PHYSICAL REVIEW B VOLUME 59, NUMBER 1 1 JANUARY 1999-|

Specific heat of Ng :Srg 3dMinO4

J. E. Gordon
Physics Department, Amherst College, Amherst, Massachusetts 01002
and MSD, Lawrence Berkeley National Laboratory, Berkeley, California 94720

R. A. Fisher, Y. X. Jia, and N. E. Phillips
MSD, Lawrence Berkeley National Laboratory, Berkeley, California 94720

S. F. Reklis
Physics Department, Amherst College, Amherst, Massachusetts 01002

D. A. Wright and A. Zettl
MSD, Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 9 September 1998

The specific heat of the colossal magnetoresistance materigBlglsgMnO; is reported for 0.3§T
<280K,H=0 and I=T<120 K, H=9 T. The results include a Schottky-like specific-heat anomaly for the
Nd ordering, an “attenuation” of the Mn ordering anomaly, and@-dependent “linear term,”y(T)T. This
unusual combination of features is interpreted as arising from an interaction between the Nd and Mn spin
systems. The expected magnetic entropy is recovered only if a contribution fropf Th€ term is included.
[S0163-182609)03501-9

It is almost a half century since Jonker and Van Santenunusually highT for Nd-Nd exchange interactions, produc-
studied the magnetic properties of the mixed-valent peroving a Schottky-like anomaly, which is suggestive of an ef-
skite manganites and discovered that in some of these matéective molecular-field mechanism. Furthermore, the
rials ferromagnetic(FM) ordering was accompanied by a anomaly accounts for only-85% of the expected entropy.
metal-insulatoMI) transition with the magnetically ordered (2) At low T there is ay(0)T term that is strongly enhanced
phase showing metallic properties. However, the current inrelative to that in LgSraMnO5,° and which makes a sig-
tense interest in these manganites dates from the recent digificant contribution to the entropy3) The anomaly af . is
covery of their “colossal magnetoresistanc€®MR).2 Since  broadened and attenuated relative to those in CMR materials
that discovery there have been many measurements of othetth La in place of Nd, e.g., Lg/Ca 3MnOs.” As shown
properties, but relatively few of the specific hé&). There by a comparison with LaG®,, NdCwO,, which differs
have been only a few measurements that characterize tHwth magnetically and structurally from NSMO, exhibits the
specific-heat anomaly at the FM ordering temperature of theame three featurésuggesting that they may be even more
Mn spins (T,) and no detailed analysis of those data to ob-general. A preliminary report of the results has been given
tain the entropy associated with the ordering. The anomalyzlsewhere?.
gives the impression that the entropy change feanay be The specific-heat data, obtained using a semi-adiabatic,
substantially less than expected. However, measurements teat-pulse technique below 30 K and continuous heating
CMR materials have pointed to the existence of magneti@bove, had a precision ef0.1% and an accuracy ef0.5%.
polarong* and spin complex&swvell aboveT,, which would A sharp, double-peaked anomaly near 43 K, precisely similar
contribute to this entropy. At lowl there have been even to that in MO, (Ref. 10 showed the presence of 1.5 mol %
fewer measurements &, and there have been no measure-MnzO,, and the data were correspondingly correcfe@ihe
ments in magnetic fieldéH). In this paper we report mea- data were analyzed as the sum of six contributionS:G,
surements ofC for Nd, _,Sr,MnO; (NSMO), x=0.33, from  a contribution from the crystal-field levels of the Nd ions,
below 1 K to well aboveT, for H=0, and at lowT for H  calculated from the level splitting for Nd in NdBaw;0;*2
=9 T. Our analysis of the data accounts fe5% of the Cyy, the lattice contribution,C,,,=DT 2, the hyperfine
expected spin entropy for Nd and Mn, and suggests that angontribution; Cs¢,, a broadened Schottky-like anomaly that
contribution above 280 K from polarons or complexes mayincludes the major part of the entropy of the Nd spin system;
be small. Chmag: @ term that includes the major part of the entropy of

The results also show evidence of a previously unrecogthe Mn spin system; ang(T)T=y(0)[1—(T/To)?]T (T,
nized interaction between the Nd and Mn spin systems that is- 280 K, see beloy a term that arises primarily from inter-
relevant to understanding the properties of CMR materialactions between the two spin systems, and includes addi-
with two spin systems, and possibly those of other materialsional magnetic entropy. The major results of the analysis are
with several spin systems. Specifically, three feature€ in not sensitive to the choice of Nd crystal-figlf) parameters.
point to a coupling of the two spin systems that mixes theirThis has been shown by carrying out similar analyses using
contributions to the entropyl) The Nd spins order at an cf parameters for seven other Nd compourids well as for
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FIG. 1. (8 C/T vs T for Nd,_,Sr,MnO; for H=0. The solid T&K)

curve is an estimate o+ Cer) /T. (b) Crnag/ T v T nearT. The FIG. 2. (a) C/T vs T for x=0.33 at lowT for H=0 and 9 T.(b)

tr_langles are esfﬂmates obtained f_rom the magn_e'tization data; ti‘@SCh vs T/H,;, whereH = 10.24 and 19.24 T foH=0 and 9 T,
circles are obtained by an analysis of the specific-heat ata

text respectively. The points represent experimental data from which the
ext).

other contributions have been subtracted; the curves represent the
Schottky-like fits described in the text) C/T vs T for T<3 K and
C=0. Each of these analyses gave essentially the same=0. The squares represent experimental data from whighhas
result for C,q. This insensitivity of the derived,,g and  been subtracted; the associated curve represents a fitfdr5 K
associated entropy comes about because changes in the astrapolated to 3 K.

sumed C produce compensating changes in the higher-

order terms inC, that are obtained by fitting the dateee  to sufficiently low T. Data forH=0 and 9 T, and 1&%T
below). Consequently, the sunCg;+C,,), which is all that <37 K, corrected forC, were fitted simultaneously with
is relevant to the determination Gf,,qand ¥(T), is essen- an expression that includeg(0)T [with the ¥(0)’s fixed at
tially unaffected. Similarly, neither th&® term in the low- their low-temperature valugsthe two leading terms in this
temperatureC,,; nor ¥(0) depends upon the choice 6f;. high-temperature “tail” of two-level Schottky anomalies,
Features irC that correspond to some of these contributionsand fourH-independent terms of the for®,T", n=3, 5, 7,
are evident in the plots a&/T vs T for H=0 in Figs. 1a) 9 to represenC,;;. The well-determined, low-temperature
and Za). The peak at-3 K in both figures is associated with (0) values were used since the contribution of t@®)T
Csen; the peak at~205 K in Fig. Xa), where data forx  terms in this higher temperature intervakid5%. However,
=0.21 and 0.28 are included for comparison, is associatedllowing the y(0)’s to be variables in the fit did not signifi-
with Cy,ag; the upturn inC/T below ~0.6 K in Fig. 2a) cantly affect the values of the other parametérsor 1.5
[omitted in Fig. 1a)] is associated witlCy,,,. The data were <T<20K and each value oH, C—Cpy— y(0)T—(Cy
fitted in several different intervals af with procedures that + C,) was fitted with the sum of two Gaussian-broadened
gave continuity of the fits. The fitting procedures and resultsSchottky terms. Two terms were used because the fits below
are outlined in the following paragraphs. Additional detail1.5 and above 11 K gave high- and low-temperature
and more complete results fee=0.21 and 0.28 will be given Schottky “tails” corresponding to different level separa-
elsewheré! tions.

Analysis of low-T data.The data forH=0 and T The hyperfine terniChe hyperfine constanB, is the sum
<1.5K were fitted with an expression that includé€g,,, of contributions from Mn and Nd nuclei. For j.g51 MnO;
v(0)T, and the low-temperature “tail” of a Schottky specific-heat dafagive Dy,=8.7 mJK mol'l and NMR
anomaly, givingD=10.0=0.5mJ K mol! and y(0)=25 result$* give 8.2 mJ K mol'. For H=0, Dyq4 for NSMO
+1mJK?2mol Y. (The contributions ofC andC,; are can be estimated asDyg=(D—Dy,)/0.67~3 mJK
negligible in this temperature intervai similar analysis of ~ (mol Nd)~2, which is comparable to values reported for Nd
the 9-T data gave/(0)=22+1mJ K 2mol~%, but no reli- in other environments. Fad=7 T, D=6.8 mJ K mol' %,
able value oD was obtained because the data did not extendmplying that for Mn the hyperfine and applied fields are
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oppositely directed, in agreement with the NMR trarily, the T dependence of(T) was represented by(T)
measurement¥’ =y(0)[1—(T/Ty)?], with T, taken as 280 K~ 1.4T., and
The neodymium Schottky-like ordering anomali€se  the upper limit of the datd.Another obvious choice fof
shape of the anomalidsee Figs. @) and 2b)], and the would beT,, but it would not take into account a possible
relatively high temperature at which they occur, suggest thatesidual Nd-Mn interaction abov&. (Ref. 14.] With the
the Nd moments are primarily ordered by a molecular-fieldcalculatedC,,q and ¥(T), Cj, Was obtained fronCp,=C
like interaction rather than the usual Nd-Nd exchange inter—C— Cmag— ¥(T)T for the intervals 3&T<150K and
action. From the temperatures of the maximeCig,,, 4.44  250<T<280 K, omitting a region near, in which the ap-
and 8.34 K forH=0 and 9 T, respectively, the effective proximation forC,,, might be less accurat€.,; obtained in
molecular field H ) at the Nd sites can be estimated if it is this way was interpolated through the omitted region by fit-
assumed to be unchanged by the applied field. A field willting with a harmonic-lattice approximation plus a dilatation
split each of the five crystal-field doublets, but only theterm?! with six adjustable parameters, to obtain an expres-
ground-state doublet need be considered atTow-the ef-  sjon forC,,, for 30<T<280 K. The derived,,; was in good
fective moment of the Nt ions in the ground state js, and agreement with that obtained in the Iowfit and, together
the splitting of the doublet ia,=2uH«0) for H=0 and  with the other terms i, it gave an accurate representation
Ag1=2u[H(0)+9] for 9 T, then the mean value@n  of the experimental data in the two temperature intervals in
average over all directionsare H,#(0)~10T and u which the data were fitted. Its validity, as well as that of the
~0.8ug. This value ofu is smaller than the free-ion value calculation ofC.,g, is also supported by the agreement of
of 3.3ug, but similar to 0.8%, obtained for the N& mo-  the calculatedC ,5g With Cpag=C— (CiatCe) = ¥(T)T in
ments in NdCuQ,.*® In Fig. 2(b) the 0- and 9-T anomalies the region omitted from the flisee Fig. 1b)].
are plotted versu$/H ,;, whereH ;= 10.24 and 19.24 T for Since the sum@,,;+ C) is insensitive to the choice of cf
H=0 and 9 T, respectively. The fact that the two sets of datgparameters, the derived contributions to the magnetic en-
are virtually identical, unlike that for N€uQ,,*® indicates  tropy are also only weakly affected. The assumption about
that the Nd-Nd interaction is small compared to the Nd-Mnthe form of y(T) is a source of uncertainly, by{0) is well-
interaction. It also lends support to the method for calculatdefined and any plausible change in thelependence that
ing Hy¢, as well as to the values fo(0) in the two applied left y(T)~0 for T~T, (or somewhat highgrwould not
fields, and to our lowF representation o€,,;. The anoma- have a large effect on the entropy.
lies for bothH=0 and 9 T give~85% of the expected Contributions to the entropy of spin orderingheoreti-
entropy of ordering of the Nd moment4S,4=0.67R In 2.  cally, the entropy for independent ordering of the spins is
However, the missing entropy appears to be recovered aSy=ASyg+ASy,=16.6J K mol™?, where  ASyq
part of that associated with thg T) T term (see below. =06MRIn2=3.8 and ASy,=0.6MRIN5+0.3RIn4
¥(T)T term.Because NSMOx=0.33, is metallic forT ~ =12.8JK*mol™* (for x=0.33, 2/3 of the Mn ions are
<T., a conduction-electron contribution of the forpd0)T Mn3* with spin S=2 and 1/3 are Mi" with S=3/2). The
is to be expected. However, tH¢=0 value of 40), 25 area between the data an@ (+Cg)/T in Fig. 1(a), the
mJK 2mol™?, is eight times larger than that for experimental value of the spin entropy at 280 KAS,,
Lag /Sty MNO5.% The effect ofH on y(0) [(0) decreases =15.7 JK1mol™, 95% of ASy,. It is the sum ofASgg,
with H] argues that it is not a simple conduction-electron=3.3,ASy,5= 7.7, andAS,=4.7 J K1 mol™%, derived from
effect. As noted above, there is alsoy40)T term in the  Cgep, Crag, @and y(T)T, respectively. It is difficult to esti-
specific heat of NdCiD,,® which is nonmetallic, and which mate the uncertainty iA S, quantitatively, but a reasonable
shows features in the specific heat associated with Nd and Quuess is+10%, of which only~1% can be attributed to the
ordering similar to those for Nd and Mn in NSMO. For these choice ofC. The magnitude of the contribution oS, of
reasons it is reasonable to assume that in NSMO, as ithe y(T)T term inC, AS,, is noteworthy. Evidently, a sig-
Nd,CuGQ,, ¥(T) is largely magnetic in origin, and that it nificant part of the expected Sy, appears imS, .
should decrease a—T.. Related features in the specific heats of other materials.
Analysis of higher-T dataThe data in the vicinity off. ~ The combination of the three features associated with the
appear to show an unexpectedly small value for the entropgrdering of the spin systems reported here for NSMO, and
change arising from Mn ordering. An estimate, obtained asilso observed in NdG@,,® [the broadened Schottky-like
the area between the anomaly@iT nearT. and a smooth anomaly for the Nd ordering, thg(0)T term, and the broad-
curve passing through the data belevt75 and above-235  ened anomalies for the Mn and Cu ordeflifias not been
K, gives only ~10% of the expected entropy. Similar dis- recognized in other materials. However, several other sys-
crepancies can be inferred from data on other CMRems show similarities to the first or to the first two of these
materials’'®~*8 The shape of the anomaly i@/T notwith-  features. Two cases in whici(T) T terms make significant
standing, it is reasonable to expect that the magnetic entropgpntributions to the magnetic entropy have been suggested
including that of short-range order that typically exists well recently, although the/(T)T terms differ in detail in physi-
aboveT,, is recovered over a substantially wider interval in cal origin from that reported here. For {8Ca, 3dMnO;, a
T.1°To obtain a more realistic value AfS,,, it is necessary CMR material with a Ml transition aT., it has been sug-
to extend the separation of the various contribution€tm  gested that the conduction-electron contributiorCtonvhich
the data above 37 K, the upper limit of the IGwanalysis. would disappear af., should be taken into account in cal-
To that end,C,,,q Was calculated from magnetization data culating the magnetic entropyFor SrRuQ, a metallic fer-
using a mean-field-like approximatitand, somewhat arbi- romagnet, it has been suggested that the very high value of



130 BRIEF REPORTS PRB 59

$0) reflects a spin-fluctuation enhancement, and the assoodf this general type must be involved in NSMO, but any
ated entropy should be included in the magnetic entropy aattempt to apply either model in detail would have to take
T..% into account the structural and magnetic differences between
Both a broadened Schottky-like anomaly for the Nd or-the two materials.

dering and, fox#0, a largey(0)T term have been observed =~ Summary.The specific heat of Ngh7Si 3MNnO;3 shows

for (Nd,_,Ce)Cu0,,% but the Cu ordering has not been unusual features that are interpreted in terms of a Nd-Mn
studied calorimetrically. In that case, howevefD) is as €xchange interaction that couples the orderings of the two
much as two orders of magnitude higher than for NSMO. ASPIN systems, modifies the form of the specific-heat anomaly
recent theoretical calculatiéh accounts qualitatively for associated with each, and produces a teffi) T that also
both of these features as observed in {N@€e)Cu0,. An- contantes to the magnetic entropy. Within t_he experimental
other modeP directed to an interpretation of the0) values uncertainty, the total expected spin entropy is accounted for.

accounts for the very large value observedXer0.15 on the This work was supported by the Director, Office of Basic
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