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The field-dependent low-temperature specific heat of an optimally doped polycrystalline sample of
Lag gCa 3MNO; (Tc=265K), 1=T<32K 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 the®O parent sample and processed in parallel to producé@rmand a referencéO sample. The
parallel-processed samples have very much larger lattice contribtids3% at low temperaturgshan the
parent sample, and a somewhat larger electronic contribution. Evidently, the many processing cycles needed
for %0 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 80/*%0 exchange, while the hyperfine contribution is independent of isotope composition.
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[. INTRODUCTION This paper reports low-temperature specific-heat measure-
ments on a well-characterized, optimally doped CMR mate-
In addition to the unusual transport properties, which sug#ial LaggCay 3dMnO; for both %0 and 0 samples. The
gested the term “colossal magnetoresistan@@MR), cer-  measurements cover the temperature rangel £32K in
tain alkaline-earth-doped rare-earth manganites show an umagnetic fields &H=<9T. The temperatures and field
usual ferromagnetic ordering to a low-temperature, halftanges of the data permit a definitive separation of the four
metallic state at the Curie temperaturdcf. At high  contributions. FoH =0 the measurements were extended to
temperatures the properties of these materials, inclutigng 120 K, and in another cryostat from €5 <300 K. They are
depend strongly on oxygen mass. At low temperatures foupart of an extensive set of related measurements on the same
contributions to the specific he@tassociated with the elec- or similar samples, which include magnetization from 5 to
tron density of stategEDOS), ferromagnetic spin waves 300 K as a function oH, and near the ferromagnetic metal-
(FSW), lattice vibrations, and hyperfine interactions can beinsulator transition af -(0)= 265K, resistivity as a function
expected, and some of these may depend on oxygen mass.both pressure antl, thermal expansion as a function of
The number, magnitudes, and the possibility of differentH, velocity of sound, and specific heat in magnetic field. The
magnetic-fieldH and temperature dependences of these cornlow-temperature specific-heat measurements reported in this
tributions create a problem in the analysis of the experimenpaper were made to determine the contributions from the
tal data. electron density of states, the ferromagnetic spin waves, the
There have been prior low-temperature specific-heat meavin hyperfine magnetic field, and the lattice, and to ascertain
surements o0 samples of similar composition for 2%  the effects of magnetic fields art0/*%0 exchange on these
Sr16-8and Ba(Refs. 1 and Bsubstitutions in the LaMng  contributions.
compound. All of the measurements were Fbe=0, except
those of Refs. 6 and 8. An analysis of the low-temperature Il. EXPERIMENT
specific heat showed that all of the data, except for Ref. 6,
had ayT term. AT®? ferromagnetic spin-wave term, to be  The polycrystalline sample of aCa :gMnO; was pre-
expected on the basis of neutron-scattering experiniehts, pared from high-purity Lg0;, CaCQ, and MnQ powders
was found for some of the specific-heat dafbut not for ~ (all 99.999% purg which were repeatedly sintered at
others! 1200 °C in air with grinding between each step. A total of
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eight sintering steps with a total time of 127 h at 1200°C 80— T 7 v T 7T T T T

were done. The calorimetric sample was prepared from this i Te= 205K ' ]
powder by pressing it into a right-circular cylinder and sin-  7°°[  LayssCay3sMnO; (Sample A) P
tering in air(1200 °C, 12 hfollowed by sintering in flowing 600 H=0 |

high-purity oxygen(1225°C, 48 h and then cooling at
1°Cmin ! to room temperature. After the air sintering the g s00
sample had 86% of the x-ray density of 5.970 g¢mand N,E r
after the oxygen sintering the density increased to 93%. 400 |-
Samples, similarly prepared by us, were investigated byé I
Heilman etall* for the total oxygen content using S
thermoelectric-power measurements and powder Xx-ray g,
analysis. They found that there was no observable deviatior
from a stoichiometric O content of 3.000. This was not only 100
true for %0 samples, but also for thO and*¥0 samples
processed in parallel for the isotope-effect experiments.
X-ray diffraction was used to check for phase purity and the
samples was characterized by measuring the magnetization
M as a function ofH and T. The sample molecular weight  FIG. 1. C(0)/T vs T for La, g-Ca, 3dMNnO5 (sample A from 1 to
(MW) is 207.25 g mol* and the theoretical molar volumé 280 K for H=0. The inset shows the low-temperature specific heat
is 34.7 cnimol ™% in magnetic fields to 9 T.
SampleA, 2.27 g, was attached to the calorimeter plat-
form using a small amount of Apiezdv Greasg~2 mg) of ~ similar to that for sampléA. The specific heat nedrc for
known heat capacity to ensure good thermal contactSampleAlE had a double-peaked structure indicating an
Specific-heat measurements were made ferT&32K for  inhomogeneous®O distribution. Therefore, both samples
H=0, 2, 5, and 9 T using a semiadiabatic heat-pulse methodere ground and treated several times as powders in 1 atm
that utilizes a calibrated Cernox thermometer; and from 3@ir at 1050 °C. They were then re-ground and new cylinders
<T<120K andH=0 using a continuous-heating method pressed. Six additional parallel-processing cycles were nec-
with a calibrated platinum resistance thermometer. Both setgssary to ensure homogenedl® distribution, where the
of measurements had precision and accuracy of abownnealing temperatures/times were Cycle 1, 1000 °C/48 h;
+0.1% and=+0.5%, respectively, for the total measured heatCycle 2, 1000°C/96 h; Cycle 3, 1050°C/48 h; Cycle 4,
capacity(addenda plus sampleBetween 1 and 6 K, the heat 1225 °C/48 h; Cycle Fregrind, repress, newO, supply,
capacity of samplé\ varied monotonically from 93 to 60% 1000 °C/120 h; Cycle 6, 1200 °C/264 h. Magnetization mea-
of the total, and then remained approximately constant asurements were used to characterize the samples following
60% to 12.5 K. each cycle. Following Cycle 6, sampkelE had a density
After the specific-heat measurements, sanfplwas cut  86.9% of theoretical, and alfO content=85% with a MW
into two approximately equal piecésamplesAl andA2).  of 212.35 gmol*. SampleA2E had a density 81.8% of
As a check on the sample homogeneity, specific-heat medheoretical. Low-temperature specific-heat measurements
surements were made on one of these pieces, sakiplfor ~ were made on both the 0.60-g sampléE (*0) and the
the temperature rangesIT<12.5K forH=0, 1, 2, 3,5, 7, 0.46-g sampléA2E (*%0), each from £T<12.5K in mag-
and 9 T. Although sampl&2 was not measured directly, the netic fields of 0, 2, 5, and 9 TThe specific heat for both
specific heat was obtained by subtraction of the specific hestamples was increased by a large amount when compared
of sampleAl from that of SampléA. The specific heats of with samplesA, Al, and A2, presumably because of the
samplesAl andA2 agreed with that of sampl& to within ~ many parallel-processing cycles—see below in Sec. 111 B for
+1.5% for ~90% of the points, with the remaining10%  details)
falling within =2%. SampleA’s homogeneity is confirmed
by the good agreement among the three data sets. Samples Ill. RESULTS AND ANALYSIS
Al andA2 were also used for continuous-heating specific-
heat measurements nedi. for H=0. In addition, the
continuous-heating technique was used to measure the spe-Figure 1 shows the specific heat fdr=0 over the entire
cific heat of samplé1 nearT<(H) in magnetic fieldsto 8 T. range of temperature, 1-300 K, plotted @&T vs T. The
The specific-heat data neBg will be published separately.  low-T specific heats of sampl& are shown in the inset for
Following the above measurements, sam@lésandA2  differentH. A common impurity phase in the manganites is
were either’®O or %0 exchanged in 1 atm of flowing gas, the spinel MgO,.*" It orders ferromagnetically near 43 K
using an apparatus for simultaneous parallel processing ofith a prominent double-peaked structureGhT (Ref. 18
two samples described previousfito produce samples1E  that is observable in some manganite samplesen for
andA2E, respectively(The “E” in the sample labels desig- relatively small quantities. The present data show no trace of
nates the additional processing and O excharigecept for  such structure. There is a large sharp anomal@/il asso-
the 10, or 80, atmospheres, the two pieces were treatectiated with the ferromagnetic ordering of the Mn willy
identically, and were processed in parallel under conditions=265 K. When a smooth curve is interpolated through the
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B e wheren=3,5,7, ... . The number of terms needed to repre-

r La, ,,Ca, ,,MnO, (Sample A1) ; sentC,y is determined by the particular substance and fitting

Y range. Only long-wavelength spin waves are excited at low
4 temperatures, and hydrodynamic Heisenberg spin-wave
1 theory, which is generally valid for both insulators and

. metals?®?! applies. In the temperature regirfie<12.5K, T

1 is <0.15T: and the expression
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Crow(H) =B, T¥? f F(A,g,H,T)dx (4)

should apply? whereA is the anisotropy related spin-wave
7 gap (zero for cubic symmetjyand g is the spectroscopic-
] splitting factor.Bg,=[ V(kg/47?) (kg /D)¥?] whereD is the
N T T T S T N spin-wave stiffness constant akdis the molar volume. The
1 2 3 4 5 6 7 8 expression/F(A,g,H,T)dx is given explicitly by

T(K)

FIG. 2. C(H)/T vs T below 8 K for Lag gCa, 3qMnO; (sample f {[x?e*/(e*~1)?]
Al). The curves through the data are from a global least-square fit (A+gugH)/ksT

with an H-dependenty. X[x—(A+gugH)/kgT1¥3dx, (5)

region of this anomaly, from well above and beldy, the = Wherex=[A+gugH+Dk?]/kgT and ug is the Bohr mag-
entropy between this curve and the anomaly is only6%  neton. FoiH=0 andA =0 the integral of Eq(5) has a value
of that expected for the Mn ordering. It is very improbable 4.458. For nonzero values of eithidror A the integral must
that the entropy associated with the EDOS and spin-wavée evaluated numerically. The tegmugH corresponds to an
contributions belowT can account for all of the~84%  additional gap in the spectrum whéh+0. For H=0 and
remaining entropy—see below in Sec. IV. Therefore, a relad #0 Cy, can be approximatétl by
tively large amount of entropy must be removed abdye
by, e.g., polarons, bipolarons, clusters, or fluctuatiGrs. Cron(0) = A, T2 T, (6)
Figure 2 is a plot of the data for sampil. The curves
through the data are from global least-square fits—see beloW!N€reA s~ 4.9Brsy and 5~ A/2kg .
SamplesA andA2 give similar results. There are four com- Se\(eral Pfe"m'ﬂary fits to thH =0 data w_ere_made to
ponents of the low-temperature specific heat: a hyperfin&Staplish the reality of the spin-wave contribution and its
term, Cp,y,(H), which is responsible for the upturns @/'T orm. .Smce thg larger sampléa has the highest Precision
vs T at the lower temperatures; an EDOS te@pod H): ;pgmﬁc heats,_ it was used at this stage of the analysis. The
an H-independent lattice terng,,;; and, expected based on fitting expression used was of the form
the inelastic neutron-scattering data® a ferromagnetic
spin-wave termC,(H). C(0)=A(0)/T?+ yT+ A, T"e T+ > B, T". (7)
The hyperfine term, due to the Mn nuclei, is represented
by the first term of the high-expansion of a Schottky func-

tion A series of fits, fixingm=3/2, were carried out over the

intervals 1< T<4 K and 1<T<12.5K. Within the rms de-
viations of the fits6=0, a result consistent with the inelastic
neutron-scattering data that show no anisotropy gap. Several
fits, with m as a variable anéd=0, gavem~ 3/2, which is
consistent with the presence of ferromagnetic spin waves.
For the smaller temperature interval, the rms deviation is not
reduced by including 85T° lattice term; however, for the
larger temperature interval such a term did reduce the rms
deviation. As a further test of the assumption that a spin-
wave term is present in the low-temperature data,(Bovas
modified by replacing\«, T™e~ %" with two additional lat-
CepodH)=y(H)T, (2)  tice terms,B,; T’ andByT?, for the larger temperature inter-

. val. Thisincreasedthe rms deviation of the fit from 0.095%
wherey may beH dependent—see below. Representation ok, o 250, a result that supports the reality of a spin-wave
the lattice component is by the harmonic-lattice expansion (erm_ \we conclude that the appropriate fitting expression for
H=0 is given by

Cryp(H)=A(H)/T?=G[Hp,(H)/TT?, )

where G=3FNag2l (1 +1)ud/3kg=3FN[ (1 +1)/1]
X udud/3kg with N, being Avagadro’s numberkg the
Boltzmann constanff, the fractional isotopic abundancg,,
the nuclear spectroscopic-splitting factbthe nuclear spin,
un the nuclear magneton, angy= w/uny=09n!- The EDOS
term is given by

— n
Cia=2 BiT", @ C(0)=A(0)/T?+ yT+4.458, T¥*+ B3T3+ BsT°. (8)
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TABLE |. Comparison of parameters derived from global least-square fits of the specific-heat data for
Lag ¢Cay 3MNO; [ 10 and *®0]. The fit range is 1-12.5 K. The measuring fieldsand the fields of the
global fit9 are given in the parentheses of the parameter list. Units are in ml, K, mole, and T unless otherwise
specified @, =[127*RN,/5B;]*? is the Debye temperature wheRdis the gas constant arid, the number
of atoms per formula uniD is the ferromagnetic spin-wave stiffness constant arnglthe spin-wave energy
gap. Numbers in parentheses following the parameter values are standard=jransl are to be associated
with the least-significant digits.

SampleAl SampleAl SampleA2E Sample E

Parameters [%60] [*0] [1%0] [1%0]
A (0) 7.91(3) 7.535) 7.666) 7.927)
A1) 8.184) 8.056)
A2 7.66(4) 7.655) 7.527) 7.698)
A (3) 6.994) 7.035)
A (5) 5.963) 5.925) 5.745) 6.137)
A (7) 5.133) 5.035)
A (9 4.382) 4.304) 4.294) 4.625)
v (0) or y 3.9403) 4.291) 4.287) 4.158)
y (@) 4.102)
v(2) 4.192) 4.565) 4.385)
Y3 4.252)
y (5 4.271) 4.592) 4.482)
y (7) 4.277)
v (9 4.281) 4.51(1) 4.47(1s)
Bifsw 0.1837) 0.1411) 0.1668) 0.184210)
D (meV A? 141(6) 1682) 151(8) 142(7)
A (K) 0 (fixed) 0 (fixed) 0 (fixed) 0 (fixed)
Bs 0.07578) 0.08275) 0.128@21) 0.119G23)
Op (K) 5052) 490(1) 424(2) 434(3)
Bs 3.40(4)x 1074 3.09(4)x10°4 2.30(11)x 10 * 2.75(11)x 10°*
rms deviation % 0.39 0.75 0.68 0.73

A global least-square fit was used to obtain the best valuedropped, the rms deviation decreases from 0.39 to 0.32%
for the various parameters. Global least-square fits are bettevith only small changes, within their standard errors, to the
than single-field fits for determining parameters that ldre parameters.
independent because they tend to average out random sys-|nelastic neutron-scattering data found that the spin-wave
tematic errors in the data that are related to those parametesgiffness constari is temperature independéhin the range
e.g., thermometer calibrations and addenda heat capacitiest the present fits. Fulde and Jen&eshow that electronic

The fitting expression is masses are enhanced by interaction with spin waves and,
since the spin waves até dependent, this enhancement is
C(H)=A(H)/T2+ y(H)T+ stnglzf F(A,g,H,T)dx alsoH dependent. The thec?(i/accc_)unts, semiquantitatively,
for the decrease iny(H) found in the ferromagnetic Pr
1+ B3T3+ BeTs, ) metal?® Global fits were made using eithegf or y(H)T in

Eqg. (9). To evaluate the final parameters the temperature
where the integral in Eq9) was evaluated numerically for range for all global fitting is £T<12.5K.
each value oH and T assuming an isotropig=2 and A Table | summarizes the parameters derived from global
=0. Several preliminary global fits were made before theleast-square fitgusing bothy and y(H) in Eqg. (9)] to the
final data analysis was done. Two global fits were made tspecific-heat data for sampkel, which is representative of
the data of sampl@ using Eq.(9) and Eq.(9) with an addi- all the samples before the reprocessing. There is a strong
tional B, T7 lattice term with no significant changes in either co-dependency among the parameters exceptAfgH),
the rms deviations or the parameters. Parameters from theséoseA(H)T? contribution toC(H) is important only at the
two global fits agreed with the corresponding ones from thdower temperatures.
single-field fits forH=0. A global fit with A/kg fixed at 1 K The curves in Fig. 2 represent the specific heats derived
produced only a smalincreasein the rms deviation and from the fits to the data of samphel usingy(H) in Eq.(9).
small changes in all of the parameters, confirming the con-The deviations from the fits usingin Eq. (9) are shown in
clusion of the single-fieldH =0 fit thatA=0. When a fitting  Fig. 3(a) while those usingy(H) are shown in Fig. &). Use
range from 1¢ 4 K isused, and th&T° term in Eq.(9) is  of the y(H)T term in place ofyT in the fitting expression
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(a) X) T(K)
FIG. 4. C/T vs T plot of the contributions of the various com-
La, .Ca,,.MnO, (Sample Al . . e
Boes~ 035 _n ; (Sample AD) ponents used in the global least-square fit of the specific-heat data
2r . I1{T_0 . % 7 for sample A. The components are shown fb&=0 except for the
=) A %% v 9T ferromagnetic spin-wave contribution that is shown for bidtk 0
j=2 °
o o1} A ms = 0.39% } and 9 T.
z B. Samples after'®0/*®0 exchange
=
Q . .
& Figure 5 is a plot ofC(0)/T vs T for samplesA, A1E,
o1 andAZ2E. The specific heat of samph2E is slightly greater
2 at all temperatures than that of sampleE, which is oppo-
site to the expected isotope shift. More significantly, there is
a very large increase in the specific heats for both of these
2r ] samples compared to that of sample

(b)

s 6 7 8 9 10 11 12 13

T(XK)

Global least-square analysis was used to analyze the
specific-heat data for sampl#slE and A2E as described
above in Sec. Il A. As in the case of the parent samples, the

FIG. 3. (a) Deviations from a global least-square fit, with an fits usingy(H) in Eq. (9) had significantly lower rms devia-

H-independenty, to the data shown in Fig. 2. The deviations do not tions, and a notably more uniform distribution of the devia-
have a uniform amplitude over the temperature range of the fit. In

particular, they are larger below5 K. (b) Deviations from a global T
least-square fit, with aH-dependenty, to the data shown in Fig. 2. 30 Lay ¢5Cag ;sMnO, ]
In contrast to(a) the deviation amplitudes are more uniform and e H=0[Sample A (*°0)] °
smaller. 55 o H=0[Sample A2E (*°0)] ® .
[ ~ , ]

reduces the rms deviation by a facterl.6 and essentially "-; T O [Sample AIECO) 0 T
eliminates the “lump” of systematic deviations belows—6 g R i
K—see Figs. 8) and 3b). The results for sample& and Y20 0 i ]
A2, not shown, are similar. B 0% e

Figure 4 is a plot of the various specific-heat components & 15 L o L ]
for H=0 from the global fit to samplé using Eq.(9) with . IR
y(H)T. At low temperatures, th€,,(0) term is dominant, ol & °°o° . ]
while at high temperature€,,; is the largest component. ¢ e°c°...0..
Cisw(0) is smaller tharCgpod0) everywhere in the fitting ‘w::f:--"
range, although it must eventually cross over sinceithase L~ .. .. .. . . . . .. .. . . .. . .

T%2 dependence vs th& dependence foCgpog0). Also
shown isCy,(9 T) to illustrate the effect oH on the ferro-
magnetic spin-wave contribution. Fét=9 T, the effect of
the field-created gap in the spin-wave DOS is to produte a the parallel-processe§O and®0 samples, showing the modifica-
dependence itC,, that is much stronger thal®? Since
increasingH lowers Cy,(H) and raisesy(H), the qualita-
tive relationship between the two is valid for all fields of the than that for the'®*0 sample. This decrease éppositeto that ex-

present measurements.

T(K)
FIG. 5. C(0)/T vs T for sample A and sampleS1E andA2E,

tion caused by the multiple processing cycles. For the two multiply
processed samples, the specific heat for'fide sample lies lower

pected for the substitution dfO for €O.
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tions from the fit, than those with aH-independenty. In 71— — T
both instances, however, the rms deviations were larger tha :

those of sampleg, Al, andA2 reflecting, undoubtedly, the 48 - T
smaller sample sizes. The parameters are listed in Table [ fo . i |
the fits using y(H). Contributions from Cy,,(H) and ~ |

Cisw(H) are the same for all five sample?s-Al, A2, A1E, E 44| i

and A2E—to within a scatter(approximately equal to the

2

= E
[
—T—

standard errojsof +3% and =4%, respectively. Sample o -
A2E hady(H)’s that were systematically largér-4%) than &
those of sampleAlE. Both samplesAlE and A2E had @4'0 i 7

v(H)’s that were systematically larger than those of the " ;4| O Sample A (0) & Sumple AZE(°0) -

original 1*0 samples by~5% and~9%, respectively. Simi- L y «
larly, the C,; contributions for the two parallel-processed 3.6 | O Sample AT('O) ® Sample AIECO)
samples were only slightly different, witB; for sample O samplen2(0) —— Guides to the eye
A2E greater by~8% than sampl@1E, but with each hav- I T E s
ing very much greater contributioris-50 and~60% in B3, H(T)

respectively than those of the originai®O samples.
FIG. 6. y(H) vs H for the different Lg gCa 3gMNnO; samples.
The variation ofy with H is theoretically predicted, and results
IV. DISCUSSION from the interaction between the EDOS and the ferromagnetic spin
waves. The two parallel-processed samples hg¥®)'s larger than
the parent samples, and wigi{H) for the %0 samplegreaterthan
The global least-square fits using)dH)T term have a that of the'®0 sample.
substantially smaller rms deviation than those usiig—see

Table I. It could be argued that the increased number 0[30_67(:30_33,\/'”03 is half metallic at low temperature, which

parameters might account for the reduced rms dev'at'or}heans that the conduction is limited to a single Mn up-spin

However, in addition to the reduction, the deviations fromChannel of maiority carrierd. The Mn down-spin channels
the Eq.(9) fitting expression usingy(H) have amplitudes . 7J y ' pin
are localized?’ consequently, the normal emission and ad-

that are essentially temperature independent, with no larg ) . . .
systematic errors at the lower temperatures. This is in con20rption of spin waves at finite temperatures are forbidden
trast to the case when a-independenty is used in Eq since there are no conducting states at low energy to scatter

(9—see Figs. @) and 3b). It is these two results, together into by spin flip. Lovy-tempergture_ spin-wave scattering fpr
with the expectation of an interaction between the conducthe UP-spin channel is due primarily to Qhonons, or to spin-
tion electrons and the field-dependent ferromagnetic spionserving electron-electron proceséesin Ref. 28
waves?* which lead to the selection of E¢9) with ay(H)T ~ Nbi(Ef), the band-structure EDOS for the majority up-spin
term as the best choice for the representation of the specifi€onduction channel for L Cay 3MnO; with the ferromag-
heat data. netic Pnmastructure, was found to be 0.68 eVfor H=0.
Figure 6 is a plot ofy(H) vs H for all five samples that The Sommerfeld constant, measured in units of
shows a systematic change with field. The variatiop@l) ~mJK ?mol™, is given by y=47N,(Ef)=4.72(1
with H is qualitatively similar for all samples. At low fields +\)Ny;(Eg) =3.2(1+X\), where\ is an interaction param-
v(H) increases and reaches a plateau at intermediate fieldster arising from electron-phonon, electron-electron, and
with perhaps amalldecrease at the highest fiefdhe small  possible electron-magnon interactions. Sample#\;, and
decrease iny(H) at 9 T is evident for samplé since it was A, had an average value fgf0) of 4.0 mJ K >mol~*. Thus,
larger and has a higher precision for the fitted paramétersa =0.25 and, fromm*/my,=(1+X\), m*=1.25n, where
The scatter in they(H)’s from smooth curves through them m* and m, are the zero-field electron and band-structure
is about equal to their standard errors—see Table |. A maxielectron masses, respectively.
mum iny(H) vs H is not predicted by the theory of Ref. 24,  SamplesA1lE andA2E have derived values of(H) that
although it is similar to the results reported in Ref. 25. Asare larger than those of the origin®0 samples, and which
shown in Fig. 4,Ct,, andCgpps are of comparable size and also differ slightly from one another—see Fig. 6 and Table |.
similar temperature dependence and, therefore, the apparefhtese differences iy(H) probably reflect a superposition of
small maximum iny(H) might result from an error in the effects caused by both th€O isotope substitution fot®0
representation o€y, . For example, by the assumption that and by the many parallel-processing cycles that were neces-
A=0. However, fitting the data with/kg=1 K, rather than sary to achieve'®0 homogeneity. For sampla1E[*0]
0, did not change the rms deviation or any parameter values=0.30 (m*/m,=1.30), and for sampl&2E[%0] A=0.34
significantly, nor theH dependence of(H). (m*/my=1.34). These differences inare nearly within the
Band-structure calculatioffs?® have been made for standard errors and may not be significant; however, K¥esin
Lag 6/Ca 3gMNO; using both a ferromagnetic cubic perov- has recently predicted that substitution'8® for 10 in the
skite and a ferromagnetinma structuré®° that was re- manganites will cause @decreasén y(H) of about the mag-
fined by neutron measurementslt was established that nitude observed—see Table I.

A. The Cgpps(H) component
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B. The Cy,,(H) component ST T T T T T T T
The spin-wave stiffness constantfor the various global - La, (Ca, ;,MnO,
fits using Eqg.(9) with v are 1692), 1682), and 1662) sl o 030 h
meV A2, respectively, for samples, Al, andA2. Equation 5

(9) with y(H) gives D=155(6) meV & for sample A,
which is also the value obtained from inelastic-neutron
scattering! while samplesA1l andA2 haveD’s of 141(6)
and 1608) meV A?, respectively. A global fit for samplal
with D fixed at 155 meV & produces no change in the rms
deviation, and only small changes in the other parameters =
An average value of the stiffness constant for the five g
samples, usingy(H) in Eq. (9), is (D)=150(9) meV A, St
where the uncertainity is essentially equal to the standarc :
errors. Using thigD) fixed in global fits of the five samples
has a negligible effect on their rms deviations or the values *
of their parameters. Because the stiffness conddaist pro-
portional to T, and sinceT(%0)/Tc(%0)=0.97 for H
=0, there should be a corresponding shifCinFor samples FIG. 7. A(H) vs H demonstrating that the applied magnetic field
A1E andA2E, D(*0)/D(*%0)=142(7)/151(8) 0.945), is in opposition to the hyperfine magnetic field at the Mn nuclei.
which is comparable to th&: ratio, but is also well within
the standard errors of thB’s. Because of the strong co- M ,=3.6MN,ug=20.4kGcnimol™! (in Gaussian units
dependency of the various parameters, the agreement yghich produces a constant demagnetizing field. Approximat-
probably accidental, especially since the spread in the fittethg « by the value for a sphere, the correction giveg,
values ofD for samplesA, A1, andA2 is 19 meV X. =H-0.25T. AsH increases H,(H) decreasesndicating
Evidently, the additional processing cycles of samplesan antiparallel alignment of the intrinsic Mn hyperfine field
ALE and A2E, and the exchange ofO for *°0, has no  H, (0) with respect to the fieldsl andH,. The straight
significant, or very large, effect d@,(H). The good agree- line is a least-squares fit of the data to the equation
ment of D obtained from inelastic-neutron scatterihgyith
that derived from global least-square fits to the specific-heat Hpyp(H) =Hpyo(0) + BHiq. (12
data for all five samples provides further evidence of the

L : hereH,,(0)=36.1(2) T andB=—1.1(1).
accuracy of the data and the validity of E§) with y(H) as w hyp ;
the proper fitting expression to use in the analysis. Nuclear-magnetic-resonancNMR) measurements are

reported for Lg¢Ca 3MnO; in fields to 6 T3 The source

of Hyy(0) is primarily from core polarization by the Mn

magnetic moments, with contributions from other sources
The A(H) parameters, derived from the global fits of the being negligibly smalf2 Only a single narrow resonance line

specific-heat data, provide information about the hyperfine

~
T

Sample A (°0)
Sample A1 (*°0)
Sample A2 (*°0)
Sample A2E (*°0)
: Sample A1E (*0)
|l —— Guide to the eye

) (mJ K mol™)
T

® 60O

H(T)

C. The Cpy,(H) component

magnetic field at thé€Mn nuclei. >*Mn is the only naturally BT T T T T T T 1
occurring isotope f=1) with a spin I=5/2 and uy P La, ¢:Ca, ;,MnO,
=3.461, which givesG=6.221x10 *mJKT ?mol ™. It 36 _9 © — H (H)=H,(0)+BH,]

follows from Eq.(1) that H, (0)=36.1Q)T

12 Hr p=-110)
Hiyp(H) =[A(H)/G]™ (10 Wl H,, =H- oM,V
Figure 7 is a plot ofA(H) vs H for all five samples. There aM_/V=025T

does not appear to be any systematic deviations among th

five data sets, which have a maximum spread-8f4 for a | DO sampleA(%0)
givenH, with a maximum deviation from the curve through sl 0 O SampleAl(¥0) |
them of~3%. This provides proof that whatever the cause of | O Sample a2 (*0)
the d(astic c_hanges in the specific heats of sanplds and 2 L & Sample A2E (0) N
AZE it had little or no effect orCy(H). | 1 @ SampleAlE("0) |

Using Eq.(10) allows Hy, ,(H) to be calculated, and the Py I N O S S S S S SR
results are plotted in Fig. 8 as a functiontbf,, the internal o 1 2 3 4 5 6 71 8 9
magnetic fieldH;, is given by H, (D)

Hin=H—aM/V, (12) FIG. 8. Hpy(H) vs Hi, whereH;y is the internal magnetic field

resulting from the application of a demagnetization correction to the
where « is the demagnetizing factoM the magnetic mo-  applied field. The straight line represents a least-squares fit to all the
ment, andV the molar volume. FOH>0.5T, in the range data, and demonstrates thatandH;, are antiparallel tdHy,,,(0),
1-12.5 K,M is essentially constant at the saturation valuethe field at the Mn nuclei resulting from core polarization.
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is observed at temperatures in the range 4.2 to 250 K. 0.17
Hpyp(0) is 36.3 T at low temperatures, which is in very good ¢ 6 | La, (,Ca, ,,MnO .

agreement with the value derived from the specific-heat data oA Sample A2E [70]
36.1(2) T. In applied fields the spin-echo resonance fifes
are shifted towards lower frequencies with a slope of .~ 014}

B=—1.4 indicating an antiparallel orientation of the Mn hy- g . e ALE[O
perfine field withH. The value=—-1.4 is in reasonable 1, ample ALE [70]
agreement withB=—1.1 derived from the specific-heat data. 7 %!2

The nearly congruent,(0)’s and thesimilar shift in

Hpyp(H) with H, is additional evidence that the specific-heat

data are accurate, and that the E).fitting expression with

v(H) is valid. 0.09 1
The single narrow resonance line observed in the NMR g8

measurements can be satisfactorily explained if the hop- S o

ping time , of the carriers in the double-exchange coupling o1l 2 3 4 s 6 7 % 9 101 12 13

is much shorter than the period of the Larmor precession, T(K)

7., of the Mn nuclear spins(If 7,>7_, a broadened or

different environments for M and Mrf*.) When 7,<r_ due to the multiple parallel-processing cycles used in]f:’ﬁ_lilgo

the Mn nuclei are subject to an averaged hyperfine field?XChE”gl?nghe 'OV:"temperatw’gcre,a;err‘]thef 'amﬁe Sp?c'f";fé‘gat

corresponding to an average RiMn** state, and a result- '°f the O sample, compared with that for the refere .

ing single-resonance peak. There is, however, another DOSﬁgmple’ isoppositeto that expected for the isotopic oxygen substi-

bility. Zero-field NMR signald® have been detected well Uio™

aboveT -, which are interpreted as providing direct evidence .
velc, Wh merp provicing ¢ g CiatandC(H) for samplesA1E andA2E also differ. The

for the presence of magnetic polarons. A recent th€of i o for th les is in th itedi
magnetic polarons/bipolarons describes the polaron as coffiiereénce inCyy for the two samples is in theppositedi-
sisting of two adjacent MH ions bound by @ hole (+) in rection of that expected for the isotope effect resulting from

the oxygen band, with the net spin of the two ¥nions the 1_80/160 exchange_. At low temperatures, in fﬁ%r(_egion,
antiparallel to that of thg hole. The polarons are dynamic Ciat i related approxmate?.;r?to the massesnf;) making up
and move throughout the lattice involving all of the #n the sample by the proportionality

ions. In this theory all Mn have the same valence and sur-

roundings and, therefore, a single NMR resonance line. Cra Y, (My)¥2(MW)32 (14)

Clat/T3

D. The C,;; component For samplesA1E and A2E, the ratio C,{ ¥0]/C [ *°0]

_ 2__ H H
The harmonic-lattice coefficienf; andBs from the glo- _(212'35/2(1)87(')253/ =1.037, an expected-4% increasein
bal fits are listed in Table I. Also listed are the Debye tem-Crat for the material, as opposed to the obsend

peraturesd,, calculated using creasein the C4 ratio. This ratio varies monotonically from
P 7% at 1 Kt01.2% at 12.5 K where dispersion, measured by
Op=[(12/57*RN,/B3]*3, (13 the T° term, is becoming increasingly important. Apparently,

) _ those modifications resulting from the multiple processing
whereR s the gas constant ard, the number of atoms ina cycles have masked the isotope shiftdp, at low tempera-

formula unit. Figure 9 is a plot 0€,,/T® vs T, whereCias  tires, although it appears to be present in the high-
was calculated usin@; and Bs obtained from the various temperature specific-heat ddfa.

fits. Within the statistical uncertainty of the fits, sampkgs
Al, andA2 have the same specific heat. On the other hand,
Cia—and the totalC(H)—for samplesA1lE and A2E are
drastically increaseth softening of the lattice modeS'hese The specific heat of a near-optimally doped polycrystal-
large changes i€, for the O-exchanged samples are prob-line sample of LggCay 3gVInO;, with To= 265K, was mea-
ably related to the additional processing, which could resulsured in the temperature rangesI<32K for OSH<9T.

in altering of the microstructure that is related to the separaAn excellent global least-square fit to the data is obtained
tion into ferromagnetic insulating and percolation-connectedising four components: hyperfine, EDOS, ferromagnetic
conducting phasé$below T¢. The T2 lattice component is  spin wave, and lattice terms in the fitting expression. Both
affected more than th@> component and in the opposite the hyperfine and spin-wave contributions are in quantitative
direction. A 1 K there is a~50% increase iIC,; compared agreement with NMR (Ref. 33 and inelastic-neutron-
to a~23% increase at 12.5 K. TH&, parameter isncreased  scattering results: respectively. This agreement supports the
by ~50% whileBs is decreasedy ~12%. This implies that validity of both the data and their analysis. Fbr= 0 there is

it is the long-wavelength acoustic phonon modes thagtn enhancement of the band-structure ED@Sf. 28 by a
changed the most as a consequence of the multiple procedactor of 1.25. The EDOS contribution is magnetic-field de-
ing cycles. pendent, which is predicted theoreticafty

V. SUMMARY
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because of electron-magnon coupling. sary to produce’®0 homogeneity are responsible for these
Specific heat was measured for two pieces cut from thenodifications, probably related to variable microstructifes.

original °0 parent sample after multiple parallel-processingThis extreme sensitivity to processing serves as a warning of

steps to produce matchingo and*®0 samples. Ferromag- the inherent hazards associated with the comparison of pa-

netic spin-wave and hyperfine parameters are the same fesmeters obtained from different samples.
the parent sample and these two samples to within their stan-

dard errors. The lattice specific heat of th%® reference

§ample was a little Iargt'er' than tﬁ% sample, whic_h is10t ACKNOWLEDGMENTS
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