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The specific heat of a single crystal of the layered perovskite,dgagMn,0O; has been measured for 83
<T<290K. A high, narrow peak associated with the ferromagnetic ordering of th& Mn*" ions is
observed to have a maximum @at=115.57 K, in agreement with magnetization, neutron scattering, and
resistivity measurements. A second, hysteretic, peak at 260 K is also observed. An estimate is made of the
substantial magnetic entropy removed by cooling the crystal from 290K, td S0163-182@9)11533-9

Moritomo et al. showed that a single crystal of the lay- measuring the heat capacity of a 385-mg sample of high-
ered compound LgSr gMn,O; (2dLSMO) exhibits colossal purity copper as well as by making measurements at differ-
magnetoresistancéCMR).! 2dLSMO, which is ann=2 ent heating rates. Changing the heating rate by a factor of 2
member of the Ruddelesden-Popper serieglid not affect the data. These measurements gave results
(La, Sr),.1Mn, 03,41, is thought to have quasi-two- within 1% of the published results for CfiThe heat capac-
dimensional magnetic characteristics below the ferromagity of our 2dLSMO crystal is~3 that of the copper sample.
netic (FM) ordering temperaturel., because the FM, me- Thus, the data for the crystal should have an accuracy of
tallic sheets are separated by nonmagnetic, SrO insulating3—4 %, even though the crystal-heat capacity was only
barriers. The chemical formula can be represented in the f&—9 % of the total measured heat capa¢ggmple plus ad-
miliar form: Srq La; —, SrMnOs], . Single crystals of this denda over the range of the measurements<@3<290 K.
material have also been grown at Argonne and have beehhe results foflT <147 K are shown in Fig. 1, both &vs T
used in neutron-diffraction studies of structural response dtFig. 1(&] and asC/T vs T [Fig. 1(b)]. For clarity only, a
the phase transition as well as for magnetic and resistivitgmall fraction of the actual data are included in these and the
measurements.’ These neutron studies have provided evi-other figures. The temperature at which the maximum in the
dence that the magnetic correlations are two dimensionadpecific-heat anomaly occurs,115.6 K, is consistent with a
above T., and are ferromagnetic although influenced byCurie temperature] .~116 K, obtained from the observed
competition with antiferromagnetic interactiotd.Specific- ~ onset of the spontaneous magnetizafidine anomaly has a
heat measurements can offer additional support for the viewhape similar to that observed in specific-heat data on
that the two-dimensional2D) character of 2dLSMO is an La;;_, CaMnO; (3dLCMO) for x=0.2 (Ref. 11 and
important determinant of the compound’s magnetic proper0.33!? although those CMR'’s, unlike the 2dLSMO, are
ties, since specific-heat data on other 2D FM materials corthought to be three dimensional in character.
firm theoretical predictions that a larger fraction of the mag- Because of the narrow width of the 2dLSMO specific-heat
netic entropy is removed abovie in the 2D than in the 3D anomaly, attempts to fit the data in the region below 147 K
case’ Specific-heat data on 2dLSMO can also be importantire not strongly dependent upon assumptions concerning the
in establishing whether the transition is truly second order, & dependence of the lattice specific h€gf in this region. It
question that arises because there is some evidence that tiseadequate to represe@y,; as being linear inT, or in the
2D correlation length does not diverget.” As discussed reduced temperature, wheree=T/T.— 1. Rather surpris-
below, the specific-heat data show that a sizable specific-heatgly, it was found that the data could be represented reason-
anomaly is present and is consistent with, but not unambiguably well [see the fit in Fig. (@] by C=C3+ Cpag=(Lo
ous proof of, a 2D phase transitionBt~115.6 K. The data + L&)+ A,/(e?+ 6%). That is, the magnetic anomaly is ap-
also reveal the existence of a hysteretic transition260 K.  proximated by a Lorentzian function with amplituég and
In addition the specific-heat results make it possible to estihalf-width 8. T, and the constants,, L;, Ay, and s are
mate the magnetic entropy removed by cooling the samplebtained from a nonlinear least-squa(®4.S) fit to the data.
from room temperature te-80 K. While a theoretical interpretation of this empirical Lorentz-

ian representation of the magnetic anomaly is pos<ite

below), it is important to examine the data for evidence of
SPECIFIC HEAT RESULTS critical behavior, especially since recent neutron-scattering

data on the crystashow that belowl,, M varies age|” for

We have made specific-he&C) measurements on the 0<|e|<0.1, where=0.13+0.01 andT,=111.7-0.2K.
same 120-mg single crystal from Argonne that was used in &his is the predicted value for the critical exponghfor a
number of the other studiés’ We employed a continuous 2D lIsing ferromagnet, even though the magnetic fluctuations
heating(typically 5—10 mK/segtechnique that was tested by observed by neutron scatterfifgindicate that the system is
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e=T/Mg-1
FIG. 1. (@ C vs T for Lay ,SihgMn,0,. The solid line is ob-
tained from an empirical fit to the data of the for@=C;

+ Cnag: WhereC 4 is a Lorentzian function of the reduced tem-
peratures =(T/T.—1). See text for detailgb) C/T vs T over the
same temperature range,<85<<147 K. The dashed line i€, as

obtained from the same fit.

FIG. 2. (a) Cvs log,ge|. The solid line passing through the data
for T<T, is obtained by fitting the data for 85T<147K to C
=Aln[g|(1+Ble[)+Ko+Kye. See text for details(b) Cpag VS &
where T,=115.57-0.08 K andC,,= C—Cjy. The solid line is
obtained by subtracting the same estimate ©f;, from C
=AlIn|e|(1+Ble[)+ Ko+ K;e.

in the 2D-XY class, a class for whicp is undefined except ~0.03(i.e., for logde|=< — 1.5), they obviously depart from

by numerical finite-size scaling calculatiotisNevertheless, .
a linear dependence on Igp:| as |e| decreases below

the experimental value of3 is consistent with the two- . :
dimensional nature of the transition. In the 2D-Ising modeI.NO'Ol' This departure can be understood in terms of a spread

the critical exponent for the specific heat, should be~0. In T values over the sample. ‘!’he line through' the data in
In this caseC.. . can be written Fig. 2(a) was calculated assuming the sample is character-
mag

ized by a Gaussian distribution T, with a “half-width” of
1.3 K. This assumption is consistent with the neutron-
Crmag=Cer(1+Ble[)+D, @ scattering data usedqto obtain the value for the critical expo-
where C,;, can be represented either Byin|e| or by (A/ nent ,8,.7 pro.vid.ing.the latter arel4also analyzed a§suming a
@)(|e|*—1), two forms that are equivalent in the limit Gaussian distribution of . values.” Such an analysis hardly
—0. So long ax>0, the term (1 B|¢|*) on the right side alters the value oﬁ, but change_s'l’C from 111.?_FQ.1 K to
of Eq. (1) represents a nonsingular correction to scaling113-1+0.1K and gives a half-width-1.6 K. Similarly, as
Clearly, for sufficiently smalle|, Cy is constant ane o _Flg. 2(a) shows, the s_pecmc—heat data are essentially linear
—Cyy+D. Therefore a graph of the measured specific heat? 10did#| over the interval—0.15<e<~-0.01, and are
C vs either Ife| or logge| should yield a straight line. For therefore gon3|stent with the neutron-scattering re.sults.'How-
larger values ofe|, departures from linearity will result from ©€Ver, as Fig. @) also shows, the data fdr>T, are linear in
the correction term as well as from the temperature deper99ide| only over a small interval. This result may indicate
dence ofC,,. For sufficiently largée|, Eq.(1) will no longer 'lt)heall:)\(,:vorrectlons to scaling are more important abdy¢han
apply. :
pFI)t)\//vould be surprising in three dimensions, but not in two  For T<147Kiit is possible to carry out an NLS fit to the
dimensions, to find a critical region that extends to as high &lata of the form
value of|e| as 0.1. In fact, since the neutron-scattering results
belole |show thatM «<|&|# for |¢|<0.1, we might egpect C=Aln|e|(1+Ble[) +Ko+Kye. @
that C,gcan be described by E¢fl) for |¢|<0.1. Aplot of ~ The value ofT., as well as values of the constants, are
C vs logyge| for |e|<0.27 is shown in Fig. @). Although  obtained from the fit and are listed in Table I. In the fit, the
the data fore<0 ande>0 very nearly coincide fofe|< values of the constanss, B, Ky, andK are allowed to take
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TABLE 1. Values for the constants i€=A In|e|(1+B|e[*)+Kq 18—
+Kie, where e=T/T.—1. Fits to the data(see text give T, < - - T ,
=115.57+0.08 K. A, B, K, andK; have units of Jmol* K™, 16k s ]
e<0 (T<T,) >0 (T>T,) T s g
A ~20.32+0.25 —25.65-0.36 g £
B 0.0+0.3 —4.18+0.19 =12 N
Ko 80.71£0.95 237.59.1 o
Ky 52.90+2.97 32.5214.03 10
X 0.22+0.01
08 . ] L 1 L 1 1 i I i L 1 L i L 1 1 1 I L L
100 150 200 250 300
on different values above and beldly, whereasx is as- TK)

sumed fixed over the entire region. It is of interest to note FiG. 3. (a) C/T vs T for 83<T<290K. The solid line is an
that the fit givesB=0 for T<T.. The term Ko+K¢) con-  estimate of C,,, obtained from Ref. 15.(b) Entropy [S(T)
tains possible contributions fro@,,qas well as fromCiy, —S(83K)] vs T.

hence the allowance for a change in the values of the con-

stants afl .. Allowing K, as well ay, to change al.is  mentally accessible temperature region, 4€|¢|, is essen-
tantamount to assuming that the right-hand side of @J. tially a delta function centered 6F as long as the sample is
contains an additional terrke. Such a term is an additional characterized by a single value Bf. However, if there is a
correction to scaling that becomes sizablgegaéncreases. It distribution inT,, the critical region is broadened. The solid
is not possible to find a unique separation (- K,e) into  |ine in Fig. 1(a) is obtained by assuming that the distribution
lattice and magnetic contributions. However, if we assumes a Lorentzian characterized by amplitudg and “half-

that Ci5=Lo+L,e over the temperature range0.27<e  width” 8. The fit givess~0.02 corresponding to a spread in
<0.27 (85<T<147K), we can use the values fiog andL;  values ofT, of ~*2 K. It should also be noted that a model
obtained from the Lorentzian fit described abdd®2 and  in which C,,,4is essentially a Lorentzian-broadened spike is
149 Jmol 'K, respectively to compare an “experimen- experimentally indistinguishable from a broadened first-
tal” determination of C,3=C—Cjy with the results ob- order phase transition, except that effects of the latter transi-
tained by subtractin€,,; from the NLS fit toC. The results  tion might be expected to show a dependence upon the rate
are shown in Fig. @). As is evident, the fit is reasonably at which the sample is heated through the transition—a de-

good, except in the vicinity ofs|~0, where the experimen- pendence that isot evident in the experiments.
tal peak is rounded. This rounding may arise from sample

inhomogeneities that lead to variationsTipover the sample

volume, as discussed above. Although Figa) and 2b) are MAGNETIC ENTROPY

graphs of the measured and the estimate@,,4, respec- If we assume tha€,,=132+14% Jmol 1K™, we can
tively, they show essentially the same data but emphasizestimate the entropy associated with ferromagnetic ordering
very different temperature regions. of the Mn moments simply by calculating the area that lies

It is also possible to fit the data using the for®  between the anomaly and the dashed curve representing
=(Ala)(le|*—1)(1+Ble[*)+ (Ko+K,e). However, this Cp/T in Fig. 1(b). This area amounts te-2 Jmol *K ™,
form requires an additional fitting parametey,and does not less than 10% of the predicted valugS,,;~2R(0.6In5
noticeably improve the fit. Moreover, the value®tlepends  +0.4In 4=25.3 IJmol K1, While this low value is consis-
upon the temperature region used for the fit. It varies betent with that obtained from similar observations on other
tween a~0.002 (consistent withCIne|) for the region CMR’s,*'21%it is inconsistent with the expectation that
|e| <0.05 anda~0.33 for|e|<0.15, thus giving an overall short-range ordering above, should remove 25% or more
estimate ofa~0.17+0.17. On the other hand, it is easily of the entropy when a magnetic material is cooled from high
shown that the data are inconsistent with an assumption thagmperatures td..'® In order to obtain a more realistic es-
the specific-heat anomaly arises solely from 2D or 3Dtimate of the magnetic entropy, it is necessary to have an
Gaussian fluctuation effects. It is somewhat surprising thaalternate method for estimating,,; for 2dLSMO. Lacking
the value ofT. obtained from fitting the specific-heat data, data for a nonmagnetic analog of 2dLSMO, we assume that
115.57-0.08 K (where 0.08 K is the statistical uncertainty in C,; can be approximated by scaling a recent estimate of the
T. obtained from the f)t differs from the value of 113.1 harmonic lattice contribution t&C,,; for Ndg ¢St 3dMNO3
+0.2 K obtained from a fit to the neutron-scattering ddta, (Ref. 15 with a factor of 12/5, the ratio of the numbers of
although these data, like those in Ref. 5, indicate that the@toms/unit cell for the two compounds and by assuming that
spontaneous magnetization begins to rise from zerd at the anharmonic contributions are the same for the two
~116 K. CMR’s. The results of this approximation @, are shown

We have noted above that the anomaly can also be repré Fig. 3@ where the data an@,, are shown in &/T vs T
sented with a Lorentzian dependencesThis representa- plot for 83<T<290 K. The anomaly in the region 240"
tion can be understood if we assume that the range over ~ <260K will be discussed below. Here we emphasize the
which critical fluctuations exist is very small, say<Qe| fact thatC,,; is essentially the same &5,,05sfor T>260K, a
<10 * In this case the critical contribution in the experi- result that provides the principal justification for this esti-
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mate. The magnetic entropy removed from the sample byhis 260 K anomaly appears to be characteristic of the sample
cooling it from ~290 to 83 K can then be obtained from the and not of the measuring procedure. This behavior correlates
area between the data a@g¢,/T in Fig. 3@). This entropy is  well with recent neutron-scattering measurements on the
graphed in Fig. @). The AS between~290 K andT.is  same crystal which show anomalous increases in the scat-
~12 Jmol*K ™1 or almost 50% of the predicted magnetic tering intensity above 240 K that depend upon the rate of
entropy. sample heating or cooling. The observation of hysteretic be-
This new estimate give€,~120+ 147 Jmol 'K 1in  havior close to 250 K in both the scattering and specific-heat
the temperature regiofe|<0, as compared to our earlier data indicates that this is a bulk phenomenon. It is possible
estimateC,= 132+ 14%. The similarity of these two ap- that the rate at which magnetic entropy is removed by the
proximations means that a calculation 6f,,, from (C formation of magnetic polarons increases markedly in the
—Cy,) With the new estimate will not alter the shape of theinterval 240-260 K. Such an effect could give rise to the
anomaly neafl.. Roughly speaking, the new estimate sim- Specific-heat anomaly shown in FigaB However, it might
ply shifts the results shown in Fig.(® upward by ~12 be expected that evidence for the formation of such polarons
Jmol*K ™%, and therefore increases considerably the estiwould also be present in the static magnetization data, an
mate of the magnetic entropy change in this region. Thuséxpectation that is not supported by magnetization measure-
both the shape of the anomaly and the crude estimate of tHgents on this sampfeThe low-temperature “tail” of this
magnetic entropy removed by cooling from room tempera260-K peak(a slow decrease o€, With decreasingT)
ture to T are consistent with, but by no means unambiguougvould also tend to compensate for a high-temperature “tail”
evidence for, the 2D character of the ferromagnetic transitiof the 115-K anomalya slow decrease & ,4With increas-

in 2dLSMO. ing T), thereby yielding the almost temperature independent
Cnag that can be inferred from Fig.(8 over the interval
HIGH-TEMPERATURE RESULTS 150<T<240K.
At temperatures above 140 K, the sample heat capacity SUMMARY

becomes an increasingly small fraction of the measured heat Specific-heat measurements on a sinale crvstal of
capacity. Moreover, radiational heat leaks between th P . i 9 y .
sample assembly and its surroundings make the continuoj'jfl-zsrl-S'v'nzo7 provide clear evidence for a ferromagnetic

heating technique somewhat less reliable. It is likely thePhase transition W|tﬁ’C~115_.6 K. Except_for_ very smajg],
small “ripples” in the data in Fig. &) in the region 140 where evidence of sample inhomogeneity is present, the ob-

<T<235K are artifacts of the measuring technique, since er\{ed shape of the anomaly i‘e’. consistent with a critical fluc-
smoothly varying function representing the addenda heat cguation pe_ak, pIana)(lY or 2.D Ising. A second, une_zxpected,
pacity and comprising more than 95% of the meas@dxhs anomaly, |s.also ewdent n the tempergture reglo'nQIIO :
been subtracted from the data. Therefore, all uncertaintie<.260 K Th's _anomaly is highly hyst_eretlc, ab_ehawor that is
and systematic errors associated with the continuous heati irrored in diffuse neutrqn-scattermg expenmen';s on the
method appear in a graph of sample specific heat vs temper ame crystal. By subtrqctlng a rough rgpresentatlpxt,gf
ture. Similarly, the apparent rise i6 for 240<T<260K rom the_: data, it can be mf_erred thgt a sizable frgctlon of the
must be regarded with some caution, especially since mulmagfet'04 +eptropy associated W'Fh the ordgrmg O.f the
tiple sets of measurements made in this temperature regiopﬂn -Mn*" ions in La ;Sr gMn,07 is removed in cooling
unlike the data near 115 K, varied from run to run. Theyt e sample from room temperature Tp.
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