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Nonuniversal scaling of the magnetocaloric effect as an insight into spin-lattice
interactions in manganites

Anders Smith,” Kaspar K. Nielsen, Henrique N. Bez, and Christian R. H. Bahl
Department for Energy Conversion and Storage, Technical University of Denmark, Risp Campus,
Frederiksborgvej 399, DK-4000 Roskilde, Denmark
(Received 19 October 2015; published 9 August 2016)

We measure the magnetocaloric effect of the manganite series Lag¢;Cag 33—, Sr,MnO3 by determining the
isothermal entropy change upon magnetization, using variable-field calorimetry. The results demonstrate that the
field dependence of the magnetocaloric effect close to the critical temperature is not given uniquely by the critical
exponents of the ferromagnetic-paramagnetic phase transition, i.e., the scaling is nonuniversal. A theoretical
description based on the Bean-Rodbell model and taking into account compositional inhomogeneities is shown
to be able to account for the observed field dependence. In this way the determination of the nonuniversal field
dependence of the magnetocaloric effect close to a phase transition can be used as a method to gain insight into
the strength of the spin-lattice interactions of magnetic materials. The approach is shown also to be applicable to

first-order transitions.
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For the past several decades manganites have been a rich
field of study for their many fascinating properties, including
colossal magnetoresistance, multiferroic effects, and charge
and orbital ordering leading to inhomogenous phases such as
stripes [ 1-3]. In recent years several manganites have also been
studied for their magnetocaloric properties, both in bulk [4,5]
and in thin films, where it was shown that the effect of substrate
strain can increase the magnetocaloric effect significantly
[6]. This has been motivated by their possible application in
near-room-temperature magnetic refrigeration [7]. However,
measurements of the magnetocaloric effect can also give
important information on the intrinsic magnetic properties of
materials, as has been realized since the very discovery of
the effect by Weiss and Piccard [8,9]. Of particular interest is
the field dependence of the magnetocaloric quantities, which
has been discussed extensively in recent literature. It has
been claimed that the field dependence close to the critical
temperature of the ferromagnetic-to-paramagnetic transition
is universal and determined by the critical exponents of the
system in question [10,11]. Recently we showed theoretically
that the scaling of the magnetocaloric quantities is not
universal: models in the same universality class differ in their
scaling exponents at finite fields [12]. Here we show that
this lack of universality is, in fact, observable experimentally
and can be used to gain insight into the strength of the
spin-lattice interactions, which ultimately are responsible for
the appearance of the magnetocaloric effect.

The rare-earth manganites are in many ways an ideal system
to study the field dependence of the magnetocaloric quantities,
due to the ability of changing the critical temperature of
the sample by only slight variations in the composition. The
parent composition is the perovskite structure AMnO3, where
A is a rare earth such as La. By substituting alkali metal
or alkaline earth-metal cations on the A-site, one obtains
ferromagnetic compounds with a critical temperature that
varies strongly with composition. Here we study the series
Lag67Cagp33—Sr,MnO3. When x is varied from 0 to 0.33,
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the critical temperature of the compound varies from 267 K
to 369 K [13]. The universality class of these compounds has
been investigated by a number of authors. Their findings are not
in total agreement. Thus, several authors have found that one
end member of the series, Lag ¢7;Cag33MnO3, has a first-order
transition [14-16], but this has been questioned by detailed
examination of the latent heat associated with the transition
[17]. For the other end member, Lag¢7Sr)33MnQO3, there is
agreement that the transition is second order, but the critical
exponents have variously been determined as being those of
the 3D Ising model [18,19] and those of the 3D Heisenberg
model [20,21]. For the series as a whole, no general studies of
the universality class exist. Starting with Lag ¢7Sr( 33MnOj3 the
main effect of substituting Ca for Sr is to change the Mn-O-Mn
bond angle from ~170° to ~162°, which changes the hopping
integrals between the orbitals e;(Mn)—p, (O)—€¢(Mn), causing
a change in the coupling between the Mn spins [22,23]. The
consensus seems to be that all the materials of the series except
possibly close to Lag ¢7Cag33MnO; (i.e., small x) are in fact
second order and of the same universality class. Even though
the series has not been investigated extensively enough to rule
out a crossover from one universality class to another (e.g.,
from 3D Heisenberg to 3D Ising) as x is varied, it can be safely
assumed that the critical exponents do not vary continuously
with x.

The identification of the universality class is often done
by determining the critical exponents 8 and y (associated,
respectively, with the scaling of the magnetization M below T,
and the scaling of the inverse susceptibility x ~! above T,) from
magnetization data. A widely used procedure is that of Kaul
[24,25]. From a starting guess of the critical exponents 8 and
y the modified Arrott plot of M? as a function of (H/M)"/”
is constructed; here H is the internal field (i.e., the applied
field corrected for demagnetization). From the intersection
of the curves (suitably extrapolated) with the coordinate
axes, M(T,H =0) and x(T,H =0) are extracted and
new exponents B’ and y’ calculated. The procedure is then
repeated until convergence; T, is determined as the temperature
corresponding to the M# versus (H/M)"" curve that inter-
sects (0,0) when extrapolated. Although in principle rather
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straightforward, in practice this procedure requires a tempera-
ture resolution of the magnetization that is often not available:
If, as is usual, magnetization curves are only recorded with a
temperature step of 2—-3 K, the number of curves that actually
fall within the critical region is very limited. With a T, near
room temperature a critical region of the order of || < 1072
[24] (where t = (T — T.)/ T, is the reduced temperature)
corresponds to a temperature interval of 5-10 K. This means
that only 4-5 Arrott curves fall within the critical region. To
use these curves to extract three parameters (8, y, T.) is clearly
associated with considerable uncertainty. And since the critical
exponents of, e.g., the 3D Heisenberg and 3D Ising models are
in fact rather close, assigning a definite universality class on
the basis of this procedure is often not warranted.

The analysis is further hampered by the fact that these
systems have a marked tendency to form magnetically inhomo-
geneous states, even in single crystals [26]. For polycrystalline
samples the compositional variations will be at least as
pronounced. This means that the magnetic transition becomes
spread out over a range of critical temperatures assumed to
depend on the local composition, T, = T,(r). If the spread in
critical temperatures is comparable to the size of the critical
region, it becomes difficult to assign definite critical exponents
to the system. This is also true if one tries to determine the
universality class from the critical behavior of the specific
heat, which has been suggested as a better alternative [27].
Here we will show that direct measurements of the isothermal
entropy change not only allows for a reliable determination
of the critical temperature but also gives insight into the
spin-lattice coupling of the system. The isothermal entropy
change, A S, is defined as the change in entropy as the magnetic
field is changed from O to H at a fixed temperature 7':
AS(T,H) = S(T,H) — S(T,0). In most systems, including
the manganites, it is negative, since the effect of the external
field is to order the magnetic moments. The field dependence
of AS is characterized by an approximate power-law behavior.
Thus, one can define a scaling exponent b through AS ~ a H?.
The scaling exponent will in general be a function of both T
and H, making its introduction more a matter of convenience
than of profound theoretical justification. Considered as a
function of T, b will have a minimum both at 7, and at the
temperature at which — A S peaks [28]. These two temperatures
are in general close together and as H — 0 they coincide.
This means that the critical temperature can be experimentally
determined as the temperature for which the scaling exponent
is a minimum for low fields.

Six samples with a nominal composition of
Lag7Cagp 33— Sty Mnj 9sO3 (LCSMO), with x varying
from 0.0375 to 0.0750 in steps of 0.0075, were produced in
the form of irregularly shaped pieces of thin plates (thickness
0.3 mm) by tape-casting the powder suspended in a slurry,
followed by sintering (for details, see Ref. [29]). The slight
over-stoichiometry of Mn was chosen to improve the sintering
properties of the plates; this does not change the structure
or critical temperature [30]. An additional seventh sample
with a composition of Laje¢7Cag33MnO; (LCMO) was
prepared by the solid-state route. X-ray diffraction shows
single-phase samples, and lattice parameters are consistent
with those found in the literature. The isothermal entropy
change AS was measured using a custom-built differential
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FIG. 1. The isothermal entropy change of Lage7Cags3—,Sry
Mn, ¢sO; forx = 0.0375 for a field change of 0.05-1.5 T, as measured
by in-field calorimetry. The relative uncertainty on each data point is
approximately 5%.

scanning calorimeter (DSC) equipped with a permanent
magnet array allowing the field to be varied [31,32]. This way
of determining the isothermal entropy change AS at a fixed
temperature, instead of the conventional method of integrating
magnetization data [33], allows for a much better temperature
resolution of the data, critical for the results presented here.
The samples were mounted in such a way as to minimize the
geometrical demagnetization. In addition, the measurements
were corrected for demagnetization using magnetization data
taken in a Lake Shore 7407 vibrating sample magnetometer
(VSM) and the geometrical demagnetization correction
for a prism [34]. For each sample the isothermal entropy
change was measured starting from zero field for applied
magnetic fields in the range of uoH = 0.05 T to 1.5 T with
a field step of 0.05 T and a temperature step of 1 K. A
representative set of measurements is shown in Fig. 1. To
extract a (temperature-dependent) scaling exponent b, the
results were fitted to a power-law function of the form a H”.

The (mean) critical temperature of each sample, found as
the position of the minimum of the scaling exponent b, shows
a dependence on nominal composition consistent with that
previously found in the literature [14], see Fig. 2, confirming
the accuracy of the nominal compositions of the samples.

In Fig. 3 we show the scaling exponent at the critical
temperature of each sample. A clear trend is visible, showing
b decreasing continuously from a value close to 2/3, which is
that expected for a pure mean-field model, as the Sr content
x is decreased. All of the LCSMO samples are second order,
and the continuous dependence of the scaling exponent on x
demonstrates the nonuniversal nature of the field dependence
of the isothermal entropy change. It can also be seen that the
scaling of Lag¢7Cag33MnOs3 is markedly different; this is a
signature of a more first-order-like phase transition, as will be
discussed below.

To interpret these results we use a mean-field approach.
Previous theoretical work has been based on a Landau
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FIG. 2. Critical temperatures of the seven samples as a function
of strontium content. The critical temperature was determined as the
position of the minimum of the scaling exponent associated with
the isothermal entropy change for low fields. The line is a guide to
the eye.

expansion of the free energy in which a distribution of 7,
has been introduced [35,36]. However, the Landau expansion
is only valid for small applied fields H and close to T, (being
a series expansion in M); in particular, it does not account
for the approach to saturation. It is preferable to consider
a microscopic model that accounts for saturation and that
gives physically reasonable results for any 7 and H. Here we
use the Bean-Rodbell model, which is basically a mean-field
model in which the exchange constant depends on the lattice
spacing [37]. It is well known that the critical exponents of
the Bean-Rodbell model (for the range of parameters where
the transition is second order) are those of mean-field theory.
However, the model is not identical to Landau theory outside
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FIG. 3. Experimentally determined scaling exponent of the
isothermal entropy change at the critical temperature of each sample
and a field change of 1.5 T. For a pure mean-field model with no
spin-lattice coupling, a scaling exponent close to 2/3 is expected.
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the critical region (small reduced temperature and small field).
While the Bean-Rodbell model like all mean-field models
predicts the wrong critical exponents for the manganites, the
spread in 7, combined with the limited temperature resolution
of most magnetization measurements make it questionable
whether the critical region is, in fact, accessed experimentally.
Outside the critical region (but still close to T;), it is well
accepted that the Bean-Rodbell model accounts qualitatively
and to some extent also quantitatively for the behavior of
many magnetocaloric materials, in particular the manganites
[38]. As we show below, the field behavior of the isothermal
entropy change can in fact be modelled rather satisfactorily
by the Bean-Rodbell model. This allows information on the
spin-lattice interactions to be extracted.

The Bean-Rodbell model is a mean-field model in which
the exchange coupling A is assumed to depend linearly on
the interspin distance: A = Ao(1 + 8 V‘_,OVU), where V is the
actual volume, Vj the volume in the absence of exchange
interactions, and 8 a parameter which controls the strength
of the spin-lattice coupling; ¢ is the value of the exchange
coupling corresponding to V = Vj,. The behavior of the model
can conveniently be classified by another parameter n, given by

, [T+ DI

QI+ =1 M

N
n= 407K(k3 To)B

Here J is the magnitude of the spins (in units of h), N;
the number of spins, x the isothermal compressibility, and
Ty the transition temperature for 8 = 0; kp is Boltzmann’s
constant. The order of the phase transition described by the
Bean-Rodbell model is determined by n: n > 1 correspond
to a first order transition. For n < 1 the Bean-Rodbell model
describes a second-order phase transition with the same critical
exponents as the standard mean-field model but with different
behavior at finite fields. This leads to a scaling behavior of
AS that depends on 75, as shown recently [12]. To account
for compositional variations we introduce a statistical spread
in Tp; i.e., we assume T to be normally distributed around its
average with a standard deviation of o7.. We do a least-squares
fit of the field dependence of AS at T = T, for each sample,
using n and o7, as the fitting parameters. This results in the
values of 1 (and thus of the magnitude of the spin-lattice
interaction ) and o7, shown in Figs. 4 and 5; the error
bars in the plots reflect a 10% increase in the residual of the
fitting.

The five LCSMO samples all have approximately the same
spread, independent of x, consistent with the fact that they are
produced by the same route, which presumably introduces
similar amounts of compositional variation. The spread in
critical temperature is in all cases of the order of 1-1.5 K, while
the spread in 7, for the LCMO sample is slightly higher. The
value of 7 increases as x decreases, i.e., addition of strontium
decreases the magnitude of the spin-lattice coupling. For the
LCMO sample we find a value of 1.2 for 1, meaning that the
transition in LCMO is of first order. This is consistent with
several other reports in the literature [14-16]. Our finding
that the magnitude of the spin-lattice interaction increases
monotonously with decreasing x quantifies the often-stated
assertion that the LCSMO materials become more first-order-
like as x = 0 is approached. The fact that n is significantly
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FIG. 4. Bean-Rodbell parameter n extracted from the experimen-
tal field dependence of A S by fitting to the Bean-Rodbell model with
a spread in critical temperatures. The increase in 1 as the strontium
content decreases is equivalent to an increase in the spin-lattice
coupling. A value n > 1 corresponds to a first-order transition.

larger than 1 for x = 0 suggests that the first-order transition
may extend to finite, but small x (certainly smaller than
x = 0.0375 which we unequivocally identify as second order).
We see that even though there are no critical exponents
associated with a first-order transition, our approach looking
at the full field dependence of AS allows us to identify the
order of the transition.

In conclusion, we have demonstrated experimentally that
the finite-field scaling of the magnetocaloric effect close to
a second-order phase transition is not universally determined
by the critical exponents of the transition. Further, we have
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FIG. 5. The spread in critical temperature as measured by the
standard deviation o7, calculated from a fit of the model to the
experimental field dependence of AS at T,.

argued that compositional variations in many cases lead to
a spread in 7, of a magnitude that precludes direct access
to the critical region. Nevertheless, a careful determination
of the field dependence of the isothermal entropy change
close to the average transition temperature allowed us to
determine the variation of the effective spin-lattice coupling
as a function of the strontium content of lanthanum calcium
strontium manganite. It will be of interest to apply this analysis
to different series of magnetocaloric compositions.
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