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Specific heat of Pgg(Ca;_,Sry)(..MnO; (0=x=<1)
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We present the results of a specific heat study of the(Ba, _,Sr)(..MnO; (0<x=<1) manganite system
as a function of doping concentraticrand temperature. The low-temperature specific heat data indicate that
these materials have Debye temperatures of 333—344 K and reveal the presencEdiypérfine term. For
x=0.25 the samples are metallic ferromagnets at low temperature withlues of 4.5-5.7 mJ/mol ¥
However, naT®? term associated with the presence of ferromagnetic spin waves can be resolved in the data.
As x decreases below= 0.25, the materials become increasingly insulating in character and antiferromagnetic
order is preferred. The=0.0 sample is an antiferromagnetic charge ordered insulator. In this doping regime,
the low-temperature specific heat contains an additional contribution which is attributed to the presence of
antiferromagnetic spin waves. The high-temperature specific heat data clearly show the onset of the charge and
magnetic ordering. The entropy loss accompanying the magnetic transition in each of these materials is much
smaller than expected. This discrepancy is attributed to a combination of factors, including the localization of
charge carriers around the metal-insulator transition which occurs at the Curie tempédraturethe x
=0.25 ferromagnetic materials and the presence of short range magnetic correlations, well above the magnetic
ordering temperatur¢S0163-182809)16001-9

. INTRODUCTION transition’'~1* Replacement of Ca with Sr changes the de-
gree of distortion present within the structure and drives the
Distorted manganese perovskites with the compositiorsystem towards a ferromagnetically ordered state. For 0.15
R;_+AMnO;, whereR is a trivalent rare earth andlis a  =<x=<0.25 there is a coexistence of AFM and ferromagnetic
divalent alkali earth, have recently been the focus of a largéFM) ordering. For 0.25x<1.0 the system is FM and there
number of experimental and theoretical studies because théy a rapid increase in the Curie temperatligewith x.*° The
exhibit a range of extraordinary magnetic, electronic, angend compound BgSr ;MnO; has a Curie temperatufie; of
structural  properties  including  colossal  negative305 K. AboveTc,p has an activated temperature depen-
magnetoresistancecharge ordering,and magnetic field in- dence, while belowl -, the .resistivity falls vyith dec'reasing
duced changes in StructtﬁdDespite the surge of interest in temperature. A large negaglg/fzemagnetore5|stance is observed
these materials there have been relatively few reports on tHd temperatures aroun@lc.™ At 105 K, P Sk./MnOs

specific heat of the doped manganites. There have been sorfd€rgoes a distortion from a high-temperature orthorhom-
high-temperature ~ specific heat measurements o' Pnmato a low-temperature monoclini@/a structure*

o CabnO, (e 48 and N Sian0 (R 7 11 768 L measng e speicnea capaty of
around the ferromagnetic and charge ordering transitions, ©: & —x>h)0.aMNDs SY P 9 P

: ortunity to study a number of the phenomena exhibited by
Some data have alsp' been presented on studies of t?e ICSﬁ'anganite materials, while minimizing the changes in the
temperature  specific  heat of NdSrMnO;,

lattice contribution to the specific heat, which in turn should

8 H — — . . .
La, ,SrMnOs,” La, AMNO; with A=Ba atx=0.33and  make the interpretation of the data more straightforward.
A=Ca atx=0.2 (Ref. 9 andA=Ca, Sr, and Ba witk fixed

10
at0.3. . . Il. EXPERIMENTAL DETAILS
In this paper we examine the temperature dependence of
the specific heatC(T) of some Pgg(Ca _SK)gMnO; Polycrystalline samples of PRPgCa _,SK)q.MnO3 (0

(0=x=1) samples. Although the level of alkaline earth dop-<x=<1) were prepared from stoichiometric quantities of
ing remains constant throughout this series, the two en®r;O,;, CaCQ, SrCGQ;, and MnQ. The starting materials
compounds show very different propertiesq fa, MnO;  were mixed and fired for 12 h at 1200 °C, then reground,
undergoes a charge orderifi@O) transition at 250 K and compressed into pellets and heated to 1350°C for 24 h.
orders antiferromagneticallfAFM) at 160 K. In zero mag- X-ray analysis revealed all the samples to be single phase.
netic field the resistivityp of this material increases with The specific heat measurements were made in the tem-
decreasing temperature; at low temperature the compourgerature range 2 to 20 K using a standard heat pulse-
becomes an insulator. The application of a sufficiently in-relaxation method and from 20 to 305 K using an adiabatic
tense magnetic field at temperatures below 250 K producestachnique. In both experimental set ups, the data were col-
metamagnetic transition into a ferromagnetically orderedected while warming the sample. Magnetization versus tem-
state. This transition is accompanied by a switch to a higtperature ¥ v T) and magnetization versus applied fieM (
conductivity state. At low temperature the field induced de-v H) curves were obtained using a Quantum Design MPMS5
crease inp can be described as an insulator-metalSQUID magnetometer.
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0.15 = T T r TABLE I. Summary of the fitting results for the specific heat
) T=15K . versus temperature data shown Fig. 1 for samples with the compo-
%1‘6 TR sition Pg (Cay_Sh)0.MnO; (0<x=<1). The definitions of the
o k=) ..,0" Lo v coefficients are given in the text. The units are all mJ/mbiK
Mo oo1 b 808 I .°-'”Du'3“v" 6%% wheren is the subscript given next to the fitting coefficient.
v ‘ e LA <
) 0 02505075 1 v opd
g X J,";Dgﬂf,v' s X a,  yx10  Byx10t Bex10  Sx10°
= A
~ g 0.0 28.0 5.50 0.84 1.8ME2)
S 0.25 59.1 4.72 2.38 11.54
05 57.34 451 2.41 10.06
0.75 40.82 5.77 2.62 6.76
1.0 33.3 5.40 2.50 2.29

the specific heat of samples of LgSr,MnO; down to 300

FIG. 1. Low-temperature specific heat from 2 to 15 K plotted asmK and observed a clear increaseG(T) at low tempera-

C/T versusT2. Inset shows the variation in the magnitude of the ture. Writing
specific heatC as a function of Sr doping at a temperaturd R/1+1\[uH 2
=15 K. a=—| —— 1" Thyp
311 kg
Il. EXPERIMENTAL RESULTS AND DISCUSSION wherel is the nuclear spin= 5/2 for Mr™° and u, is the
A. Low-temperature specific heat data nuclear magneton we can calculate the field strehffy at

. i . the Mn site!® We obtain values of around>?10” A/m (see
We discuss first the low-temperature §peC|f|c heat reyapie I). The hyperfine term decreases only slightly as the
sponse of the B(Ca,_,Sk)oMnO; materials. We have  gp contenix increases. In these materials the shifting of the
attempted to model this data by assuming that the total Spgyyclear Schottky anomaly to reasonably high temperatures
cific heatC,y, is made up four distinct contributions by the Hund's rules alignment of electron spins, coupled
with the fact that'®O carries no nuclear moment, should
Cotar= Crart Cetect Crypt Cmag: @ allow the determination of the local magnetic field at the Mn
The lattice contribution Cp,= B3T3+ BsT® arises from sites and provides a means of discerning where the doped
phonons. The electronic ter@ = T is due to free charge carriers are residin@.In this case, the small variations in
carriers.Cyy, is the hyperfine contribution to the specific heat Hnyp indicate a nearly constant number of holes at the Mn
caused by the local magnetic field at the Mn nucleus due t§ites, which is consistent with the constant level of alkali
electrons in unfilled shellsCy,, has been modeled using €arth doping in these materials. o
Chyp=@/T2. Finally Cpaqis the spin wave contribution to ~ Secondly we find that thes values all lie in the range
the specific heaC ;= 5T" where the value of the exponent 4.5-5.7 mJ/mol K (see Table)l These values are in line
n depends on the nature of the magnetic excitations. We notith previous work on similar materials. For exampte,
that the specific heat may also include a contribution from &/alues from 4.4-6.1 mJ/mol Khave been reported for
crystalline electric field CEP splitting of the P?* energy  L8,B&3aMnO;, 5.2—-7.8 mJ/mol R for La, ,CaMnOs
levels. These CEF modes may also couple to, for examplevith ~ 0.2<x<0.33, and 6.0 mJ/molK for
the magnetic excitations. However, there are no featurekdg 7St sMnO3.>% In another study of La ,SKMnOs3,
which can be attributed unambiguously to the population othe inclusion of a hyperfine an@®? magnetic term in the
these CEF levels. Thus the data has been fitted using fitting process produced slightly lowey values of 3-3.5

a TABLE Il. Physical parameters for samples of composition
C(T)= =t YT+ B3T3+ BT+ 6TN. 2 Ply o(Cay _Sh)0.MnO; (0sx=<1) extracted from both the low-
T and the high-temperature heat capacity data.

We consider first the samples which show purely ferromag- T.a H g b 0. ©
netic behavior and are metallic at low temperatures, i.e., (E) (X 1ogyAF:/m) (}D<) (5)
samples withx=0.25. PlottingC/T versusT? for the mate-

rials in this composition rangesee Fig. ] suggests that the 0.0 Ty=160 K 5.34 433
expression given in Eq2) should represent the temperature Tco=230 K

dependence of the data reasonably well. The data were fittedg 25 196 7.76 344 432
from base temperature to 10 K. The values obtained for the g5 235 7.64 342 426
fitting parametersy,y, 83,85,0 are given in Table I. There ¢ 75 262 6.45 333 429
are several points to note. 1.0 305 5.82 339 432

First, even for data sets which only extend down to tem-
peratures between 2 and 3 K, reasonable fits to the data cd8ee Ref. 15.
only be obtained if we include a hyperfine term. This has’Calculated fromg;.
previously been noted by Woodfiekt al® who measured ‘Calculated from high-temperature data.
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mJ/mole K.8 T increases with Sr content from 196 to 305 relation for ferromagnetic spin waves of the foilirDg?

K but there is no clear correlation between the valugahd ~ +A, whereD is the spin wave stiffness constant alds the
Tc. Note that in the double exchang®E) model® Tc is ~ SPin wave energy gap, X is zero, the magnetic contribution
proportional to the effective transfer integtafor electrons 0 specific heat per unit volum€,,q should be equal to
hopping between Mn ions. In the tight binding approxima-kaB(kBT“?)?’/2 whgrecf IS a constant ;//vzhose value depends
tion N(Eg), the density of states at the Fermi energy, isO" the lattice typé. The absence of &< term may be due

inversely proportional ta. So we may expecy to decrease }‘_0 agon '\ieg gap. Al\ndinﬁlastig neutronf scatterinfgﬂsﬂtiudy of
with T. All the Sr rich samples in this studyx&0.25) 8,783 MnO; revealed the existence of a gap of 245

exhibit a low-temperature resistivity which decreases withmev' A gap of similar magnitude m_these mat_erlals would
decreasing temperature. Assuming a linear term in the speb_e sufficient to prevent the ob_servatlon of_a spin wave term
o . ' . at low temperatures. Alternatively, the spin waves may be
cific heat arises solely from charge carriers, we use

o2 ) , extremely stiff. Values foD of up to 170 meV & have been
= (m°/3)kgN(Er) ta calgtilatelﬂgEF). We find N(EF) "?f reportec® This should give a contribution t€ of around
between 1.1510* eV 'mol™* and 1.4K10% eV'' 3 025 JmolK &8 K which is ~7—10% of the total
mol™*. These values are in good order of magnitude agreesignal at this temperature for our FM samples. Although the
ment with band structure calculations, which ga\€Eg)  resolution of the magneti€®? contribution is always experi-
~5.1x 107 eVt mol™* for Lag ¢Ca 3gMn03,%° especially  mentally difficult, given the presence of the linear electronic
given the increased doping level in our materials. term, we feel that a contribution of this magnitude, if present,
Thirdly, we note that the use of @T° term in the lattice  should be revealed by the fitting procedures adopted here.
contribution is required to adequately fit the data, even Forx<0.25, the analysis of the low temperature specific
though the upper temperature limit used in the fitting procesfeat data presents a different set of problems. It is clear from
was only 10 K. Fits from base temperature to 20 K were alsd-ig. 1 that there is an additional contribution to heat capacity
performed and also required the inclusion of3aT® term.  at low temperatures in these samples when compared with
Fitting over this broader temperature range produces slightlfhe x=0.25 materials. The magnitude of this extra contribu-
lower values forB;. However, the agreement between thetion increases montonically with decreasing Sr content and is
fits and the low-temperature portion of the data when fittingmost pronounced for the P4Ca MnO; end compound.
over this more extended temperature range was significantljlote that a similar trend is seen in the data for
poorer. FromB3; we calculate the Debye temperatutg us-  La;_,SLMnO; where the undoped end compound is also an
ing 6p = (127*pR/58;)® whereR is the gas constant aqd ~ antiferromagnetic insulatdrSince PgCa MnO; is an in-
is the number of atoms in each molecule. For all the samplesulator at low temperatures it is difficult to justify the inclu-
fp lies between 333 and 344 K. These values are at theion of a linear term in the expression used to fit the data. As
lower end of the range of Debye temperatures observed fax consequence we have attempted to fit the data to
the La based manganites for which values between 360-530
K have been reporteti® For 0.25<x<0.75 the data curves o
lie very close to one another indicating there are only small CM== + B3T3+ BsT°+ 6T (3
variations in electronic and lattice contributions to the spe- T
cific heat as a function of increasigver this concentration
range. Forx=1.0 the specific heat capacity at temperaturesl he values of the free parameters obtained by fitting the data
of 5 K and above is clearly much smaller than for the othetup to 10 K can also be found in Table I.
ferromagnetic samples in the serisse inset of Fig. X This As expected, the values far, the coefficient in the hy-
is probably due to a decrease in the lattice contribution to th@erfine term, are similar to those obtained for the Sr rich
total specific heat, which results from the change in crystapamples. As regards the lattice contribution to the specific
structure of PyeSr.MnO; mentioned abové’ This de- heat, we find that thaBs is much smaller than the values
crease in the lattice specific heat is reflected in the decreagitained for thex=0.25 samples. Reasonably good fits to
in the Bs fitting coefficient. the data can even be obtained without the inclusion ®f a
Finally, we note that the data can best be fitted withouterm. Whatever fitting strategy is used we see a steady in-
including a magnetic term in the total specific heat. Fits uscrease in the magnitude of tig coefficient as the Sr con-
ing 8T" with n=3/2 orn=2 produce values fos which at  tent is reduced. Ak=0.0, 35 is more than twice the value
best make only a negligible contribution to the specific heaseen for thex=0.25 compound. This seems unusual as it
over the temperature regime investigated and in the worsvould suggest that moving from a Sr doping level of
cases result in unphysical values for some parameters; i.ex0.25 tox=0.0 decreases the Debye temperature from 344
negative values fos and y. In a previous study of ferro- to 263 K. It is hard to imagine how such a small change in
magnetic La_,BaMnO; and La_,CaMnO; materials, doping concentration could soften the lattice so dramatically.
Hamilton et al® were unable to resolve a magnetic contribu- This leads us to conclude that tfié term probably includes
tion in their specific heat data. In contrast, Woodfietcal®  an additional antiferromagnetic spin wave contribution. Note
have included a magnetic’? term in the fits to their specific that for an antiferromagnetic spin wave spectrum where
heat data for ferromagnetic samples of;LgSr,MnO;. =Dgq, the magnetic contribution to specific heat per unit
There have been a number of neutron scattering measureelume C,4is given byc,ks(kgT/D)® wherec, is a con-
ments on manganites in which the spin waves have beestant whose value depends on the lattice &fiEhere is also
directly measured so there seems little doubt that spin wavetke significant addition of @2 term. A previous study of the
are present in this class of material$? Given a dispersion temperature dependence of the specific heat of pure
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FIG. 2. Temperature dependence of the specific heat cafacity 50 100 150 200 250 300
for samples of Ryg(Ca _,SrK)q.MnO; for ferromagnetic(upper Temperature (K)
pane) and antiferromagnetically orderéldwer panel samples. For
clarity, the curves for the=0.5,x=0.75, and= 1.0 samples have FIG. 3. High-temperatur€ versusT curves for several samples
been offset by 20, 40, and 60 J/mol K, respectively. of Pry(Ca_Sr)MnO; after subtracting off a smooth back-

ground. These curves highlight the contributions to the specific heat

LaMnOs, which is also an antiferromagnetic insulator, re-due to the phase transitions for both ferromagnatioper panel
ported a best fit to the data fit which includedaterm®in  and antiferromagnetidower panel samples.
this case a dispersion relation with both ferromagnetic and
antiferromagnetic character was invoked to explain Te ture, give values fod, of between 426 and 433 K. These
contribution. For PysCa, ;MnO3, we suggest that given the numbers are consistent with the values calculated from the
CE magnetic structur¥, the proximity of this material to a low-temperature data, given the temperature dependence of
FM ordered state and the evolution of the magnetic order aép, and are also in line with previously published values of
the temperature increases, it is not surprising that the mag#p for similar materials.
netic contribution to the specific heat data does not follow a Again we first consider the=0.25 materials which order
simple T2 or T3 temperature dependence. ferromagnetically. For each sample, we observe a clear
anomaly in the specific heat versus temperature curve which
marks the onset of long range magnetic order. The tempera-
tures at which these peaks occur agree well with the critical
We now discuss the high-temperature specific heat datdemperatures determined from the magnetization data. Sub-
In Fig. 2 we show specific heat capacity versus temperaturtracting off a smooth background as a lattice contribdtion
curves for samples with=1.0, 0.75, 0.5, 0.25, and 0.0. At we can see more clearly the contribution to the data due to
room temperature the heat capacity for all samples is 102these transitiongsee Fig. 3. Each transition is marked by a
106 J/mol K. which is 4.R. These values agree well with the peak inC(T) around 50 K wide. For the samples with
previous high-temperature specific heat measurements per0.5 these peaks appear to be asymmetric with an additional
formed on this class of materiis and with Dulong and contribution on the low-temperature side of the transition.
Petit's law for a system made up of molecules containingThe magnitude of the jump seen in the specific he@t at
five atoms including three “light” oxygen atonfS.The De- T varies from 15-34 mJ/ mol K which is 1.8—&1This
bye temperature of each sample can also be extracted frooompares with a value of Z3expected from a simple mo-
the high-temperature specific heat data. Unfortunately, théecular field approximatiof? for S=1.85 (assuming a 60/40
data cannot be fitted using a Debye function over the entireatio of Mn®*/Mn**) and aA C of 4.8R given by the double
temperature range studied Ag appears to be weakly tem- exchange modéf The magnitude oAC seems to depend
perature dependent. However, fits over a more restricted tenon the homogeneity of the sample. If we assume that it is the
perature range, or the calculation @f at a single tempera- most homogeneous samples with the large€t which re-

B. High-temperature specific heat data
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60 T T T T T values are obtained for the other FM samples. Although the
« x=05 C(T) curves calculated in this way have the same form as
. i the actual experimental data and give a reasonable value for
a the total magnetic entropy associated with the transition, the
mean field theory clearly over estimates the magnitude of the
0 100 200 300 Ao specific heat close td. . This is not totally unexpected, as it
Temperatare () 7 g1 is not clear that a simple mean field model with a single
H J exchange constant, is appropriate for this class of materials.
A better solution to the problem of the missing entropy
J would be to correctly identify the phonon contribution to the
e specific heat, subtract this term from the data, and then ex-
\ g amine the remainder. Unfortunately, there are no “nonmag-
netic” analogs of Pyg(Ca _,Sr,).4MNO;. One potential so-
lution is to choose a ferromagnetic sample of
Pry.e(Ca St 0.4MnO3 for which T is lowest(in this case
FIG. 4. Magnetic contribution to the specific heat for an X=0.25) and use the data at temperatures well afiqvas
=0.5 sample of Ryg(Ca,_,Sr,)0.MnO; (closed symbolsand the ~ being representative of the nonmagnetic contribution. Simi-
magnetic contribution to the specific heat data calculated from théarly we could choose a sample for whi@l is high and use
saturation magnetization versus temperature data using a simpthe data at temperatures well beloV to estimate the
mean field model witliTc =235 K (open symbols Inset shows the nonmagnetic phonon contribution at lower temperatures. In
magnetzation versus temperature curves for the san®5 sample  this way, we can estimate a non magnetic background for the
collected in a field of 2.28 10° A/m during field cooling and field  entire temperature range of interest. This approach presup-
warming. The absence of any hysteresis indicates the FM transitiogoses that there are no short range magnetic correlations
is of second order. aboveT. and that well belowT . there is no magnetic con-
tribution to the data. For the=0.25 compounds, if we ex-
flect the true nature of the materials, then the large value oflude the regions around tfig. of each sample, we find that
AC can be explained by reference to the DE model. There iall the specific heat versus temperature curves coincide. De-
no apparent discontinuity between the lattice heat capacityiations forx=1.0 at 100 K are due to a structural phase
above and below . Similarly there is no hysteresis seen in transition. This suggests that either there is no contribution to
the magnetization versus temperature curves on warming ar@(T) with a magnetic origin at temperatures well away from
cooling the samplésee the inset of Fig.)4This indicates the the transition temperature of each individual material, or that
magnetic transitions are second order. the magnitude of this magnetic contribution is more or less
The entropy associated with the transition in each compoeonstant, irrespective of the value Bf. It is certainly pos-
sition, which can be obtained frolS;,,= f[(C/T)dT, lies  sible for a system in which there are two or more exchange
between 1.4 and 1.5 J/mol K. This is true both for samples irtonstants, that the magnetic contribution to the specific heat
which the transition is sharp, with a largkC, and for can be made to be nearly independent of the value of the
samples in which the transition takes place over a more exransition temperature at temperatures well away fim
tended temperature range. These entropy values are mugliternatively, it maybe that there really is very little mag-
smaller than th&RIn4.7=12.7 J/mol K expected from a8  netic contribution to the specific heat within the temperature
=1.85 spin system. Similar low values have been reportedange studied. One possible explanation for this is that a
by Ramirezet al* There are several possible ways to ac-considerable amount of entropy is given up at temperatures
count for this “missing” entropy. much higher tharlT, due to the presence of short range
The first approach is to assume the transition to a fullycorrelations. There is experimental evidence that magnetic
ordered ferromagnetic state is only complete well below  excitations persist at temperatures well ab®yen this class
and then try to estimate the magnetic contribution to the totabf materials?® We have also noted clear deviations from
heat capacity below the transition temperature using a simpl€urie-Weiss behavior in our magnetic susceptibility data in
theory such as a mean field model. This requires a knowlthe paramagnetic state of these materials. These short range
edge of the exchange constantt is possible to estimaté  correlations may take the form of magnetic clusters of Mn
from the jump in specific heat data at the transifiGAHow-  ions or may be related to the presence of Jahn-Teller po-
ever, in this system we have seen that the magnitude of thiarons which form at much higher temperatures. We also
jump depends on extrinsic factors such as the homogeneityote that forx=0.25, the PggCa _,Sr ) MnO; materials
of the sample. So here we follow Gordenal.” who applied  have an insulator-metal transition Bt . We may therefore
a mean field model to their magnetization data, usiggo  expect a reduction in the change in entropy associated with
determineJ, and calculate the magnitude of the magneticthis transition, due to a localization of the charge carriers as
contribution to the data. We us€p,;=—[3SRT/2(S the systems is warmed througdh . However, an estimate of
+1)]d(M/M)?/dT where M is the measured saturation ASy=[(yT/T)dT using y values extracted from the low
magnetization at a temperature T aNfj is the saturation temperature data shows that this mechanism can account for
magnetization al =10 K. In this way we find, for example, no more than 1.7 J/mol K of the missing entropy.
that for thex=0.5 sample over the temperature interval be- Finally, we discuss the high-temperature specific heat data
tween 30 and 300 K, the total magnetic contribution to theof the charge ordered, AFM= 0.0 sample. In this case there
entropy Snag is equal to 12.8 J/mol Ksee Fig. 4. Similar  are two clear anomalies in the data. There is broad peak

B
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centered around 160 K. This marks the onset of antiferromagnetic state at 160 ¥,or that short range magnetic cor-
magnetic order. There is a much larger peak at 230 K whichielations persist to temperatures well abdye

corresponds to the charge ordering transition in the system. In conclusion, we have measured the specific heat of a
Once again, both these features can be made more appar@umber of Pgg(Ca _Sr)oMnO; (0=x=<1) manganite

if we subtract off a smooth background from the détee samples. Our measurements indicate thatxXer0.25, the
Fig. 3. At the charge ordering transition, which involves a samples are well behaved metallic ferromagnets with sgnall
localization of mobile charge carriers with the formation of avalues. Previously observed enhancementg are probably
well defined MA*/Mn** sublattice, there is also a lowering due to a Iow—ter/gper_ature hyperfine contribution to the data.
of the crystallographic symmetry from an orthorhombic However, noT%? spin wave term can be resolved in the
Pnmato a monoclinicP21m structurel” This structural C(T) data. In contrast, the low-temperature s.pecmc her_;\t data
phase transition is accompanied by rapid changes in the la®f the x<0.25 AFM, charge ordered materials contain an

tice parameters and bond lengths. As a result, it is not une additional contribution which can be attributed to magnetic

pected that this feature is particularly distinct in the specificorder' In the h|_gh-temperature data, there is plear eVIc_Jence
r the magnetic, structural and charge ordering transitions

heat versus temperature data. The entropy associated with . . ; :
this transition amounts to nearly 2 J/molK. In contrast aV ich oceur at various different temperatures and doping
lower bound on the entropy developed at the AFM transitio/€Ve!S in these materials.

is only 0.6 J/molK. This small vali#é again suggests that
either a sizable fraction of the spin entropy is given up at
lower temperatures, as the system evolves from a canted CE This work was supported by the Engineering and Physical
structure with two magnetically ordered Mn sublattices,Sciences Research CountEPSRQG, UK (Grant No. GR/
through a collinear structure at 150 K and finally into a para-K95802.
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