., polarons, bipolarons, clusters, or fluctuations.15,19

Figure 2 is a plot of the data for sampleA1. The curves
through the data are from global least-square fits—see be
SamplesA andA2 give similar results. There are four com
ponents of the low-temperature specific heat: a hyper
term, Chyp(H), which is responsible for the upturns inC/T
vs T at the lower temperatures; an EDOS term,CEDOS(H);
an H-independent lattice term,Clat ; and, expected based o
the inelastic neutron-scattering data,9–13 a ferromagnetic
spin-wave term,Cfsw(H).

The hyperfine term, due to the Mn nuclei, is represen
by the first term of the high-T expansion of a Schottky func
tion,

Chyp~H !5A~H !/T25G@Hhyp~H !/T#2, ~1!

where G5S f NAgN
2 I (I 11)mN

2 /3kB5S f NA@(I 11)/I #
3uN

2 mN
2 /3kB with NA being Avagadro’s number,kB the

Boltzmann constant,f the fractional isotopic abundance,gN
the nuclear spectroscopic-splitting factor,I the nuclear spin,
mN the nuclear magneton, anduN[m/mN5gNI . The EDOS
term is given by

CEDOS~H !5g~H !T, ~2!

whereg may beH dependent—see below. Representation
the lattice component is by the harmonic-lattice expansio

Clat5( BnTn, ~3!

FIG. 2. C(H)/T vs T below 8 K for La0.65Ca0.35MnO3 ~sample
A1!. The curves through the data are from a global least-squar
with an H-dependentg.
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e

-

w.

e

d

f

wheren53,5,7, . . . . The number of terms needed to rep
sentClat is determined by the particular substance and fitt
range. Only long-wavelength spin waves are excited at
temperatures, and hydrodynamic Heisenberg spin-w
theory, which is generally valid for both insulators an
metals,20,21 applies. In the temperature regimeT,12.5 K, T
is ,0.15TC and the expression

Cfsw~H !5BfswT3/2E F~D,g,H,T!dx ~4!

should apply,22 whereD is the anisotropy related spin-wav
gap ~zero for cubic symmetry! and g is the spectroscopic
splitting factor.Bfsw5@V(kB/4p2)(kB /D)3/2# whereD is the
spin-wave stiffness constant andV is the molar volume. The
expression*F(D,g,H,T)dx is given explicitly by

E
~D1gmBH !/kBT

`

$@x2ex/~ex21!2#

3@x2~D1gmBH !/kBT#1/2%dx, ~5!

wherex5@D1gmBH1Dk2#/kBT andmB is the Bohr mag-
neton. ForH50 andD50 the integral of Eq.~5! has a value
4.458. For nonzero values of eitherH or D the integral must
be evaluated numerically. The termgmBH corresponds to an
additional gap in the spectrum whenHÞ0. For H50 and
DÞ0 Cfsw can be approximated23 by

Cfsw~0!5L fswT3/2e2d/T, ~6!

whereL fsw;4.5Bfsw andd;D/2kB .
Several preliminary fits to theH50 data were made to

establish the reality of the spin-wave contribution and
form. Since the larger sampleA has the highest precisio
specific heats, it was used at this stage of the analysis.
fitting expression used was of the form

C~0!5A~0!/T21gT1L fswTme2d/T1( BnTn. ~7!

A series of fits, fixingm53/2, were carried out over the
intervals 1,T,4 K and 1,T,12.5 K. Within the rms de-
viations of the fitsd50, a result consistent with the inelast
neutron-scattering data that show no anisotropy gap. Sev
fits, with m as a variable andd50, gavem;3/2, which is
consistent with the presence of ferromagnetic spin wav
For the smaller temperature interval, the rms deviation is
reduced by including aB5T5 lattice term; however, for the
larger temperature interval such a term did reduce the
deviation. As a further test of the assumption that a sp
wave term is present in the low-temperature data, Eq.~7! was
modified by replacingL fswTme2d/T with two additional lat-
tice terms,B7T7 andB9T9, for the larger temperature inter
val. This increasedthe rms deviation of the fit from 0.095%
to 0.25%, a result that supports the reality of a spin-wa
term. We conclude that the appropriate fitting expression
H50 is given by

C~0!5A~0!/T21gT14.458BfswT3/21B3T31B5T5. ~8!

fit
5-3
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TABLE I. Comparison of parameters derived from global least-square fits of the specific-heat da
La0.65Ca0.35MnO3 @16O and 18O#. The fit range is 1–12.5 K. The measuring fieldsH ~and the fields of the
global fits! are given in the parentheses of the parameter list. Units are in ml, K, mole, and T unless oth
specified.QD5@12p4RNa/5B3#1/3 is the Debye temperature whereR is the gas constant andNa the number
of atoms per formula unit.D is the ferromagnetic spin-wave stiffness constant andD is the spin-wave energy
gap. Numbers in parentheses following the parameter values are standard errors~6! and are to be associate
with the least-significant digits.

Parameters
SampleA1

@16O#
SampleA1

@16O#
SampleA2E

@16O#
Sample 1E

@18O#

A ~0! 7.91~3! 7.53~5! 7.66~6! 7.92~7!

A ~1! 8.18~4! 8.05~6!

A ~2! 7.66~4! 7.65~5! 7.52~7! 7.69~8!

A ~3! 6.99~4! 7.03~5!

A ~5! 5.96~3! 5.92~5! 5.74~5! 6.13~7!

A ~7! 5.13~3! 5.03~5!

A ~9! 4.38~2! 4.30~4! 4.29~4! 4.62~5!

g ~0! or g 3.94~3! 4.29~1! 4.28~7! 4.15~8!

g ~1! 4.10~2!

g ~2! 4.19~2! 4.56~5! 4.38~5!

g ~3! 4.25~2!

g ~5! 4.27~1! 4.59~2! 4.48~2!

g ~7! 4.27~1!

g ~9! 4.28~1! 4.51(15) 4.47(15)
Bfsw 0.183~7! 0.141~1! 0.166~8! 0.182~10!

D ~meV Å2! 141~6! 168~2! 151~8! 142~7!

D ~K! 0 ~fixed! 0 ~fixed! 0 ~fixed! 0 ~fixed!

B3 0.0757~8! 0.0827~5! 0.1280~21! 0.1190~23!

QD ~K! 505~2! 490~1! 424~2! 434~3!

B5 3.40(4)31024 3.09(4)31024 2.30(11)31024 2.75(11)31024

rms deviation % 0.39 0.75 0.68 0.73
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A global least-square fit was used to obtain the best va
for the various parameters. Global least-square fits are b
than single-field fits for determining parameters that areH
independent because they tend to average out random
tematic errors in the data that are related to those parame
e.g., thermometer calibrations and addenda heat capac
The fitting expression is

C~H !5A~H !/T21g~H !T1BfswT3/2E F~D,g,H,T!dx

1B3T31B5T5 , ~9!

where the integral in Eq.~9! was evaluated numerically fo
each value ofH and T assuming an isotropicg52 andD
50. Several preliminary global fits were made before
final data analysis was done. Two global fits were made
the data of sampleA using Eq.~9! and Eq.~9! with an addi-
tional B7T7 lattice term with no significant changes in eith
the rms deviations or the parameters. Parameters from t
two global fits agreed with the corresponding ones from
single-field fits forH50. A global fit with D/kB fixed at 1 K
produced only a smallincrease in the rms deviation and
small changes in all of the parameters, confirming the c
clusion of the single-fieldH50 fit thatD50. When a fitting
range from 1 to 4 K is used, and theB5T5 term in Eq.~9! is
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dropped, the rms deviation decreases from 0.39 to 0.3
with only small changes, within their standard errors, to
parameters.

Inelastic neutron-scattering data found that the spin-w
stiffness constantD is temperature independent11 in the range
of the present fits. Fulde and Jensen24 show that electronic
masses are enhanced by interaction with spin waves
since the spin waves areH dependent, this enhancement
alsoH dependent. The theory24 accounts, semiquantitatively
for the decrease ing(H) found in the ferromagnetic P
metal.25 Global fits were made using eithergT or g(H)T in
Eq. ~9!. To evaluate the final parameters the temperat
range for all global fitting is 1<T<12.5 K.

Table I summarizes the parameters derived from glo
least-square fits@using bothg and g(H) in Eq. ~9!# to the
specific-heat data for sampleA1, which is representative o
all the samples before the reprocessing. There is a str
co-dependency among the parameters except forA(H),
whoseA(H)T2 contribution toC(H) is important only at the
lower temperatures.

The curves in Fig. 2 represent the specific heats deri
from the fits to the data of sampleA1 usingg(H) in Eq. ~9!.
The deviations from the fits usingg in Eq. ~9! are shown in
Fig. 3~a! while those usingg(H) are shown in Fig. 3~b!. Use
of the g(H)T term in place ofgT in the fitting expression
5-4
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reduces the rms deviation by a factor;1.6 and essentially
eliminates the ‘‘lump’’ of systematic deviations below;5–6
K—see Figs. 3~a! and 3~b!. The results for samplesA and
A2, not shown, are similar.

Figure 4 is a plot of the various specific-heat compone
for H50 from the global fit to sampleA using Eq.~9! with
g(H)T. At low temperatures, theChyp(0) term is dominant,
while at high temperaturesClat is the largest componen
Cfsw(0) is smaller thanCEDOS(0) everywhere in the fitting
range, although it must eventually cross over since it ha
T3/2 dependence vs theT dependence forCEDOS(0). Also
shown isCfsw(9 T) to illustrate the effect ofH on the ferro-
magnetic spin-wave contribution. ForH59 T, the effect of
the field-created gap in the spin-wave DOS is to produceT
dependence inCfsw that is much stronger thanT3/2. Since
increasingH lowers Cfsw(H) and raisesg(H), the qualita-
tive relationship between the two is valid for all fields of th
present measurements.

FIG. 3. ~a! Deviations from a global least-square fit, with a
H-independentg, to the data shown in Fig. 2. The deviations do n
have a uniform amplitude over the temperature range of the fit
particular, they are larger below;5 K. ~b! Deviations from a global
least-square fit, with anH-dependentg, to the data shown in Fig. 2
In contrast to~a! the deviation amplitudes are more uniform a
smaller.
13442
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B. Samples after16OÕ18O exchange

Figure 5 is a plot ofC(0)/T vs T for samplesA, A1E,
andA2E. The specific heat of sampleA2E is slightly greater
at all temperatures than that of sampleA1E, which is oppo-
site to the expected isotope shift. More significantly, there
a very large increase in the specific heats for both of th
samples compared to that of sampleA.

Global least-square analysis was used to analyze
specific-heat data for samplesA1E and A2E as described
above in Sec. III A. As in the case of the parent samples,
fits usingg(H) in Eq. ~9! had significantly lower rms devia
tions, and a notably more uniform distribution of the devt

n

FIG. 4. C/T vs T plot of the contributions of the various com
ponents used in the global least-square fit of the specific-heat
for sample A. The components are shown forH50 except for the
ferromagnetic spin-wave contribution that is shown for bothH50
and 9 T.

FIG. 5. C(0)/T vs T for sample A and samplesA1E andA2E,
the parallel-processed18O and16O samples, showing the modifica
tion caused by the multiple processing cycles. For the two multi
processed samples, the specific heat for the18O sample lies lower
than that for the16O sample. This decrease isoppositeto that ex-
pected for the substitution of18O for 16O.
5-5
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tions from the fit, than those with anH-independentg. In
both instances, however, the rms deviations were larger
those of samplesA, A1, andA2 reflecting, undoubtedly, the
smaller sample sizes. The parameters are listed in Table
the fits using g(H). Contributions from Chyp(H) and
Cfsw(H) are the same for all five samples—A, A1, A2, A1E,
and A2E—to within a scatter~approximately equal to the
standard errors! of 63% and 64%, respectively. Sample
A2E hadg(H)’s that were systematically larger~;4%! than
those of sampleA1E. Both samplesA1E and A2E had
g(H)’s that were systematically larger than those of t
original 16O samples by;5% and;9%, respectively. Simi-
larly, the Clat contributions for the two parallel-processe
samples were only slightly different, withB3 for sample
A2E greater by;8% than sampleA1E, but with each hav-
ing very much greater contributions~;50 and;60% inB3 ,
respectively! than those of the original16O samples.

IV. DISCUSSION

A. The CEDOS„H … component

The global least-square fits using ag(H)T term have a
substantially smaller rms deviation than those usinggT—see
Table I. It could be argued that the increased number
parameters might account for the reduced rms deviat
However, in addition to the reduction, the deviations fro
the Eq. ~9! fitting expression usingg(H) have amplitudes
that are essentially temperature independent, with no la
systematic errors at the lower temperatures. This is in c
trast to the case when anH-independentg is used in Eq.
~9!—see Figs. 3~a! and 3~b!. It is these two results, togethe
with the expectation of an interaction between the cond
tion electrons and the field-dependent ferromagnetic s
waves,24 which lead to the selection of Eq.~9! with a g(H)T
term as the best choice for the representation of the spec
heat data.

Figure 6 is a plot ofg(H) vs H for all five samples that
shows a systematic change with field. The variation ofg(H)
with H is qualitatively similar for all samples. At low field
g(H) increases and reaches a plateau at intermediate fi
with perhaps asmalldecrease at the highest field.@The small
decrease ing(H) at 9 T is evident for sampleA since it was
larger and has a higher precision for the fitted paramete#
The scatter in theg(H)’s from smooth curves through them
is about equal to their standard errors—see Table I. A m
mum ing(H) vs H is not predicted by the theory of Ref. 24
although it is similar to the results reported in Ref. 25.
shown in Fig. 4,Cfsw andCEDOS are of comparable size an
similar temperature dependence and, therefore, the app
small maximum ing(H) might result from an error in the
representation ofCfsw . For example, by the assumption th
D50. However, fitting the data withD/kB51 K, rather than
0, did not change the rms deviation or any parameter va
significantly, nor theH dependence ofg(H).

Band-structure calculations26–28 have been made fo
La0.67Ca0.33MnO3 using both a ferromagnetic cubic pero
skite and a ferromagneticPnma structure29,30 that was re-
fined by neutron measurements.31 It was established tha
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La0.67Ca0.33MnO3 is half metallic at low temperature, whic
means that the conduction is limited to a single Mn up-s
channel of majority carriers.27 The Mn down-spin channels
are localized;27 consequently, the normal emission and a
sorption of spin waves at finite temperatures are forbidd
since there are no conducting states at low energy to sc
into by spin flip. Low-temperature spin-wave scattering f
the up-spin channel is due primarily to phonons, or to sp
conserving electron-electron processes.27 In Ref. 28
Nb↑(EF), the band-structure EDOS for the majority up-sp
conduction channel for La0.67Ca0.33MnO3 with the ferromag-
netic Pnmastructure, was found to be 0.68 eV21 for H50.
The Sommerfeld constant, measured in units
mJ K22 mol21, is given by g54.72N↑(EF)54.72(1
1l)Nb↑(EF)53.2(11l), wherel is an interaction param
eter arising from electron-phonon, electron-electron, a
possible electron-magnon interactions. SamplesA, A1 , and
A2 had an average value forg~0! of 4.0 mJ K22 mol21. Thus,
l50.25 and, fromm* /mb5(11l), m* 51.25mb where
m* and mb are the zero-field electron and band-structu
electron masses, respectively.

SamplesA1E andA2E have derived values ofg(H) that
are larger than those of the original16O samples, and which
also differ slightly from one another—see Fig. 6 and Table
These differences ing(H) probably reflect a superposition o
effects caused by both the18O isotope substitution for16O
and by the many parallel-processing cycles that were ne
sary to achieve18O homogeneity. For sampleA1E@18O#
l50.30 (m* /mb51.30), and for sampleA2E@16O# l50.34
(m* /mb51.34). These differences inl are nearly within the
standard errors and may not be significant; however, Kres32

has recently predicted that substitution of18O for 16O in the
manganites will cause adecreasein g(H) of about the mag-
nitude observed—see Table I.

FIG. 6. g(H) vs H for the different La0.65Ca0.35MnO3 samples.
The variation ofg with H is theoretically predicted, and result
from the interaction between the EDOS and the ferromagnetic
waves. The two parallel-processed samples haveg(H)’s larger than
the parent samples, and withg(H) for the 16O samplegreaterthan
that of the18O sample.
5-6
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B. The Cfsw„H … component

The spin-wave stiffness constantD for the various global
fits using Eq. ~9! with g are 169~2!, 168~2!, and 166~2!
meV Å2, respectively, for samplesA, A1, andA2. Equation
~9! with g(H) gives D5155(6) meV Å2 for sample A,
which is also the value obtained from inelastic-neutr
scattering,11 while samplesA1 andA2 haveD’s of 141~6!
and 160~8! meV Å2, respectively. A global fit for sampleA1
with D fixed at 155 meV Å2 produces no change in the rm
deviation, and only small changes in the other paramet
An average value of the stiffness constant for the fi
samples, usingg(H) in Eq. ~9!, is ^D&5150(9) meV Å2,
where the uncertainity is essentially equal to the stand
errors. Using thiŝD& fixed in global fits of the five sample
has a negligible effect on their rms deviations or the val
of their parameters. Because the stiffness constantD is pro-
portional to TC , and sinceTC(18O)/TC(16O)50.97 for H
50, there should be a corresponding shift inD. For samples
A1E andA2E, D(18O)/D(16O)5142(7)/151(8)50.94(5),
which is comparable to theTC ratio, but is also well within
the standard errors of theD’s. Because of the strong co
dependency of the various parameters, the agreeme
probably accidental, especially since the spread in the fi
values ofD for samplesA, A1, andA2 is 19 meV Å2.

Evidently, the additional processing cycles of samp
A1E and A2E, and the exchange of18O for 16O, has no
significant, or very large, effect onCfsw(H). The good agree-
ment of D obtained from inelastic-neutron scattering11 with
that derived from global least-square fits to the specific-h
data for all five samples provides further evidence of
accuracy of the data and the validity of Eq.~9! with g(H) as
the proper fitting expression to use in the analysis.

C. The Chyp„H … component

The A(H) parameters, derived from the global fits of th
specific-heat data, provide information about the hyperfi
magnetic field at the55Mn nuclei. 55Mn is the only naturally
occurring isotope (f 51) with a spin I 55/2 and uN
53.461, which givesG56.22131023 mJ K T22 mol21. It
follows from Eq.~1! that

Hhyp~H !5@A~H !/G#1/2. ~10!

Figure 7 is a plot ofA(H) vs H for all five samples. There
does not appear to be any systematic deviations among
five data sets, which have a maximum spread of;3% for a
given H, with a maximum deviation from the curve throug
them of;3%. This provides proof that whatever the cause
the drastic changes in the specific heats of samplesA1E and
A2E it had little or no effect onChyp(H).

Using Eq.~10! allows Hhyp(H) to be calculated, and th
results are plotted in Fig. 8 as a function ofH int , the internal
magnetic field.H int is given by

H int5H2aM/V, ~11!

where a is the demagnetizing factor,M the magnetic mo-
ment, andV the molar volume. ForH.0.5 T, in the range
1–12.5 K,M is essentially constant at the saturation val
13442
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M sat53.65NAmB520.4 kG cm3 mol21 ~in Gaussian units!,
which produces a constant demagnetizing field. Approxim
ing a by the value for a sphere, the correction givesH int
5H20.25 T. AsH increases Hhyp(H) decreasesindicating
an antiparallel alignment of the intrinsic Mn hyperfine field
Hhyp(0) with respect to the fieldsH and H int . The straight
line is a least-squares fit of the data to the equation

Hhyp~H !5Hhyp~0!1bH int . ~12!

whereHhyp(0)536.1(2) T andb521.1~1!.
Nuclear-magnetic-resonance~NMR! measurements ar

reported for La0.67Ca0.33MnO3 in fields to 6 T.33 The source
of Hhyp(0) is primarily from core polarization by the Mn
magnetic moments, with contributions from other sourc
being negligibly small.33 Only a single narrow resonance lin

FIG. 7. A(H) vs H demonstrating that the applied magnetic fie
is in opposition to the hyperfine magnetic field at the Mn nuclei

FIG. 8. Hhyp(H) vs H int whereH int is the internal magnetic field
resulting from the application of a demagnetization correction to
applied field. The straight line represents a least-squares fit to al
data, and demonstrates thatH andH int are antiparallel toHhyp(0),
the field at the Mn nuclei resulting from core polarization.
5-7
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is observed at temperatures in the range 4.2 to 250
Hhyp(0) is 36.3 T at low temperatures, which is in very go
agreement with the value derived from the specific-heat d
36.1~2! T. In applied fields the spin-echo resonance line33

are shifted towards lower frequencies with a slope
b521.4 indicating an antiparallel orientation of the Mn h
perfine field with H. The valueb521.4 is in reasonable
agreement withb521.1 derived from the specific-heat dat
The nearly congruentHhyp(0)’s and thesimilar shift in
Hhyp(H) with H, is additional evidence that the specific-he
data are accurate, and that the Eq.~9! fitting expression with
g(H) is valid.

The single narrow resonance line observed in the NM
measurements33 can be satisfactorily explained if the hop
ping timeth of the carriers in the double-exchange coupli
is much shorter than the period of the Larmor precess
tL , of the Mn nuclear spins.~If th.tL , a broadened or
double-resonance peak would be expected because o
different environments for Mn31 and Mn41.! When th!tL
the Mn nuclei are subject to an averaged hyperfine fie
corresponding to an average Mn31/Mn41 state, and a result
ing single-resonance peak. There is, however, another p
bility. Zero-field NMR signals33 have been detected we
aboveTC , which are interpreted as providing direct eviden
for the presence of magnetic polarons. A recent theory19 of
magnetic polarons/bipolarons describes the polaron as
sisting of two adjacent Mn31 ions bound by ap hole ~1! in
the oxygen band, with the net spin of the two Mn31 ions
antiparallel to that of thep hole. The polarons are dynam
and move throughout the lattice involving all of the Mn31

ions. In this theory all Mn have the same valence and s
roundings and, therefore, a single NMR resonance line.

D. The Clat component

The harmonic-lattice coefficientsB3 andB5 from the glo-
bal fits are listed in Table I. Also listed are the Debye te
peraturesQD calculated using

QD5@~12/5!p4RNa /B3#1/3, ~13!

whereR is the gas constant andNa the number of atoms in a
formula unit. Figure 9 is a plot ofClat /T

3 vs T, whereClat
was calculated usingB3 and B5 obtained from the various
fits. Within the statistical uncertainty of the fits, samplesA,
A1, andA2 have the same specific heat. On the other ha
Clat—and the totalC(H)—for samplesA1E and A2E are
drastically increased~a softening of the lattice modes!. These
large changes inClat for the O-exchanged samples are pro
ably related to the additional processing, which could res
in altering of the microstructure that is related to the sepa
tion into ferromagnetic insulating and percolation-connec
conducting phases34 below TC . TheT3 lattice component is
affected more than theT5 component and in the opposit
direction. At 1 K there is a;50% increase inClat compared
to a;23% increase at 12.5 K. TheB3 parameter isincreased
by ;50% whileB5 is decreasedby ;12%. This implies that
it is the long-wavelength acoustic phonon modes t
changed the most as a consequence of the multiple proc
ing cycles.
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Clat andC(H) for samplesA1E andA2E also differ. The
difference inClat for the two samples is in theoppositedi-
rection of that expected for the isotope effect resulting fro
the 18O/16O exchange. At low temperatures, in theT3 region,
Clat is related approximately35 to the masses (ma) making up
the sample by the proportionality

Clat}( ~ma!3/2}~MW!3/2. ~14!

For samplesA1E and A2E, the ratio Clat@
18O#/Clat@

16O#
5(212.35/207.25)3/251.037, an expected;4% increasein
Clat for the 18O material, as opposed to the observedde-
creasein the Clat ratio. This ratio varies monotonically from
7% at 1 K to1.2% at 12.5 K where dispersion, measured
theT5 term, is becoming increasingly important. Apparent
those modifications resulting from the multiple process
cycles have masked the isotope shift inClat at low tempera-
tures, although it appears to be present in the hi
temperature specific-heat data.15

V. SUMMARY

The specific heat of a near-optimally doped polycryst
line sample of La0.65Ca0.35MnO3, with TC5265 K, was mea-
sured in the temperature range 1<T<32 K for 0<H<9 T.
An excellent global least-square fit to the data is obtain
using four components: hyperfine, EDOS, ferromagne
spin wave, and lattice terms in the fitting expression. B
the hyperfine and spin-wave contributions are in quantita
agreement with NMR ~Ref. 33! and inelastic-neutron-
scattering results,11 respectively. This agreement supports t
validity of both the data and their analysis. ForH50 there is
an enhancement of the band-structure EDOS~Ref. 28! by a
factor of 1.25. The EDOS contribution is magnetic-field d
pendent, which is predicted theoretically24

FIG. 9. Clat /T
3 vs T showing the shift of the lattice specific hea

due to the multiple parallel-processing cycles used in the16O/18O
exchange. The low-temperaturedecreasein the lattice specific hea
for the 18O sample, compared with that for the reference16O
sample, isoppositeto that expected for the isotopic oxygen subs
tution.
5-8
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because of electron-magnon coupling.
Specific heat was measured for two pieces cut from

original 16O parent sample after multiple parallel-process
steps to produce matching18O and 16O samples. Ferromag
netic spin-wave and hyperfine parameters are the same
the parent sample and these two samples to within their s
dard errors. The lattice specific heat of the16O reference
sample was a little larger than the18O sample, which isnot
in accord with the anticipated isotope-effect shift. EDO
contributions also differ by small amounts, with that of t
16O sample being greater. The enhancements of the b
structure density of states forH50 are 1.34 and 1.30 for th
16O and 18O samples, respectively. Both of the paralle
processed samples have very much larger lattice contr
tions ~;50% greater at low temperatures!, and—to a lesser
extent—larger EDOS components~;10% greater! than the
parent sample. Evidently, the many processing cycles ne
ev
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sary to produce18O homogeneity are responsible for the
modifications, probably related to variable microstructures34

This extreme sensitivity to processing serves as a warnin
the inherent hazards associated with the comparison of
rameters obtained from different samples.
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