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Pressure Dependence of Magnetic Properties in La(Fe,Si);3: Multistimulus
Responsiveness of Caloric Effects by Modeling and Experiment
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For a better understanding of multistimuli-responsive caloric materials with a first-order transition and
for optimization of their functional properties, it is necessary to predict the behavior of the material under
changes of both magnetic field and pressure. Here, we design and build a special device that can provide a
self-consistent set of parameters needed for the comprehensive characterization of multistimuli-responsive
functional magnetic materials. Using this scientific instrument, a data set of simultaneously measured
magnetization, M (7T)y, and volume magnetostriction, w(7)y, values are obtained for LaFe;; 4Si; ¢ with
a first-order transition. Furthermore, based on simultaneously measured M (7T) and w(7) dependencies
obtained at ambient pressure, we develop an approach that allows the behavior of magnetization under
different pressures, M (T)p, to be described analytically. Additional parameters, such as compressibility,
k(T); thermal expansion coefficient, «(7); and magnetoelastic interaction or effective magnetovolume
coupling constant, Cyy, are determined. For verification of our developed model, direct measurements
of magnetization under external pressure (up to P =1 GPa) are carried out on the same sample as that
used for simultaneous measurement of magnetization and magnetovolume effect. A comparison of simu-
lated M (T)p dependencies with experimental M (T)p confirms that our approach provides a more realistic
behavior of transition temperature under pressure, T¢(P), than that of the T¢(P) predicted by the Bean-
Rodbell model; thus, this approach is more suitable for predicting the behavior of multistimuli-responsive

caloric materials with first-order transitions under changes of both magnetic field and pressure.
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I. INTRODUCTION

Recent advances in materials science (phase-change
magnetic materials [1-5]) and thermal engineering (non-
vapor compression cooling technologies [6—8]) help to
develop an emerging technology of magnetic refrigera-
tion. However, until now, no commercially competitive
magnetic refrigerator has been produced, not even for
niche market applications. The overwhelming majority of
existing magnetocaloric prototypes use magnetic systems
made of permanent magnets (Nd-Fe-B), and, in most cases,
such systems provide a magnetic field change, AuoH,
of about 0.8-1.2 T [9]. Such magnetic fields lead to
a relatively modest cooling power and insufficient ther-
mal operating span, if a magnetocaloric material with a
second-order magnetic phase transition (e.g., Gd metal) is
used as a solid-state magnetic refrigerant [10—12]. At the
same time, if the magnetocaloric material has a first-order
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magnetostructural transition, a magnetic field change of
1 T can be sufficient for switching the material between
paramagnetic-antiferromagnetic and ferromagnetic states,
and the discontinuous nature of the first-order transition
provides a large isothermal entropy change, AS7, which is
typically three to five times higher than that of AS7 of the
benchmark magnetocaloric material Gd [13].

Severe drawbacks of the first-order transition are, how-
ever, inherent thermal and magnetic hystereses, which
drastically reduce the cyclic magnetocaloric response
[14-17]. Overcoming or circumventing these obstacles
will help researchers and engineers to achieve fully
reversible adiabatic temperature changes, AT,4, and mag-
netic entropy changes, ASr, closer to the physical limits
of the material in low magnetic fields. Recently, it has
been shown experimentally [18] that, by applying a uni-
axial stress or pressure together with magnetic field, it is
possible to actually exploit, rather than avoid, the hys-
teresis, which, as a consequence, drastically reduces the
amount of expensive Nd-Fe-B permanent magnets needed
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for such a multistimuli magnetic refrigerator. Moreover,
the application of external pressure can also reduce the
width of the phase transition and cause an enhancement
of the magnetocaloric properties [19,20].

For a better understanding of the physics of multistimuli-
responsive caloric materials with first-order transitions,
and for the optimization of their functional properties,
it is necessary to describe analytically and experimen-
tally the magnetoelastic interaction between the magnetic
moments and the lattice and to be able to predict the
behavior of the material under changes of both magnetic
field and pressure [21-23]. Thus, detailed knowledge of
additional parameters, such as compressibility, «; thermal
expansion coefficient, «; volume magnetostriction, w(H)r;
and magnetoelastic interaction or effective magnetovolume
coupling constant, Cyyy, are needed. At the same time,
compressibility measurements are often implemented by
means of high-pressure x-ray powder diffraction at dif-
ferent temperatures [24,25]. The thermal expansion in a
magnetic field, &, and magnetostriction, w(H )7, are usually
measured on powdered samples by using x-ray or neutron
diffraction [26], or on the bulk sample in capacitance or
optical dilatometers [27]. The constant of magnetoelastic
interaction, Cyry, can be calculated by using the Callen-
Callen model [28], where spontaneous volume magne-
tostriction is proportional to the squared magnetization,
o(H)7 =k CyyyM? (magnetization M should be obtained
by using a magnetometer).

Thus, the precise determination of this set of parame-
ters requires different measurement techniques, and some-
times the sample should be in powdered form; in other
cases, it should be in bulk form. Demagnetization factors,
temperatures, field sweeping rate, and other experimen-
tal conditions can vary from one measurement technique
to another, resulting in a not perfectly consistent set of
data, especially for samples with very sharp transitions.
One of the goals of this work is therefore to design and
build a scientific instrument that provides the whole set of
parameters needed for the comprehensive characterization
of multistimuli-responsive functional magnetic materials.

Here, we select the LaFe;;4Si;¢ compound [29,30]
to obtain an extensive data set of simultaneously mea-
sured magnetization, M(H )7, and volume magnetostric-
tion, w(H)7, values. Based on simultaneously measured
M(T)y and w(T)y dependencies obtained at ambient pres-
sure, we develop an approach that allows the behavior
of magnetization under different pressures, M (7T)p, to be
described analytically. This approach consists of five steps.
(1) First, by fitting experimental dependencies M (T) and
o(T) in the framework of mean-field and Bean-Rodbell
models, two key parameters of the model, § and 5, can
be unequivocally identified. (2) Then, using obtained B
and 7 values and Cp(T) experimental data, the temperature
dependence of compressibility, «(7), can be determined.
(3) In addition, this approach gives us an opportunity
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to trace temperature dependencies of the magnetovolume
coefficient, x Cyy (7). (4) At the next step, combining the
spin-fluctuation theory of the itinerant electron metamag-
netic (IEM) transition and obtained values of « Cyy(7),
the pressure dependence of parameter 8(P) can be found.
(5) Finally, the temperature dependences of magnetization
under pressure, M(7T)p, can be explicitly calculated and,
here, we demonstrate a very good agreement between our
analytically obtained and experimentally measured tem-
perature dependencies, M(7T)p, for 0 < P < 1.1 GPa. The
procedure flowchart of the proposed approach is presented
in Fig. 1.

II. EXPERIMENTAL

A. Sample preparation

A LaFe;;4Si;¢ ingot of 20 g is produced by induc-
tion melting from pure elements. After melting, to ensure
homogeneity of the as-cast alloy, the samples are encap-
sulated in quartz tubes under an Ar atmosphere and then
subsequently annealed at 1050°C for 3 h.

The homogenized ingot is then segmented into pieces
for subsequent suction casting. Suction casting solves two
main problems. The first one is the net shaping of plates of
2 x 2 x 1 mm? required for the simultaneous measurement
of magnetization and magnetostriction. The second advan-
tage is the reduction of annealing time from one week
(typical annealing time for bulk arc-melted or induction-
melted samples) down to 12 h for suction-casted plates
because of acceleration of the diffusion processes due to
a drastic reduction of grain size after quenching. The suc-
tion casting of 1 g samples is done by using a rectangular
copper mold of 10 x 4 x 0.5 mm?.

Suction-casted samples consist of predominantly o-
Fe and La-rich phases, and therefore, an additional
annealing step is required to obtain the magnetocaloric
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1:13 phase, which is formed by a peritectic reaction:

«-Fe + La-rich li(f’)C La(FeSi);3. So, they are wrapped
in Mo foil, sealed in quartz tubes, annealed in a resis-
tance tube furnace at 1100 °C for 12 h, and subsequently
quenched in water.

Microstructural characterization and average bulk com-
positional quantification of the samples are performed
using a Philips XL30 FEG scanning electron microscope
equipped with an energy-dispersive x-ray system (SEM
EDX). The x-ray diffraction (XRD) patterns of the pul-
verized samples are collected at room temperature using
a Stoe Stadi P instrument in transmission mode with a Mo
Ko source radiation (A =0.70930 A). Rietveld refinement
of the XRD patterns is performed using TOPAS Version 6.0
software. Analysis shows that the annealed LaFe;; 4Si; ¢
plates contain 98% of the desired 1:13 phase and approx-
imately 1% of «-Fe and 1% of nonmagnetic LaFe;; 4Si; ¢
phases.

Temperature-dependent XRD experiments are per-
formed in a STOE STADI P diffractometer with Mo
Ko radiation in transmission geometry. For temperature-
dependent measurements, an Oxford Cryostream 600 sys-
tem provides cooling of the LaFe;; 4Si; ¢ sample down to
100 K. The diffraction patterns are analyzed with the FULL-
PROF suite? software to extract the lattice parameters and
phase fractions. The obtained lattice parameters are used
to calculate the unit-cell volume at each temperature.

The heat capacity in magnetic fields of 0, 2, 5, 10,
and 14 T from 2 to 350 K is measured using a Quan-
tum Design Physical Properties Measurement System (QD
PPMS). Direct measurements of the adiabatic temperature
change, AT,q, are performed in a home-built experimental
setup [17]. The magnetic field is produced by permanent
magnets in a Halbach-cylinder configuration. The maxi-
mum field in the center of the bore is woH =1.93 T. The
influence of high pressure on magnetic and magnetocaloric
properties of the sample is investigated by using a special
high-pressure cell for magnetometry (HMD) for use with
a vibrating sample magnetometer (VSM) QD PPMS. The
maximum applied pressure is 1.3 GPa.

B. Material researching system (MaRS)

For the simultaneous measurements of magnetization,
magnetostriction, and temperature change of LaFe;; 4Si; ¢,
a purpose-built experimental setup is designed and built.
This scientific instrument greatly enhances the measure-
ment capacity of the commercial VSM option of QD
PPMS. Schematics of the device and software interface are
shown in Figs. 2 and 3.

The top part of the VSM sample rod is made from a
carbon-fiber tube, while a carbon-fiber rod is used for the
lower part [Fig. 2(a)]. To avoid signal losses and inter-
ference effects, low-temperature low-noise copper twisted
wires are used to connect strain gauges and a thermometer
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FIG. 2. Experimental setup. (a) Measurement insert and (b)
quartz sample paddle with sample and sensors mounted, and (c)
transport cap with electrical wiring.

with the data acquisition system. To prevent any damage
to the wires by mechanical contact with the VSM guid-
ing system, the wires are placed in a specially designed
channel along the sample holder adapter and the carbon-
fiber rod. At the top, wires exit the sample rod assembly
through a hole in the standard aluminum cap and end with
an 18-pin cable collet (Lemo S-connector). The rod is
attached to the VSM head through a standard aluminum
cap with a magnetic locking system. The homemade sam-
ple transport cap [Fig. 3(c)] is similar to the one use with
the QD PPMS oven option (P527) and consists of two
parts: housing for the fixed coupler Lemo connector and
a vacuum tide lid. It has to be mentioned that size of
the transport cap is optimized with respect to the num-
ber and elasticity of the wires used, because forming the
wires in a single-loop spring can significantly increase
their life and reduce contact failure due to fatigue caused
by vibration.
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FIG. 3. (a) Schematic of the experimental setup for simul-
taneous measurements of magnetic moment, magnetovolume
change, and temperature change. (b) Screenshot of MaRS soft-
ware.

The sample holder consists of a quartz half-rod and
three-dimensional (3D) printed plastic adapter [Fig. 2(b)].
The Vishay micromeasurement strain gauge (SK-06-
031CF-350) is glued to the sample by M-Bond 610
adhesive and the resistive temperature sensors (Cernox
CX-1050-BC) are welded to the sample with indium. To
compensate for field- and temperature-induced changes in
strain-gauge resistivity, an additional reference (SK-06-
031CF-350) sensor is attached to the quartz sample holder.

The scheme of the new experimental insert is shown
in Fig. 3(a). The VSM pick-up coils, through the bottom
“puck” connector of the PPMS, are directly connected to
the PPMS control area network (CAN) system. Therefore,
the original QD PPMS MultiVu software is used to receive
the detected magnetic signal. Three Keithley 2000 mul-
timeters, connected to the MultiVu software through the
general purpose interface bus (GPIB), are used to pro-
cess the signals from two strain gauges and temperature

sensors (resistivity four-wire mode). A software module
is developed to control the PPMS and communicate with
the multimeters [Fig. 3(b)]. The modular design of the
PPMS software architecture allows the simultaneous use
of the VSM module, together with the multimeter mod-
ules, which, in a row, can be adjusted for each specific
measurement requirement.

The temperature and field dependencies of magneti-
zation obtained on a bar-shaped sample are identical to
those obtained during the simultaneous measurement. The
measurement reproducibility and precision is not affected
by the additional temperature and stresses introduced by
sensors attached to the sample. The results obtained by
simultaneous measurements of magnetization and magne-
tostriction on reference Ni and Terfenol-D (Tbg 3Dy, ;Fe)
samples show that the setup can perform precise measure-
ments in the temperature range 4.2—400 K and magnetic
field up to 14 T.

C. Magnetic and magnetocaloric properties of
LaFe;q4Sii6

LaFe;_,Si,-type alloys (1.2 <x <2.0) experience a
change from first-order to second-order transition types
with increasing Si content. The order of the phase tran-
sition is changed at x=1.6 [31], and this is the reason
why this particular composition is chosen for our exper-
iment: The sample demonstrates all features of magnetic
first-order transition: large magnetovolume expansion, w;
remarkable magnetic entropy change, ASy; and a high
value of adiabatic temperature change, AT,q. At the same
time, LaFe;; 4Si; ¢ is very close to the critical point where
the first-order transition becomes second order [32]. This
allows us to utilize the entropic benefits of the first-order
transition without the reduction of the magnetocaloric
effect (MCE) due to hysteretic losses. It is also essen-
tial that the LaFe;; 4Si;¢ sample is mechanically stable
under thermal and magnetic cycling. This is important
for magnetostriction measurements, and good mechani-
cal integrity allows us to avoid the parasitic contribution
in the signal during cracking of the sample. For all mea-
surements described here, we use the same LaFe;;4Sii¢
sample, which is rectangular shaped (5 x 2 x 0.5 mm?) to
reduce the impact of the demagnetizing field. In addition,
the magnetic field is always applied along the long side of
the plate.

The field dependencies of magnetization, M (H)r, mea-
sured in our MaRS setup near the first-order transition
temperature and in magnetic fields up to 14 T are shown
in Fig. 4a. One can see that below 199 K LaFe;; 45i;¢ is
in a ferromagnetic (FM) state (blue curves) and above this
temperature the sample is paramagnetic (PM) in zero field
(red curves). A field-induced transition from the PM to FM
state is visible with clear first-order features for tempera-
tures of 200, 205, 210, and 220 K these are characteristic
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FIG. 4. (a) Field dependences of magnetization, (b) mag-

netovolume effect, and (c) Belov-Arrott plots of LaFe;; 4Si;
sample.

magnetization curves with a hysteresis between up and
down sweeps. The hysteresis width decreases with increas-
ing temperature and the transition is slightly broadened.
The critical field of the transition increases with tem-
perature at a rate of 0.25 T/K. The Belov-Arrott plot,
in combination with the broadly used Banerjee criterion
[33] [Fig. 4(c)], also confirm that our LaFe;; 4Si; ¢ sample
is a material with a first-order magnetic phase transition
because the M?/(uoH/M) curves exhibit negative slopes.
Figure 4b shows the field dependencies of magne-
tostriction, w(H )7, measured simultaneously with magne-
tization, M (H)r. Field-induced volume expansion in the
ferromagnetic region (7 < 196 K, blue lines) and above
the transition (7'>250 K, not shown) is rather mod-
est. However, during the transition from ferromagnetic to
paramagnetic states, occurring in a temperature range of

199 K < T < 250 K, in a magnetic field of up to 14 T, one
can see that it is accompanied by a large volume expansion,
AVIV, of 1.1% [Fig. 4(b), red curves].

Figures 5(a) and 5(b) depict the temperature depen-
dencies of magnetization, M(7T)y, and relative volume
change, w(T)g =[(T)—V(300 K)]/V(300 K), simultane-
ously measured in five selected magnetic fields by using
the MaRS setup. Similar to the field dependencies shown
in Fig. 4, M(T)y and w(T)y clearly show that the tran-
sition to the ferromagnetic state is accompanied by a
lattice expansion typical for materials with an itinerant
electron metamagnetic phase transition. The red circles
in Fig. 5(b) correspond to the relative changes of the
lattice parameter a, as measured by x-ray diffractometry.
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FIG. 5. (a) Temperature dependences of magnetization,
(b) temperature dependences of relative volume change of
LaFe;; 451, ¢ sample at different fields (red circles show the XRD
data). (c) Temperature dependences of ATy (woH=1.9 T) and
AS)s (inset) of LaFey 4Si; ¢ sample.
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One observes good agreement between both experimental
techniques. The simultaneously obtained w(H )7, M (H)r,
M(T)y, and w(T)y dependencies shown in Figs. 4(a), 4(c),
5(a) and 5(b) are necessary for further simulation of the
temperature dependences of magnetization under pressure,
M(T)p.

To directly evaluate the MCE properties of our
LaFe; 4Si; ¢ sample, AT,q versus temperature curves are
obtained under magnetic field change ApugH=1.9 T for
both heating and cooling protocols, as shown in Fig. 5(c).
The maximum value of adiabatic temperature change is
determined to be 5 K. The isotheral entropy change, AS7,
is calculated from M (T)y dependencies using the Maxwell
relation [see inset in Fig. 5(c)]. The AS7 in a magnetic field
of 2 T is evaluated to be 16.5Jkg~! K~!. Both AS; and
AT, values obtained on our LaFe;; 4Si; ¢ suction-casted
plate are typical for samples with first-order transitions
near the critical point [2].

IT1. RESULTS AND DISCUSSIONS

A. Model of pressure impact on magnetic properties

To describe the relationship between applied pressure
and variation in magnetic properties, the Bean—Rodbell
model can be used as a basic starting point [34-36].
Here, the dependence of the exchange interaction on the
interatomic distance is phenomenologically described via
the dependence of the critical temperature on the volume
change. Bean and Rodbell have suggested that the volume
dependence of the Curie temperature can be estimated as

TCZ T()[l +,BCI)], (1)

where T¢ and T, are the Curie temperatures of the low-
temperature and high-temperature phases, respectively;
w={V-—-"Vy)/Vy is the relative volume change, where
Vo is the volume of the high-temperature phase without
exchange interactions. 8 is a dimensionless parameter,
characterizing the sensitivity of the exchange interaction
on the sample volume.

The Bean—Rodbell model is developed based on the
assumption that the ferromagnetic interaction between
magnetic moments is localized on each atom site, and the
magnetization is described by the Brillouin function for the
localized effective magnetic moment, J. At the same time,
as investigated in our work, LaFe;; 4Si; ¢ is an itinerant
magnet and the magnetically active (unpaired) 3d electrons
must be considered as delocalized or itinerant electrons. In
this case, the spontaneous magnetization is the result of
spontaneous spin splitting of the 3d-4s hybridized electron
bands. Assuming that each electron has a spin-only mag-
netic moment, wp, the net magnetization of the metal can
be expressed as a difference in the population of the spin-up
and spin-down bands. Eventually, for the itinerant magnet,
we should use the number of uncompensated for electrons,

N*=n*t—n", and spin, S=Y% (uer= up), instead of the
number of atoms, N, and effective magnetic moment, J,
per atom, as suggested in the Bean-Rodbell model.

Taking this assumption within the molecular-field
approximation, the Gibbs energy, G, per gram of magnetic
material can be written as [35]

l 2
G = —~NkTeo> + 2 — TSuice — TNkg
2 2k

1
X |:1n2 5 In(1 —0?) — atanh_lai| — HMg 0 + Pw,
(2)

where « is compressibility, N is the number of uncompen-
sated for electrons per unit volume, kg is the Boltzmann
constant, o = M(T)/M,(0) is a reduced spontaneous mag-
netization, « is a thermal expansion coefficient, Siyyice 1S
the entropy of the crystal lattice, and M g is the saturation
magnetization.

One can see that G is a function of two variables, o and
o, and to find the equation of state of the system with mag-
netovolume interactions, we should minimize the Gibbs
free energy with respect to both variables. First, mini-
mizing the Gibbs free energy by volume, we obtain the
expression for the relative volume change:

1
w= EzvchKTo,ea2 + / adl — / KkdP, (3)

Since compressibility and the thermal expansion coeffi-
cient are constant, the last two integrals in Eq. (3) can be
replaced by 7T and kP terms. It can be seen that, in the
framework of the Bean-Rodbell model, the change in vol-
ume can be ascribed to changes in t magnetization, crystal
lattice, and external pressure. In the zeroth magnetic field
(o =0), the shift of the phase transition can be found from

Tc = To[l — Bk P]. 4)

We can now replace w in Eq. (2) by using Eq. (3) and then
we can minimize the Gibbs free energy with respect to o.
The result can be conveniently expressed as

2
r o (14 0% = kPB) + outl o

Ty tanh~'o

where

Nkgk To 8> (6)

N W

n=

Equation (5), obtained by Bean and Rodbell, will be used
in the following for the determination of the temperature
dependence of ¢ as a function of temperature, T; external
field, H; and pressure, P.
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The main problem with straightforwardly using Eq. (5)
consists of a rather broad set of additional parameters,
such as T, compressibility «, and dimensionless param-
eters n and 8. Moreover, some of these parameters are not
constants, but temperature-dependent and field-dependent
variables. All of these parameters should be unequivocally
and consistently determined before we can use Eq. (5)
for the calculation of temperature dependences of mag-
netization under pressure, M (T)p. Thus, the value of the
Ty parameter in Eq. (5) can be extracted from the experi-
mental M (T)y dependencies obtained at ambient pressure.
In addition, in the framework of molecular-field theory,
parameter B8 (see Sec. III B) can be found. Using this
parameter §, parameter 1 can be calculated using Eq. (5)
(see Sec. I1I C).

The experimental evaluation of the compressibility «
is rather complicated, because compressibility measure-
ments are often implemented by means of high-pressure
x-ray powder diffraction at different temperatures, which
are often inaccessible and give rather scattered results.
The compressibility can be calculated by using the sound
velocity value, but ultrasonic detection of the elastic mod-
uli in the La(Fe, Si)13 system with the first-order phase
transition are almost impossible due to scattering of sound
waves on defects (cracks) caused by giant spontaneous
magnetostriction. Despite all this, to understand the depen-
dence of magnetic properties on pressure in the vicinity of
the phase transition, an accurate evaluation of k(7 is a cru-
cial task, because it is not a constant, but it should possess
a sharp peak at the transition [37]. Therefore, in Sec. 111 D,
we describe our alternative approach for exploration of the
temperature dependence of the compressibility « (7).

The B parameter in the Bean-Rodbell model is intro-
duced as a constant [35]:

1 (dIc
#==r (@) 7

It is shown [38—40] that in La(FeSi)13 alloys the transi-
tion temperature is depressed significantly with pressure,
however, the ratio dT¢/dp is not a constant and increases
with pressure. Hence, the parameter 8 in Eq. (7) has to be
dependent on pressure. Although the Bean—Rodbell model
predicts the enhancement of the first-order phase transition
under pressure, it cannot describe the nonlinear pressure
dependence of transition temperature by taking B as a
constant. Thus, to predict the magnetic behavior of the
material under pressure, M(7T)p, we should determine the
pressure dependence of parameter 8 (see Sec. III F). As
an intermediate step (Sec. Il E), the temperature depen-
dence of the magnetovolume coefficient, Cyyy, versus T
can be also evaluated. Finally (Sec. III G), Eq. (5), with
such determined 7y, B(P), n, k(T), and C\y(T) parameters,
can be applied for the simulation of M(7)p.

B. Molecular-field approach and parameter

To unambiguously define parameter 8, which is needed
for further simulations, we combine molecular-field theory
(MFT) with the Bean-Rodbell model. Since, in our partic-
ular case, the La(Fe, Si)13 compound can be considered
as an itinerant magnet because of zero magnetization of
the rare-earth-element sublattice, we should use spin S =
instead of an effective magnetic moment, J, per atom. In
turn, MFT should be adapted to avoid inconsistencies in
the developed approach; hence, the Brillouin function can
be simplified to the form of a hyperbolic tangent.

Thus, based on molecular-field theory, we can calculate
the temperature dependence of magnetization as follows:

o = tanh[(Hx + H)up/kpT], 3

where Hey = AN upo is the molecular field, the parameter
of molecular field A can be written as A = kgTc/(Nu3);
N=1.6 x 10?? is the number of uncompensated for elec-
trons per unit volume. The advantage of this approach
is that it consists of very few parameters necessary for
the calculation of o(7) dependencies. For these purposes,
from an experiment, we should know only the Curie
temperature, 7, which determines parameter A.

According to Bean and Rodbell, 7T¢ can be written as
Eq. (1) and the A can be written as

= oToll + Bo) o)

Nug
The transition temperature 7 of a high-temperature phase
with an undisturbed volume V) can be determined by using
the Curie—Weiss law and the temperature dependence of
inverse susceptibility, 1/x (7). From a linear approximation
[red solid line in Fig. 6(a)], we find that 7y = 196 K.

Figure 6(b) shows the experimental data of the tempera-
ture dependences of the relative volume change, w(7)y o,
in the zeroth field (solid blue line), whereas the normal-
ized spontaneous magnetization, o(7)y—¢, obtained from
the field dependences of magnetization by using an Arrott
plot is shown in Fig. 6(c) as black circles. Using experi-
mental values of w(T)y—o, To =196 K, and N= 1.6 x 102,
a fitting of experimental o (7T)—¢ is done by using Eq. (8)
with B as a fitting parameter. The calculated o (7) curve
with 8 =15 is shown in Fig. 6(c) as a solid blue line. One
can see good agreement between experimental and simu-
lated data; hence, the received value of § =15 is used for
further calculations at ambient pressure.

To illustrate, in detail, how the molecular-field approach
works, the results of additional simulations for two non-
deformable systems with two different constant volumes,
Vo (w=0, =15)and V] (w=0.011, B =15), are shown
in Fig. 6(c) as orange (V) and red (V) dashed lines.
These two volumes are taken from experimental w(7) data:
V' corresponds to the lattice in an undisturbed paramagnetic
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orange, and red lines are modeling curves for the parameters
B = 15; black circles are experimental data.

state, whereas V| describes the system in a ferromagnetic
state with larger volume due to magnetovolume interac-
tions. If we use Eq. (8), keeping volume V fixed at all
temperatures, then upon heating from low temperatures we
can observe a smooth decrease of the magnetization to zero
at a temperature of 7p =196 K (T¢=T)). For the same
system with increased constant volume V| (w=0.011),
the decrease in magnetization will be slower, since its
Curie temperature, T¢c = To(1 + Bw), will be higher, and
for B = 15 the value is T¢* =228 K. In the case of a freely
deformable system, the temperature behavior of magneti-
zation will be more complex, since the spontaneous vol-
ume magnetostriction, w(7)y—o, is not constant over the

entire temperature range. In such a way, we can conclude
that parameter B obtained in framework of the molecular-
field approach is very relevant for the simulation of o (7)
dependencies of materials with a large magnetovolume
effect.

C. Parameter 5

Parameter 8, as determined in Sec. III B, allows us to
find parameter 7 in framework of the Bean-Rodbell model.
Indeed, if magnetic field and pressure are zeroth order,
spontaneous magnetization in Eq. (5) depends only on Ty,
B, and n. Tj and B arere found in Sec. III B.

The graphical solutions of Eq. (5) for various values
of parameter n (P =0, H=0) are plotted in Fig. 7(a) as
red lines. The best fit of the experimental curve, shown
with blue circles, corresponds to the parameter n =1.25.
In general, the n parameter defines the order of the phase
transition: if n <1, the transition is second order and, if
n > 1, the transition is first order. The obtained value of n
parameter, n > 1, indicates the first-order phase transition
in the LaFe;; 4Si; ¢ compound.

D. Temperature dependence of compressibility

Since in a framework of the Bean—Rodbell model the
compressibility is assumed to be constant, the determined
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FIG.7. (a) Reduced spontaneous magnetization versus temper-

ature for different values of parameter . (b) Temperature depen-
dence of the compressibility for LaFe,; ¢Si; 4. Inset: temperature
dependence of specific heat for LaFe,; ¢Si 4.
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value, n =1.25, allows us to find such compressibility in
the ferromagnetic state as ko = 8.6 x 107> GPa~! by using
Eq. (6). However, in reality, the compressibility drasti-
cally changes with temperature near the first-order mag-
netostructural transition [16]. To calculate x4+ Ax(7),
we use two thermodynamic relations: first, between «
and thermal expansion coefficient « [Eq. (14)], and,
second, between « and specific heat, Cp [Eq. (15)].
Below, we show how these Eqs. (14) and (15) can be
derived.

According to the Ehrenfest classification, first-order
phase transitions have discontinuities in the first deriva-
tives of Gibbs free energy, G, (0G/0T)p=—S and
(0G/dP)r=V. Moreover, in theory, being second deriva-
tives of Gibbs energy, heat capacity, Cp, and compress-
ibility, «, are not defined at the transition temperature.
However, this discontinuity is the case only for an ideal
first-order phase transition occurring infinitely fast at con-
stant 7, P, and H. Actually, all available experimen-
tal data (e.g., Fig. 5) show smooth curves of volume
and entropy changes of the entire sample. This observ-
able continuity at the transition happens partially due to
phase coexistence during the transition and partially owing
to slight inhomogeneity of the material. Such smooth-
ness of the experimentally obtained thermodynamic vari-
ables measured at the first-order transition allow us to
use, for example, the thermodynamic Maxwell relations
based on the first derivatives of free energy, instead of
using the Clausius-Clapeyron equation, where the dis-
continuous steplike changes of AM, AV, AS, etc. must
be taken into account. Such practice is commonly used,
for instance, for evaluation of magnetic entropy changes
occurring at the field-induced first-order transition (see,
e.g., [41-43)).

Thus, to obtain a reasonable shape of compressibility
maxima near the first-order transition, o+ Ax(T), we can
use an approach based on continuous changes of all ther-
modynamic variables. Let us denote, by the letters 4 and B,
two neighboring states during the smooth first-order tran-
sition with temperatures 74 and Tp and pressures P, and
Pg. Since the entropy and volume macroscopically change
continuously, we can write

dS4(Py, T4) = dSs(Ps, T3),
dVy(Py,T4) = dVs(Ps, Ts).

(10a)
(10b)

Taking a total differential and by multiplying both parts of
Eq. (10a) by T and Eq. (10b) by 1/V, we get

aT ), aT ),
A dSp

1 av, 14
Ay (2B (ar
Vv oT /) p oT ) p
1 /aV, 1 /aV,
+lolma) —=(52) |aP =0,
V\oP ), V\OP ),
where dT can be treated as AT=Tz—T, and dP is

AP=Pz—P,. Using Egs. (11a) and (11b) and thermody-
namic relations

(11b)

08
T(—) = Cp, (12a)
oT ) p
MY aV
oP ) ; oT ) p
1/0V
k=——\—], (12¢)
V\OP ),
one can obtain
ACpAT = TVAa AP, (13a)
Ak AP = AaAT. (13b)

It must be noted that ACp =Cpr, — Cpr,, Aa =
ary, —or,, and Ak = kp, — kp,.

Since in the vicinity of the transition, AP/AT is only
dP/dT¢, and it follows that

ACy = Tovna (4L (14)
P = C o ch s
dT,
Ak = Aa (—C) , (15)
dP
from Egs. (14) and (15), we find that
ACp (dTc\
Ak = —L[=£) . (16)
TcvV \ dP

Thus, to obtain Ax(T)=k(Tg)—«(T4), we can use either
experimental dependencies «(7) [Eq. (15)] or Cp(7)
[Eq. (16)], where, for each pair of two neighboring exper-
imental points, the changes in volume expansion, A«(7),
or heat capacity, ACp(T), are strongly related to changes
in compressibility, Ak (T).

In fact, to obtain Ax(T) by using ACp(T), we should
know the magnetic contribution to the total heat capac-
ity. The temperature dependence of specific heat of
LaFe;;4Si; ¢ is shown in the inset of Fig. 7. It is well
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known that the heat capacity of metals can be considered
as the sum of independent electronic, lattice (phonon), and
magnetic contributions:

Cp(H,T) = Ca(T) + Con(T) + Crnag(H, T) a7

The electron and phonon contributions to the specific
heat can be calculated as [44]:

T 3 ,0p/T x4e~c
C =yT+9NR| — / —dx, (18
el-+ph Y <®D> o (e“ _ 1)2 ( )

where the first term represents the electronic heat capacity
and the second term corresponds to the phonon Debye con-
tribution; y is the Sommerfeld coefficient; ®p is the Debye
temperature; N is the number of atoms per formula unit; R
is the universal gas constant; and x = hv / kT, where v is
phonon frequency. In Fig. 7 (inset), both lattice and elec-
tronic contributions obtained with y =150 mJ mol~! K2
and ©®p =360 K as a fitting parameters and N=14 are
shown as a blue line. The separated temperature depen-
dence of magnetic specific heat Cy,, obtained by subtrac-
tion of the lattice and electronic contributions from the
experimental data is presented in the inset in Fig. 7(b) as
the red shaded area.

The value of dT¢/dP can be estimated by using Eq. (7)
with 8 =15, Tp =196 K, and ko =8.6 x 1073 GPa~!, and
it is found to be dT¢/dP =25.3x10"° K/Pa. Figure 7(b)
shows the temperature dependences of k¢4« (T) calcu-
lated from Egs. (15) (red circles) and (16) (blue circles).
Both dependences have a clearly pronounced maximum
in the region of the phase transition. The compressibility
varies from 10 x 107'% to 8.6 x 10712 Pa~! for ferromag-
netic and paramagnetic states correspondingly through the
peak value of 35 x 107!2 Pa~! at T in zero magnetic field.
These values and temperature behavior are in a good agree-
ment with data reported in the literature [45—47]. Data
obtained using x-ray analysis at temperatures of 160 and
260 K are also presented in Fig. 7(b) as stars. It can be
seen that the obtained compressibility values using the
Bean—Rodbell model agree with the x-ray diffraction data.

In principle, Egs. (15) and (16) are obtained by using a
so-called continuous approach. At the same time, for the
first-order transition, the Clausius-Clapeyron equation can
also be used. If the paramagnetic and ferromagnetic phases
coexist during the first-order transition, one can write

Gem(H, T,P) = Gpm(H, T, P). (19)

Since the transition occurs in a zero magnetic field, the
total differential can be derived as follows:

VFMdP — SFMdT: VpMdP — SpMdT. (20)
From Eq. (19), it follows
AVdAP = ASdT 21

Multiplying both sides of Eq. (21) by 1/VdP? and using
Egs. (12b) and (12c¢), one can obtain

dTc
=a— 22
K =a—, (22)
and
dT
Ak = KFM — KpM = A()ld—PC (23)

In a similar way, multiplying both sides of Eq. (21) by
1/dT and using Eqgs. (12b) and (12c¢):

Ak = (‘ﬂ)z( Criv _ Cron ) (24)
ar TcVem  TcVem

It must be noted that, using the Clausius-Clapeyron
Eq. (21), we can calculate only the difference between
thermodynamic parameters before and after transi-
tions. Using Egs. (23) and (24), and assuming that
ko=8.6x 10712 Pa~!, Axkpy=0.93x 10712 Pa~! and
Akpy =0.27 x 10712 Pa~!, respectively [Fig. 7(b), orange
and green triangles].

E. Magnetovolume coupling constant

For further calculation of M(T)p dependencies, one
more quantity, characterizing the magnetoelastic interac-
tion, should be estimated: the magnetovolume coupling
constant, Cyy. To describe the magnetovolume effect
in La(Fe, Si)13 with a first-order phase transition, local-
moment volume magnetostriction theory, developed by
Callen and Callen [48], and that specified using the Stoner
band model [49,50], can be applied. According to this the-
ory, the spontaneous volume magnetostriction, w(7)y, can
be described as

o(Ny = kCayM*(D), (25)

where « is the compressibility, Cyy is @ magnetovolume
coupling constant, and M (T) is bulk magnetization.

The magnetovolume coupling coefficient, kCyyy, is
equal to the slope of w versus M? dependence [see
Fig. 8(a)]. The volume magnetostriction in both paramag-
netic and ferromagnetic states shows a linear dependence
on the square of the magnetization, although the magne-
tovolume coupling coefficient in the ferromagnetic state
(k Cyiv = 0.24%/45%) is smaller than that in the paramag-
netic state (k Cyry = 0.53%/113%). The temperature depen-
dencies of the magnetovolume coupling coefficient x Cypy
(T) are shown in Fig. 8(b).

The fact that kCyy can be significantly different in
ferromagnetic and paramagnetic states is known in the
literature. A similar difference in x Cyy between LuCo2
paramagnetic compound and Lu(CoxGal,)2 (x=0.09
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and 0.12) ferromagnetic compounds was obtained by
Goto and Bartashevich from the volume magnetostriction
measurements [51]: the value of xCyy in the paramag-
netic state is twice as large as that in the ferromagnetic
state at 4.2 K for the sample with x =0.09. According to
Takahashi theory [52], they discussed the origin for the dif-
ference in xCyy in terms of “zero-point fluctuation” of
the magnetic moment, which associates the variation of
k Cyy with changes in the spin-fluctuation spectrum. In
Ref. [53], Fujita et al. explained that there was an increase
in the magnetovolume coupling coefficient induced by
the magnetic moment in the ferromagnetic state; hence,
spin fluctuations are suppressed in the ferromagnetic state
after the IEM transition. Thus, the influence of higher
order terms on the magnetoelastic energy can qualitatively
explain the change in the value of k Cyy.

F. Pressure dependence of 8 parameter

In the framework of the Bean-Rodbell model, we can
successfully predict the experimental behavior of magne-
tization and volume changes taking place at the first-order
phase transitions. However, this approach can be used only
at ambient pressure. Indeed, the linear dependence of 7 on
the volume [Eq. (1)] presumes that, with increasing pres-
sure, the transition temperature should decrease linearly.
In reality, the reduction of T¢ under pressure demonstrates

more complicated character and does not follow the linear
law [38—40].

To adopt the Bean-Rodbell model for simulation of tem-
perature dependencies of magnetization under pressure, we
can use a pressure-dependent 8(P) parameter instead of
obtained in Sec. III B. For this purpose, we combine the
Bean—Rodbell model with the spin fluctuation theory of
the IEM transition based on the Landau expansion, accord-
ing to which the pressure dependence of 7¢ over a wide
pressure range obeys the following relation [54—56]:

Te = B*VPc—P,

where P is the critical pressure at which 7¢c =0 K. Such a
defined parameter, 87, is different from the corresponding
B of the Bean-Rodbell model and, by analogy with Eq. (1),
describes how T decreases with pressure.

Taking the pressure derivative of Eq. (26) and substi-
tuting the obtained result into Eq. (7), we can obtain the
following formula for the determination of the pressure
dependence of parameter 8(P):

L _F°

(26)

= . 27
P 2kTy /Pc — P @7
In turn, in Ref. [54], parameter 8" was derived as
Kk Cmy
= . 28
B = b5 (28)

The coefficient b is determined from M (H)r dependen-
cies using the following magnetic equation of state: B =
a(DM + b(T)M? + ¢(T)M?>. The parameter § is the pro-
portional coefficient of the relation &(7)>=AT> [57],
where £(7) describes the intensity of thermal fluctuations.
Thus, the value of A is related to the energy distribution
of the spin-fluctuation spectrum. Direct observation of the
thermal variation of &(7)? is difficult; however, the fol-
lowing relation between the temperature dependence of
the critical field, uoHc, of the itinerant electron magnetic
transition and the thermal variation of £(7)? [39] can be
used:

toHe = AMina(b8)T%, (29)
where AMi,q 1s the difference in magnetic moments of
paramagnetic and ferromagnetic phases observed at the
IEM transition. Combining Egs. (28) and (29), one can get
the expression for 8" in the following form:

107°.

Crty AMipg T
*;\/—" MVAMind 77 (30)

noHc

Using the value of k Cyy = 0.34%/ 5%, which is found in
Sec. III E, together with the change in magnetic moment,
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AM,q =0.52 up, at critical field noHce=0.5 T obtained
at T=202 K [see Figs. 8(b) and 4(a)], the parameter
B"=0.0038 K/Pa'/? is calculated by using Eq. (30). This
value is close to that of experimental data reported in the
literature for La(Fe, Si) 13 compounds (see, e.g., [39]).
Now, we have almost the whole set of quantities, except
the critical pressure, Pc, to determinate the pressure depen-
dence of parameter § within the Bean—Rodbell model by
using Eq. (27). P¢ can be calculated as follows [54]:

b*(0) 3

~ a(0)c(0)
26cCypyc(0) |16

10°
B0 |

€2))

c =

where a(0), b(0), and c(0) are the Landau coefficients
derived from approximation of the M(H)r curve by the
equation of state B = a(T)M + b(T)M> + c(T)M?> at low
temperature 7.

Using Eq. (31), the value of critical pressure for
LaFe;;4Si; ¢ is calculated to be Pc=1.3 £0.05 GPa (the
coefficients a(0) = 4.817T/(ju5/Fe), b(0) = —4.53T/(up/Fe)?,
and ¢(0)=0.94T/(up/Fe)® are found at T=10 K,
kCyv = 0.28%/15%), which agrees with previous data
reported in the literature [54].

The calculated pressure dependence S(P) obtained from
Eq. (26) is presented in Fig. 9(a) (solid blue circles). As
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FIG. 9. (a) Pressure dependences of S parameter from exper-

imental data for LaFe;;4Si;¢ sample (open red circles) and
calculated values (filled blue circles). (b) Curie temperature of
LaFe;; 4Si; ¢ under different pressures: experimental data (blue
circles) and those calculated with conventional (red circles) and
modified Bean and Rodbell models (orange circles).

shown on the plot, with increasing applied pressure, the
values of the B parameter are rising due to enhancing the
first-order character of the phase transition. The obtained
B(P) allows us to calculate the pressure behavior of the
Curie point, T¢(P), according to Eq. (4) [see Fig. 9(b),
orange symbols].

G. Verification of the model

For verification of the developed model, direct mea-
surements of magnetization under external pressure (up
to P=1 GPa) are carried out on the same sample as
that used for the simultaneous measurement of magne-
tization and the magnetovolume effect (Figs. 4 and 5).
The experimental temperature dependencies of M(T)p g
detected for five selected pressures are shown in Fig. 10(a)
(solid lines). Using Eq. (5), the temperature dependences
of reduced spontaneous magnetization are found. The sim-
ulated o(T)py dependencies for different pressures are
presented in Fig. 10(a) (dashed red lines).

The small misfit in the Curie point in the low-pressure
region is caused by a discrepancy in the § parame-
ter estimation. The comparative analysis of the latter is
exposed in Fig. 9(a). The corresponding experimental val-
ues (open symbols) are calculated according to Eq. (7) for
five selected pressures using M (H )p r. The error in the
parameter evaluation is mainly caused by variation of the
B" parameter with temperature. As shown in Fig. 10(b),
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FIG. 10. (a) Temperature dependence of magnetization (solid
lines) and calculated temperature dependence of reduced mag-
netization (dash lines) for LaFe;;¢Si; 4 samples under different
pressures. (b) Temperature dependence of critical field of phase
transition for LaFe;; 4Si; ¢ under different pressures.
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due to relatively inalterable nature of d(woHc)/dT over the
wide range of applied pressure, P < 1 GPa [58], the devi-
ation in 8" values obtained with Eq. (30) is less than 15%
for > T¢ and P < 1 GPa.

The experimental pressure dependence of the Curie tem-
perature, T¢(P), is depicted in Fig. 9(b) as solid blue
circles. In the framework of the developed model, we suc-
ceed in reproducing the real square-root character of 7¢(P).
At the same time, our data are significantly different from
that of T¢(P) obtained by using the conventional Bean-
Rodbell model (red symbols). Obviously, our proposed
approach provides a more realistic T¢(P), which is much
closer to the experimental data (dark blue symbols) than
the values predicted by the Bean-Rodbell model.

IV. CONCLUSION

Here, we develop a comprehensive experimental-
theoretical approach for the understanding of multistimuli-
responsive caloric materials with first-order transitions
and for the optimization of their functional properties.
First, we design and build the MaRS that can provide
a self-consistent set of parameters, such as simultane-
ously measured magnetization, M; volume magnetostric-
tion, w(H)r; and temperature of the sample, 7. Second,
using as an example the magnetocaloric LaFe;; 4Si; ¢ com-
pound with a first-order field-induced transition, and based
on the Bean-Rodbell model, we develop a model that
allows us to describe analytically the behavior of mag-
netization under different pressures using our M(7) and
o(T) dependencies measured simultaneously at ambient
pressure.

Our model also enables estimation of the temperature
dependence of compressibility, «(7), without carrying out
complex and time-consuming XRD measurements of lat-
tice parameters under pressure. Additional parameters,
such as the thermal expansion coefficient, «(7), and mag-
netoelastic interaction or effective magnetovolume cou-
pling constant, Cy;y, can also be determined within the
framework of our approach.

For verification of the model, direct measurements of
magnetization under external pressure (up to P=1 GPa)
are carried out on the same sample as that used for
the simultaneous measurement of magnetization and the
magnetovolume effect. A comparison of simulated M (T)p
dependencies with experimental M (T)p confirms that our
approach provides a more realistic behavior of the transi-
tion temperature under pressure, 7¢(P), than that of T¢(P)
predicted by the original Bean—Rodbell model. Thus, our
approach is more suitable for predicting the behavior of
multistimuli-responsive caloric materials with first-order
transitions under changes of both magnetic field and pres-
sure.

Finally, our model can be easily extended to a large
class of advanced magnetic materials that exhibit a

magnetostructural first-order transition (Fe-Rh, Gd5Si2
Ge2, Mn-Fe-P-Si, Heusler alloys, etc.) to reveal the driving
forces and mechanisms governing the field-induced trans-
formations in these material systems. Moreover, the com-
prehensive experimental-theoretical technique evolved
here can provide a basic starting point for creating real-
istic models predicting the magnetocaloric effect under
additional stimuli, such as stress and electric field.
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