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We present the results of a specific heat study of the Pr0.6(Ca12x Srx ) 0.4MnO3 (0<x<1) manganite system
as a function of doping concentration x and temperature. The low-temperature specific heat data indicate that
these materials have Debye temperatures of 333–344 K and reveal the presence of a 1/T 2 hyperfine term. For
x>0.25 the samples are metallic ferromagnets at low temperature with g values of 4.5–5.7 mJ/mol K2 .
However, no T 3/2 term associated with the presence of ferromagnetic spin waves can be resolved in the data.
As x decreases below x50.25, the materials become increasingly insulating in character and antiferromagnetic
order is preferred. The x50.0 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 temperature T C in the x
>0.25 ferromagnetic materials and the presence of short range magnetic correlations, well above the magnetic
ordering temperature. @S0163-1829~99!16001-6#

I. INTRODUCTION

Distorted manganese perovskites with the composition
R 12x Ax MnO3 , where R is a trivalent rare earth and A is a
divalent alkali earth, have recently been the focus of a large
number of experimental and theoretical studies because they
exhibit a range of extraordinary magnetic, electronic, and
structural
properties
including
colossal
negative
magnetoresistance,1 charge ordering,2 and magnetic field induced changes in structure.3 Despite the surge of interest in
these materials there have been relatively few reports on the
specific heat of the doped manganites. There have been some
high-temperature
specific
heat
measurements
of
La12x Cax MnO3 ~Refs. 4–6! and Nd12x Srx MnO3 ~Ref. 7!
around the ferromagnetic and charge ordering transitions.
Some data have also been presented on studies of the low
temperature
specific
heat
of
Nd12x Srx MnO3 , 7
La12x Srx MnO3 , 8 La12x A x MnO3 with A5Ba at x50.33 and
A5Ca at x50.2 ~Ref. 9! and A5Ca, Sr, and Ba with x fixed
at 0.3.10
In this paper we examine the temperature dependence of
the specific heat C(T) of some Pr0.6(Ca12x Srx ) 0.4MnO3
(0<x<1) samples. Although the level of alkaline earth doping remains constant throughout this series, the two end
compounds show very different properties. Pr0.6Ca0.4MnO3
undergoes a charge ordering ~CO! transition at 250 K and
orders antiferromagnetically ~AFM! at 160 K. In zero magnetic field the resistivity r of this material increases with
decreasing temperature; at low temperature the compound
becomes an insulator. The application of a sufficiently intense magnetic field at temperatures below 250 K produces a
metamagnetic transition into a ferromagnetically ordered
state. This transition is accompanied by a switch to a high
conductivity state. At low temperature the field induced decrease in r can be described as an insulator-metal
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transition.11–14 Replacement of Ca with Sr changes the degree of distortion present within the structure and drives the
system towards a ferromagnetically ordered state. For 0.15
<x<0.25 there is a coexistence of AFM and ferromagnetic
~FM! ordering. For 0.25<x<1.0 the system is FM and there
is a rapid increase in the Curie temperature T C with x.15 The
end compound Pr0.6Sr0.4MnO3 has a Curie temperature T C of
305 K. Above T C , r has an activated temperature dependence, while below T C , the resistivity falls with decreasing
temperature. A large negative magnetoresistance is observed
at temperatures around T C . 15,16 At 105 K, Pr0.6Sr0.4MnO3
undergoes a distortion from a high-temperature orthorhombic Pnma to a low-temperature monoclinic I2/a structure.17
This means that measuring the specific heat capacity of the
Pr0.6(Ca12x Srx ) 0.4MnO3 system provides us with a good opportunity to study a number of the phenomena exhibited by
manganite materials, while minimizing the changes in the
lattice contribution to the specific heat, which in turn should
make the interpretation of the data more straightforward.
II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pr0.6(Ca12x Srx ) 0.4MnO3 (0
<x<1) were prepared from stoichiometric quantities of
Pr6 O11 , CaCO3 , SrCO3 , and MnO2 . The starting materials
were mixed and fired for 12 h at 1200 °C, then reground,
compressed into pellets and heated to 1350 °C for 24 h.
X-ray analysis revealed all the samples to be single phase.
The specific heat measurements were made in the temperature range 2 to 20 K using a standard heat pulserelaxation method and from 20 to 305 K using an adiabatic
technique. In both experimental set ups, the data were collected while warming the sample. Magnetization versus temperature (M v T) and magnetization versus applied field (M
v H) curves were obtained using a Quantum Design MPMS5
SQUID magnetometer.
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TABLE I. Summary of the fitting results for the specific heat
versus temperature data shown Fig. 1 for samples with the composition Pr0.6(Ca12x Srx ) 0.4MnO3 (0<x<1). The definitions of the
coefficients are given in the text. The units are all mJ/mol Kn11
where n is the subscript given next to the fitting coefficient.

FIG. 1. Low-temperature specific heat from 2 to 15 K plotted as
C/T versus T 2 . Inset shows the variation in the magnitude of the
specific heat C as a function of Sr doping x at a temperature T
515 K.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Low-temperature specific heat data

We discuss first the low-temperature specific heat response of the Pr0.6(Ca12x Srx ) 0.4MnO3 materials. We have
attempted to model this data by assuming that the total specific heat C total is made up four distinct contributions
C total5C lat1C elec1C hyp1C mag .

~1!

The lattice contribution C lat5 b 3 T 1 b 5 T arises from
phonons. The electronic term C elec5 g T is due to free charge
carriers. C hyp is the hyperfine contribution to the specific heat
caused by the local magnetic field at the Mn nucleus due to
electrons in unfilled shells. C hyp has been modeled using
C hyp5 a /T 2 . Finally C mag is the spin wave contribution to
the specific heat. C mag5 d T n where the value of the exponent
n depends on the nature of the magnetic excitations. We note
that the specific heat may also include a contribution from a
crystalline electric field ~CEF! splitting of the Pr31 energy
levels. These CEF modes may also couple to, for example,
the magnetic excitations. However, there are no features
which can be attributed unambiguously to the population of
these CEF levels. Thus the data has been fitted using
3

C~ T !5

a
T

5

1 g T1 b 3 T 3 1 b 5 T 5 1 d T n .
2

~2!

We consider first the samples which show purely ferromagnetic behavior and are metallic at low temperatures, i.e.,
samples with x>0.25. Plotting C/T versus T 2 for the materials in this composition range ~see Fig. 1! suggests that the
expression given in Eq. ~2! should represent the temperature
dependence of the data reasonably well. The data were fitted
from base temperature to 10 K. The values obtained for the
fitting parameters a , g , b 3 , b 5 , d are given in Table I. There
are several points to note.
First, even for data sets which only extend down to temperatures between 2 and 3 K, reasonable fits to the data can
only be obtained if we include a hyperfine term. This has
previously been noted by Woodfield et al.8 who measured

x

a 22

g 3103

b 3 3104

b 5 3107

d 3103

0.0
0.25
0.5
0.75
1.0

28.0
59.1
57.34
40.82
33.3

5.50
2.38
2.41
2.62
2.50

0.84
11.54
10.06
6.76
2.29

1.89 (n52)

4.72
4.51
5.77
5.40

the specific heat of samples of La12x Srx MnO3 down to 300
mK and observed a clear increase in C(T) at low temperature. Writing

a5

S DS

R I11
3 I

m I H hyp
kB

D

2

where I is the nuclear spin 5 5/2 for Mn55 and m I is the
nuclear magneton we can calculate the field strength H hyp at
the Mn site.18 We obtain values of around 73107 A/m ~see
Table II!. The hyperfine term decreases only slightly as the
Sr content x increases. In these materials the shifting of the
nuclear Schottky anomaly to reasonably high temperatures
by the Hund’s rules alignment of electron spins, coupled
with the fact that 16O carries no nuclear moment, should
allow the determination of the local magnetic field at the Mn
sites and provides a means of discerning where the doped
carriers are residing.8 In this case, the small variations in
H hyp indicate a nearly constant number of holes at the Mn
sites, which is consistent with the constant level of alkali
earth doping in these materials.
Secondly we find that the g values all lie in the range
4.5–5.7 mJ/mol K2 ~see Table I!. These values are in line
with previous work on similar materials. For example, g
values from 4.4–6.1 mJ/mol K2 have been reported for
La0.7Ba0.3MnO3 , 5.2–7.8 mJ/mol K2 for La12x Cax MnO3
with
0.2,x,0.33,
and
6.0
mJ/mol K2
for
5,9,10
La0.7Sr0.3MnO3 .
In another study of La12x Srx MnO3 ,
the inclusion of a hyperfine and T 3/2 magnetic term in the
fitting process produced slightly lower g values of 3–3.5
TABLE II. Physical parameters for samples of composition
Pr0.6(Ca12x Srx ) 0.4MnO3 (0<x<1) extracted from both the lowand the high-temperature heat capacity data.

x
0.0
0.25
0.5
0.75
1.0
a

TC a
~K!

H hyp
(3107 A/m!

T N 5160 K
T CO 5230 K
196
235
262
305

5.34
7.76
7.64
6.45
5.82

See Ref. 15.
Calculated from b 3 .
c
Calculated from high-temperature data.
b

uD b
~K!

uD c
~K!
433

344
342
333
339

432
426
429
432
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mJ/mole K2 . 8 T C increases with Sr content from 196 to 305
K but there is no clear correlation between the value of g and
T C . Note that in the double exchange ~DE! model,19 T C is
proportional to the effective transfer integral t for electrons
hopping between Mn ions. In the tight binding approximation N(E F ), the density of states at the Fermi energy, is
inversely proportional to t. So we may expect g to decrease
with T C . All the Sr rich samples in this study (x>0.25)
exhibit a low-temperature resistivity which decreases with
decreasing temperature. Assuming a linear term in the specific heat arises solely from charge carriers, we use g
5( p 2 /3)k 2B N(E F ) to calculate N(E F ). We find N(E F ) lies
between 1.1531024 eV21 mol21 and 1.4731024 eV21
mol21 . These values are in good order of magnitude agreement with band structure calculations, which gave N(E F )
;5.131023 eV21 mol21 for La0.67Ca0.33MnO3 , 20 especially
given the increased doping level in our materials.
Thirdly, we note that the use of a b 5 T 5 term in the lattice
contribution is required to adequately fit the data, even
though the upper temperature limit used in the fitting process
was only 10 K. Fits from base temperature to 20 K were also
performed and also required the inclusion of a b 5 T 5 term.
Fitting over this broader temperature range produces slightly
lower values for b 3 . However, the agreement between the
fits and the low-temperature portion of the data when fitting
over this more extended temperature range was significantly
poorer. From b 3 we calculate the Debye temperature u D using u D 5(12p 4 pR/5b 3 ) 1/3 where R is the gas constant and p
is the number of atoms in each molecule. For all the samples,
u D lies between 333 and 344 K. These values are at the
lower end of the range of Debye temperatures observed for
the La based manganites for which values between 360–530
K have been reported.5–9 For 0.25<x<0.75 the data curves
lie very close to one another indicating there are only small
variations in electronic and lattice contributions to the specific heat as a function of increasing x over this concentration
range. For x51.0 the specific heat capacity at temperatures
of 5 K and above is clearly much smaller than for the other
ferromagnetic samples in the series ~see inset of Fig. 1!. This
is probably due to a decrease in the lattice contribution to the
total specific heat, which results from the change in crystal
structure of Pr0.6Sr0.4MnO3 mentioned above.17 This decrease in the lattice specific heat is reflected in the decrease
in the b 5 fitting coefficient.
Finally, we note that the data can best be fitted without
including a magnetic term in the total specific heat. Fits using d T n with n53/2 or n52 produce values for d which at
best make only a negligible contribution to the specific heat
over the temperature regime investigated and in the worst
cases result in unphysical values for some parameters; i.e.,
negative values for d and g . In a previous study of ferromagnetic La12x Bax MnO3 and La12x Cax MnO3 materials,
Hamilton et al.9 were unable to resolve a magnetic contribution in their specific heat data. In contrast, Woodfield et al.8
have included a magnetic T 3/2 term in the fits to their specific
heat data for ferromagnetic samples of La12x Srx MnO3 .
There have been a number of neutron scattering measurements on manganites in which the spin waves have been
directly measured so there seems little doubt that spin waves
are present in this class of materials.21,22 Given a dispersion
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relation for ferromagnetic spin waves of the form E5Dq 2
1D, where D is the spin wave stiffness constant and D is the
spin wave energy gap, if D is zero, the magnetic contribution
to specific heat per unit volume C mag should be equal to
c f k B (k B T/D) 3/2 where c f is a constant whose value depends
on the lattice type.23 The absence of a T 3/2 term may be due
to a non zero gap. An inelastic neutron scattering study of
La0.7Ba0.3MnO3 revealed the existence of a gap of 2.560.5
meV. A gap of similar magnitude in these materials would
be sufficient to prevent the observation of a spin wave term
at low temperatures. Alternatively, the spin waves may be
extremely stiff. Values for D of up to 170 meV Å2 have been
reported.22 This should give a contribution to C of around
0.2–0.25 J/mol K at 8 K which is ;7210 % of the total
signal at this temperature for our FM samples. Although the
resolution of the magnetic T 3/2 contribution is always experimentally difficult, given the presence of the linear electronic
term, we feel that a contribution of this magnitude, if present,
should be revealed by the fitting procedures adopted here.
For x,0.25, the analysis of the low temperature specific
heat data presents a different set of problems. It is clear from
Fig. 1 that there is an additional contribution to heat capacity
at low temperatures in these samples when compared with
the x>0.25 materials. The magnitude of this extra contribution increases montonically with decreasing Sr content and is
most pronounced for the Pr0.6Ca0.4MnO3 end compound.
Note that a similar trend is seen in the data for
La12x Srx MnO3 where the undoped end compound is also an
antiferromagnetic insulator.8 Since Pr0.6Ca0.4MnO3 is an insulator at low temperatures it is difficult to justify the inclusion of a linear term in the expression used to fit the data. As
a consequence we have attempted to fit the data to
C~ T !5

a
T

2

1 b 3T 31 b 5T 51 d T n.

~3!

The values of the free parameters obtained by fitting the data
up to 10 K can also be found in Table I.
As expected, the values for a , the coefficient in the hyperfine term, are similar to those obtained for the Sr rich
samples. As regards the lattice contribution to the specific
heat, we find that that b 5 is much smaller than the values
obtained for the x>0.25 samples. Reasonably good fits to
the data can even be obtained without the inclusion of a T 5
term. Whatever fitting strategy is used we see a steady increase in the magnitude of the b 3 coefficient as the Sr content is reduced. At x50.0, b 3 is more than twice the value
seen for the x50.25 compound. This seems unusual as it
would suggest that moving from a Sr doping level of x
50.25 to x50.0 decreases the Debye temperature from 344
to 263 K. It is hard to imagine how such a small change in
doping concentration could soften the lattice so dramatically.
This leads us to conclude that the T 3 term probably includes
an additional antiferromagnetic spin wave contribution. Note
that for an antiferromagnetic spin wave spectrum where E
5Dq, the magnetic contribution to specific heat per unit
volume C mag is given by c a k B (k B T/D) 3 where c a is a constant whose value depends on the lattice type.23 There is also
the significant addition of a T 2 term. A previous study of the
temperature dependence of the specific heat of pure
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FIG. 2. Temperature dependence of the specific heat capacity C
for samples of Pr0.6(Ca12x Srx ) 0.4MnO3 for ferromagnetic ~upper
panel! and antiferromagnetically ordered ~lower panel! samples. For
clarity, the curves for the x50.5, x50.75, and x51.0 samples have
been offset by 20, 40, and 60 J/mol K, respectively.

LaMnO3 , which is also an antiferromagnetic insulator, reported a best fit to the data fit which included a T 2 term.8 In
this case a dispersion relation with both ferromagnetic and
antiferromagnetic character was invoked to explain the T 2
contribution. For Pr0.6Ca0.4MnO3 , we suggest that given the
CE magnetic structure,12 the proximity of this material to a
FM ordered state and the evolution of the magnetic order as
the temperature increases, it is not surprising that the magnetic contribution to the specific heat data does not follow a
simple T 2 or T 3 temperature dependence.
B. High-temperature specific heat data

We now discuss the high-temperature specific heat data.
In Fig. 2 we show specific heat capacity versus temperature
curves for samples with x51.0, 0.75, 0.5, 0.25, and 0.0. At
room temperature the heat capacity for all samples is 102–
106 J/mol K. which is 4.2R. These values agree well with the
previous high-temperature specific heat measurements performed on this class of materials6,7 and with Dulong and
Petit’s law for a system made up of molecules containing
five atoms including three ‘‘light’’ oxygen atoms.23 The Debye temperature of each sample can also be extracted from
the high-temperature specific heat data. Unfortunately, the
data cannot be fitted using a Debye function over the entire
temperature range studied as u D appears to be weakly temperature dependent. However, fits over a more restricted temperature range, or the calculation of u D at a single tempera-
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FIG. 3. High-temperature C versus T curves for several samples
of Pr0.6(Ca12x Srx ) 0.4MnO3 after subtracting off a smooth background. These curves highlight the contributions to the specific heat
due to the phase transitions for both ferromagnetic ~upper panel!
and antiferromagnetic ~lower panel! samples.

ture, give values for u D of between 426 and 433 K. These
numbers are consistent with the values calculated from the
low-temperature data, given the temperature dependence of
u D , and are also in line with previously published values of
u D for similar materials.
Again we first consider the x>0.25 materials which order
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 temperatures at which these peaks occur agree well with the critical
temperatures determined from the magnetization data. Subtracting off a smooth background as a lattice contribution24
we can see more clearly the contribution to the data due to
these transitions ~see Fig. 3!. Each transition is marked by a
peak in C(T) around 50 K wide. For the samples with x
>0.5 these peaks appear to be asymmetric with an additional
contribution on the low-temperature side of the transition.
The magnitude of the jump seen in the specific heat DC at
T C varies from 15–34 mJ/ mol K which is 1.8–4.1R. This
compares with a value of 2.3R expected from a simple molecular field approximation25 for S51.85 ~assuming a 60/40
ratio of Mn31 /Mn41 ) and a DC of 4.8R given by the double
exchange model.19 The magnitude of DC seems to depend
on the homogeneity of the sample. If we assume that it is the
most homogeneous samples with the largest DC which re-
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FIG. 4. Magnetic contribution to the specific heat for an x
50.5 sample of Pr0.6(Ca12x Srx ) 0.4MnO3 ~closed symbols! and the
magnetic contribution to the specific heat data calculated from the
saturation magnetization versus temperature data using a simple
mean field model with T C 5235 K ~open symbols!. Inset shows the
magnetzation versus temperature curves for the same x50.5 sample
collected in a field of 2.233106 A/m during field cooling and field
warming. The absence of any hysteresis indicates the FM transition
is of second order.

flect the true nature of the materials, then the large value of
DC can be explained by reference to the DE model. There is
no apparent discontinuity between the lattice heat capacity
above and below T C . Similarly there is no hysteresis seen in
the magnetization versus temperature curves on warming and
cooling the sample ~see the inset of Fig. 4!. This indicates the
magnetic transitions are second order.
The entropy associated with the transition in each composition, which can be obtained from DS trans5 * (C/T)dT, lies
between 1.4 and 1.5 J/mol K. This is true both for samples in
which the transition is sharp, with a large DC, and for
samples in which the transition takes place over a more extended temperature range. These entropy values are much
smaller than the R ln 4.7512.7 J/mol K expected from an S
51.85 spin system. Similar low values have been reported
by Ramirez et al.4 There are several possible ways to account for this ‘‘missing’’ entropy.
The first approach is to assume the transition to a fully
ordered ferromagnetic state is only complete well below T C
and then try to estimate the magnetic contribution to the total
heat capacity below the transition temperature using a simple
theory such as a mean field model. This requires a knowledge of the exchange constant J. It is possible to estimate J
from the jump in specific heat data at the transition.6,25 However, in this system we have seen that the magnitude of the
jump depends on extrinsic factors such as the homogeneity
of the sample. So here we follow Gordon et al.7 who applied
a mean field model to their magnetization data, using T C to
determine J, and calculate the magnitude of the magnetic
contribution to the data. We use C mag52 @ 3SRT C /2(S
11) # d(M /M 0 ) 2 /dT where M is the measured saturation
magnetization at a temperature T and M 0 is the saturation
magnetization at T510 K. In this way we find, for example,
that for the x50.5 sample over the temperature interval between 30 and 300 K, the total magnetic contribution to the
entropy S mag is equal to 12.8 J/mol K ~see Fig. 4!. Similar
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values are obtained for the other FM samples. Although the
C(T) curves calculated in this way have the same form as
the actual experimental data and give a reasonable value for
the total magnetic entropy associated with the transition, the
mean field theory clearly over estimates the magnitude of the
specific heat close to T C . This is not totally unexpected, as it
is not clear that a simple mean field model with a single
exchange constant, is appropriate for this class of materials.
A better solution to the problem of the missing entropy
would be to correctly identify the phonon contribution to the
specific heat, subtract this term from the data, and then examine the remainder. Unfortunately, there are no ‘‘nonmagnetic’’ analogs of Pr0.6(Ca12x Srx ) 0.4MnO3 . One potential solution is to choose a ferromagnetic sample of
Pr0.6(Ca12x Srx ) 0.4MnO3 for which T C is lowest ~in this case
x50.25) and use the data at temperatures well above T C as
being representative of the nonmagnetic contribution. Similarly we could choose a sample for which T C is high and use
the data at temperatures well below T C to estimate the
nonmagnetic phonon contribution at lower temperatures. In
this way, we can estimate a non magnetic background for the
entire temperature range of interest. This approach presupposes that there are no short range magnetic correlations
above T C and that well below T C there is no magnetic contribution to the data. For the x>0.25 compounds, if we exclude the regions around the T C of each sample, we find that
all the specific heat versus temperature curves coincide. Deviations for x51.0 at 100 K are due to a structural phase
transition. This suggests that either there is no contribution to
C(T) with a magnetic origin at temperatures well away from
the transition temperature of each individual material, or that
the magnitude of this magnetic contribution is more or less
constant, irrespective of the value of T C . It is certainly possible for a system in which there are two or more exchange
constants, that the magnetic contribution to the specific heat
can be made to be nearly independent of the value of the
transition temperature at temperatures well away from T C .
Alternatively, it maybe that there really is very little magnetic contribution to the specific heat within the temperature
range studied. One possible explanation for this is that a
considerable amount of entropy is given up at temperatures
much higher than T C , due to the presence of short range
correlations. There is experimental evidence that magnetic
excitations persist at temperatures well above T C in this class
of materials.26 We have also noted clear deviations from
Curie-Weiss behavior in our magnetic susceptibility data in
the paramagnetic state of these materials. These short range
correlations may take the form of magnetic clusters of Mn
ions or may be related to the presence of Jahn-Teller polarons which form at much higher temperatures. We also
note that for x>0.25, the Pr0.6(Ca12x Srx ) 0.4MnO3 materials
have an insulator-metal transition at T C . We may therefore
expect a reduction in the change in entropy associated with
this transition, due to a localization of the charge carriers as
the systems is warmed through T C . However, an estimate of
DS el5 * ( g T/T)dT using g values extracted from the low
temperature data shows that this mechanism can account for
no more than 1.7 J/mol K of the missing entropy.
Finally, we discuss the high-temperature specific heat data
of the charge ordered, AFM x50.0 sample. In this case there
are two clear anomalies in the data. There is broad peak
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centered around 160 K. This marks the onset of antiferromagnetic order. There is a much larger peak at 230 K which
corresponds to the charge ordering transition in the system.
Once again, both these features can be made more apparent
if we subtract off a smooth background from the data ~see
Fig. 3!. At the charge ordering transition, which involves a
localization of mobile charge carriers with the formation of a
well defined Mn31 /Mn41 sublattice, there is also a lowering
of the crystallographic symmetry from an orthorhombic
Pnma to a monoclinic P21/m structure.17 This structural
phase transition is accompanied by rapid changes in the lattice parameters and bond lengths. As a result, it is not unexpected that this feature is particularly distinct in the specific
heat versus temperature data. The entropy associated with
this transition amounts to nearly 2 J/mol K. In contrast a
lower bound on the entropy developed at the AFM transition
is only 0.6 J/mol K. This small value27 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
structure with two magnetically ordered Mn sublattices,
through a collinear structure at 150 K and finally into a para1
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