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ABSTRACT

The magnetocaloric effect in the FeyRhs; alloy was systematically studied using three different approaches: in-field differential scanning
calorimetry, standard direct measurement of the adiabatic temperature change, and a non-contact method based on a thermo-optical
phenomenon, the mirage effect, which was able to directly test the magnetocaloric response induced by a fast magnetic field variation. The
metamagnetic phase transition of FeyoRhs; was studied in the temperature range of 290-330 K at magnetic fields up to 1.8 T through
magnetic and calorimetric measurements. The estimated parameters of phase transition were comparable with the literature data. The
values of adiabatic temperature change obtained with the three methods (calorimetry, standard direct measurement, and mirage-based
technique), which explore three different time scales of the field variation (static field, 1 Ts™!, 770 T's™'), were consistent, proving the
absence of dynamic constraints in the first-order magnetostructural transition at the maximum field sweep rate.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006355

I. INTRODUCTION

Materials with a first-order magnetic phase transition (FOMPT)
are intensively investigated, not only for the basic research interest
related to the strong interplay between their magnetic, electronic, and
structural subsystems, but also because of their potential application
in efficient energy conversion devices and spintronics technologies.' ™
One of the most interesting results of these interactions is the
so-called “giant” magnetocaloric effect (MCE), which consists in an
adiabatic temperature (AT,p) or an isothermal entropy change (ASy)
of a material caused by a magnetic field variation." However, despite

the large MCE values that have been observed, there are several disad-
vantages of FOMPT materials that limit their usability.”” One of the
main problems is related to the presence of hysteresis, which limits
the reversible MCE that can be exploited in cyclic magnetic fields.””
For an active magnetic regenerator of a magnetocaloric (MC) cooling
system, the operation frequency should be as high as possible to work
efficiently. This means that it is important to study the dependence of
the MCE of different materials not only on the magnetic field change
but also on the magnetic field sweep rate. Interesting results were
reported by Gottschall et al'’ for a Ni-Mn-based Heusler alloy,
where the direct MCE was studied under different field sweep rates
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from 0.01 up to 1500 Ts™". It was demonstrated that the MCE
depends on the sweep rate of the magnetic field, and dynamic effects
of the first-order phase transition could limit the application of the
material in cooling devices working at high frequencies. It should be
noted that most of the experimental works report magnetocaloric
properties measured with magnetic field changes up to 2T and fre-
quencies less than 1 Hz.>'""* From this point of view, it is of great
importance to measure the MCE in similar magnetic field variations
(obtainable typically with a Halbach-type permanent magnet), but
with faster sweep rates in order to study the dynamical effects of
FOMPT materials."”

Another issue that should be considered is related to the shape
of the MCE material (powder, ribbon, film, wire, and), because typi-
cally very fine structures are used in magnetocaloric heat exchang-
ers.”"* However, direct methods do not provide precise measurements
if the thermocouple mass is comparable with the mass of the sample
or in the case of a bad thermal contact."” Different approaches were
used in order to limit these experimental issues, such as the design of
special low-mass micro-thermocouples'®'” or the sputtering of ther-
mometer on the top of sample surface.'” In parallel, several non-
contact methods based on lock-in thermography using an IR
camera,'” a non-contact thermopile,”” a HgCdTe-infrared detector
with lock-in systems,”’ and special infrared optical fiber temperature
sensors”” were developed for direct magnetocaloric measurements.
Recently, Cugini et al”>** proposed a novel method based on the
thermo-optical mirage effect using pulsed magnetic fields, which is
suitable for the determination of the magnetocaloric properties of
micro-scale thin objects.

The aim of this work is the direct measurement of the MCE
of a FeRh alloy, as a model FOMPT material with outstanding adi-
abatic temperature changes,”” by means of standard methods
(in-field differential scanning calorimetry and the direct measure-
ment of adiabatic temperature change with a thermocouple) and
the new approach based on the mirage effect, which combines a
non-contact measurement technique with a pulsed magnetic field.
These three different methods allow us to test the magnetocaloric
response of FeRh at three different time scales of the field variation
(static field, 1 Ts™, and 770 T s™%), with the aim to investigate the
possible kinetic effects associated with the first-order magnetostruc-
tural transition.

Il. MATERIALS AND METHODS

The chemical composition corresponding to FeyRhs; and the
microstructure of the sample was examined by a scanning electron
microscope (JSM-6390LV) integrated with an energy dispersive x-ray
spectroscopy (EDX) analyzer (Oxford X-Acta). XRD analysis con-
firmed that sample has a B2 chemically ordered CsCl-type structure
with the small presence of a disordered fcc y phase. Calculated from
XRD data, the lattice parameters a for B2 and y phases were 2.991
and 3.768, respectively. The estimation of volume ratio of phases
showed that the concentration of the fcc y phase is about 7.4%
(details can be found in Ref. 26). The magnetic behavior of the alloy
as a function of temperature in different magnetic fields was
obtained using a physical property measurement system (PPMS).
Preliminary studies of the magnetostructural transition were per-
formed by means of a differential scanning calorimeter (DSC) based
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on thermoelectric modules, which works in a magnetic field up to
1.8 T.” Specific heat was measured with temperature sweeps on
heating and on cooling at a constant sweep rate (2 K min™") between
250 K and 380 K, in zero applied magnetic field, 1 T, and 1.8 T.

The direct MCE experiments were carried out with an
upgraded version of a commercial setup using a magnetic field
source based on the dipole Halbach structure principle with field
amplitude of 1.8 T and a maximum field change rate up to 6 T/s
(AMT&C). The temperature of the sample was measured using a
differential thermocouple (type T), fabricated by copper and con-
stantan wires with a diameter of 25um. To improve the thermal
contact, the thermocouple junction was flattened, connected by
electrical welding, bonded with the sample surface using silver
epoxy, and clamped with further drying at 70 °C for 12 h.

In direct measurements, the heat that is released due to the
MCE is partially lost on the thermocouple and adhesive. In the
case of samples with small dimensions, the mass of the thermocou-
ple attached with adhesive is a key problem for precise measure-
ments.”>*’ Thus, the observed value of MCE (the experimental
adiabatic temperature change AT,,,) is usually smaller than the real
temperature change of the sample (AT,p) and depends on the ratio
between the heat capacity of the sample and thermocouple with
glue. This relation can be represented by the following equation:

ATap = ATexp(l + Cthermocouple/csample)x (1)

where Cyapmpte and Cirermocoupie are the heat capacities of the sample
and the thermocouple with glue, respectively.”’ As seen, the experi-
mentally measured AT, approaches the real AT,p value when
Cihermocouple/ Csample tends to 0. It means that magnetocaloric mea-
surements are more accurate when the specific heat and mass of
the thermocouple with glue are significantly smaller compared to
those of the sample. Our calculations of the differences between the
experimental and the real values of the adiabatic temperature
changes based on the analysis of the heat capacity ratio
Cinermocoupie! Csampie [EQ. (1)] show that the contribution of the
Cihermocouple t0 total capacity of the system (sample + thermocouple
with glue) is less than 2%.

Conventional direct measurements were performed in a dis-
continuous protocol, as described in Figure 9(b) of Ref. 29: before
each measurement, the sample was cooled down to 240K to erase
the memory of the material and then the sample was heated to the
desired temperature and AT,p was measured by applying a 1.8 T
magnetic field with an overall sweeping rate of 1 Ts™".

The adiabatic temperature change of the sample was measured
also using an alternative non-contact method based on the
thermo-optical “mirage effect,” which consists in the deflection of a
light beam by a thermal gradient.”>** This technique measures the
change of the sample temperature, induced by a magnetic field
pulse, by detecting the deflection of a laser beam grazing the sample
surface. The beam is deflected by the thermal gradient that is formed
in the thin air layer overlying the sample surface due to the tempera-
ture change of the sample. The angle of deflection of the laser beam
is proportional to the temperature gradient and the length of the
laser path across the temperature gradient, which corresponds to the
sample length since each part of the sample experiences the same
temperature change.””** By measuring the deflection of the laser
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beam and by calibrating the setup with a reference material (gadolin-
ium), it is possible to obtain the absolute temperature change
induced in the sample by the applied magnetic field. The pulsed
magnetic field, that was used, has a maximum amplitude of 1T, a
rise time of about 1.3 ms and a maximum sweep rate of 1420 T's™*
(average sweep rate: 770 T's™"). It was demonstrated that the thermal
diffusion time to the gas layer next to the sample surface is fast
enough to probe the magnetocaloric response of the material to
short pulses of the order of milliseconds.”” The fast response time
and the limited heat capacity of the gas layer ensure that we can con-
sider the change in temperature to be adiabatic. A standard Pt100
temperature sensor is placed inside the sample holder in order to
measure the absolute temperature of the sample before to apply the
magnetic field and perform the magnetocaloric (MC) measurement.

I1l. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the magneti-
zation of the FeyoRhs; sample in different magnetic fields: 0.1 (a),

60 1 L 1 1 L 1

dM/dT (a.u.)

10 "_I---‘ 'I--~—-

T T T T T
290 300 310 320 330 340
T(K)

290 295 300 305 310 315 320 325 330
T (K)
FIG. 1. Temperature dependences of magnetization for Fe;,oRhsy measured in

0.1 (a), 1, and 1.8 T(b) magnetic fields. Right plot (a)—temperature dependence
of dM/dT in 0.1 T magnetic field.
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1, and 1.8 T (b). In all M(T) curves, the metamagnetic phase transi-
tion from the antiferromagnetic (AFM) to the ferromagnetic (FM)
phase is visible.

The magnetic field shifts the transition temperature to lower
temperatures with a rate of about dT,/uodH =—7.2 K/T, which is
close to the value (—8.5K/T) for a similar FeyRhs,; alloy reported
by Chirkova et al.” For the estimation of the transition tempera-
tures and the thermal hysteresis width, the M(T) curves in 0.1 T
and their temperature derivative dM/dT were used [Fig. 1(a)].
Based on these results, the transition temperatures of the sample
are Tapy—pv=3205K and Tryarpv=314K, resulting in a
thermal hysteresis of about ~6.5 K. It should be noted that these
parameters as well as other magnetic characteristics strongly
depend on the fabrication process and the subsequent heat treat-
ment protocol (temperature, time, cooling rate).”**>*"" As
known, at room temperature Fe;_,Rh, with 47% <x <52% has
two types of crystal structure: B2 (or o), a chemically ordered
CsCl-type structure, and a disordered fcc y phase.”’

The AFM-EFM transition of FeRh alloy occurs in the chemi-
cally ordered B2 phase; the y phase is not involved in this process.
The protocol of heat treatment plays a key role in the formation of
the ordered CsCl crystal structure, the coexistence between B2 (or
o/) and the disordered fcc y phase and the presence of internal
stresses between them, which affect the magnetic properties and
parameters of phase transition.’” Moreover, for the correct estima-
tion of the transition temperatures, measurements in zero or close
to zero magnetic field are recommended. For this reason, specific
heat measurements with and without magnetic field were carried
out using the DSC technique for the analysis of the magnetother-
mal and magnetocaloric properties.

Figure 2 shows the DSC measurements in 0, 1, and 1.8 T
applied magnetic field, obtained both on heating and on cooling.

700

300 T r T T .
260 280 300 320 340 360

T(K)

FIG. 2. cp(TH) curves obtained from DSC measurements in 0, 1, and 1.8 T
magnetic field on heating and cooling. Inset: corresponding entropy curves cal-
culated from DSC data.

J. Appl. Phys. 127, 233905 (2020); doi: 10.1063/5.0006355
Published under license by AIP Publishing.

127, 233905-3


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

The peaks of the heat capacity are due to the first-order magneto-
structural transition of the material. The transition on heating
occurs at 319.8 K in zero applied field. The magnetic field shifts the
transition temperature, by promoting the high temperature phase,
with a rate dT,/uodH = —8.3 + 0.4 K/T, in agreement with Ref. 7 and
slightly lower than the result reported in Ref. 35.

The transition is characterized by a thermal hysteresis of about
9K, which is not significantly affected by the application of magnetic
field. We can also appreciate the broadening of the transition, which is
characterized by a width of about 16 K, a larger value compared to the
DSC measurements reported in Refs. 7 and 35. The latent heat (1) of
the fully transformed transition was calculated by integrating the c,(T)
peaks after subtraction of the baseline between the start and finish
temperatures of the transformation.”” We obtained a latent heat of
3010 + 100 J kg™, showing a small increase due to the application of
the magnetic field (+4% for a uoAH of 1.8 T). From the latent heat, it
is possible to estimate the entropy change corresponding to the fully
induced phase transition ASg;~A/T.=9.7 +0.4] kg_1 K. This value
is slightly lower to the maximum entropy variation that can be calcu-
lated by using the Clausius-Clapeyron equation from magnetometry
data AS;~11Tkg ' K™\,

By integrating the DSC measurements and comparing the data
obtained in different applied fields, both the isothermal entropy
change and the adiabatic temperature change were derived.”” The
entropy change was calculated by subtracting the S(T) entropy curve
at zero field from the one at yoH =1 or 1.8 T (inset of Fig. 2),

T C,(T, H) — (T, 0)
1 T

AST(T, ,uOH) = J dT + AST(T(),,UOH), (2)

where Ty is the starting temperature of measurement, in the region
far below the transformation. We neglected the correction due to the
in-field magnetic entropy variation at T [AS K TostoAH)].”” Likewise,
the adiabatic temperature change was calculated by subtracting the
inverted S(T,H) curves. The error due to the numerical manipulation
of specific heat data, reported in Fig. 3, was estimated following the
discussion of Ref. 27.

Figure 3 shows the isothermal entropy change |[ASH{T)| and the
adiabatic temperature change |AT,p(T)| for a magnetic field variation
of 1 T and 1.8 T derived from measurements on heating and cooling.
The shift in temperature between the AS{(T) and AT,,(T) peaks
obtained from measurements on cooling and on heating highlights
the effect of thermal hysteresis, characteristic of first-order transitions.
The maximum |AS7| and |AT,p| values for a geAH =18 T are lower
than the results reported in Refs. 7, 34, and 35. This is probably due
to the broadening of the transition, as discussed in Ref. 33. The
maximum value of entropy change (8.0 +0.3 ]kg_1 K™Y, induced by
1.8 T field change, is lower than the entropy change calculated for a
fully induced phase from the latent heat (9.7 + 0.4 Jkg™ K™") and by
using the Clausius—Clapeyron equation (11 Ikg_1 K™). This means
that even the 1.8 T magnetic field change is not enough to induce the
full transformation, because of the broadening of the transition.”

The measurement of the adiabatic temperature change
collected by the setup based on the mirage effect is illustrated for
different starting temperatures in Fig. 4 together with the time
profile of the pulsed magnetic field. Considering the hysteretic
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FIG. 3. Isothermal entropy |AS7| (a) and adiabatic temperature changes |ATyp|
(b) derived from DSC data performed on heating and cooling for different mag-
netic field variations (1 Tand 1.8 T).

character of the transition, a phase-reset protocol for an inverse
magnetocaloric material was used, in order to obtain the maximum
effect exploitable with a 1 T magnetic field variation. The protocol
is schematized in Figure 9(b) of Ref. 29 with the green arrows.
Before each measurement, the sample was cooled down to 280 K in
order to stabilize the low-temperature AFM phase. Then, the sample
was heated to the desired temperature with a controlled sweep rate
of 1 K/min, avoiding temperature overshoots and time delays.

After reaching the temperature set point, the adiabatic temper-
ature change was measured by applying the magnetic field pulse
[oHmax = 1T, Fig. 4(a)]. Between 314 and 324 K, we can observe a
decrease of the sample temperature due to the AFM to FM transi-
tion caused by the application of the magnetic field [Fig. 4(b)].
When the magnetic field decreases, only a very small reversible
effect is induced in the sample due to the large thermal hysteresis.
The wavy pattern of the T(f) measured with the mirage effect is not

J. Appl. Phys. 127, 233905 (2020); doi: 10.1063/5.0006355
Published under license by AIP Publishing.

127, 233905-4


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

1.0 (a)
0.8
£ 0.6
T 0.4
0.2
0.0

325 324.9' (b)

324 \_\_\/__,—

3234

390 ] 322.0

3214 3206
3204319.8

319+

318.1
318+

3174

3163159

315
314.2
314

(

3134
3124

3114
310

310_W

309 T T T T T T
7

-
N
(o]

t (ms)

FIG. 4. Time dependence of the magnetic field pulse (a) and temperature
change of sample at different starting temperatures measured by the mirage-
based setup (b).

related to the MCE of the sample, but it is due to residual vibra-
tions that perturb the optical system of measurement.

Figure 5 presents the adiabatic temperature change AT, data
that were collected through the three methods. AT,p(T) directly
measured through the standard direct technique (orange triangles)
and the mirage-based setup (purple squares) resulted consistent
with the values derived from DSC data (green circles and dia-
monds). The small temperature shift (<1 K) between the curves at
HoAH=1T is due to an experimental systematic error in the mea-
surement of the sample starting temperature in the mirage-based
setup. Indeed, the measurement of the sample temperature is
obtained, before performing the MC measurement, by a standard
resistive sensor placed inside the sample holder. When the sample
temperature is varied in order to reach the starting temperature for
the MC measurement, a temperature gradient arises between the

ARTICLE scitation.org/journalljap

§ : HAH=1.0T
'% e

4]
crctene -0 DSC
---m-- Mirage HoAH=1.8T
-6 ---a-- Direct

270 280 290 300 310 320 330 340 350 360
T (K)

FIG. 5. Adiabatic temperature change ATyp of FesoRhsy as a function of tem-
perature in 1T and 1.8 T magnetic field change, measured by three different
methods (DSC, mirage effect, and standard direct technique).

sample and the sensor, which cannot be avoided due to the neces-
sity to prevent temperature overshoots and long time delays,
because of the hysteretic character of the transition.

Considering the maximum of the AT,p(T) curves, we
obtained —3.4+02K (mirage-based setup) and —3.50+0.15K
(DSC) for upAH=1T; and —5.9 + 0.1 K (standard direct method)
and —5.85+0.17 K (DSC) for uoAH = 1.8 T. Both pairs of data are
consistent considering the experimental errors. The result at
UAH=1T is in the middle between the value reported for a
Fes4Rhyo6 sample in Ref. 8 (AT4p~3K) and that (ATyp~4K)
reported for Fe,oRhs; in Ref. 7. This difference can be related to
the small variation of chemical composition, to a different effect of
the post-synthesis heat treatment, or to the presence of inhomoge-
neities that can modify the transition temperature and the broaden-
ing of the transformation with significant effect on the MCE.>*

Returning to the results of this work, it is important to under-
line the agreement between AT, data obtained by the three differ-
ent methods, which explore very different time scales of the field
variation. With the DSC, the measurements are performed under a
static magnetic field and the transition is induced by a temperature
change. DSC data result in a “static” entropy vs temperature
diagram. AT,p calculated from these data does not consider a time
variation of the magnetic field. This means that it should corre-
spond to AT,p measured with a very slow field variation, provided
that the adiabatic condition is preserved. Instead, the direct mea-
surements probe the dynamic response of the transition to the field
variation. The two utilized experimental setups are characterized by
very different field sweep rates. The standard direct method works
in the time scale of seconds with an average sweep rate of the field
of 1 Ts™". Instead, the mirage-based setup exploits a field change
in the time scale of milliseconds, with an average sweep rate of
770 T's™!. The agreement between both the direct AT,y measure-
ments (standard and mirage-based technique) and the values calcu-
lated from iso-field DSC data demonstrates the absence of kinetic
constraints that hinder the magneto-structural transition of the
sample on a time scale down to milliseconds. This result, obtained
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by measuring the caloric effect associated with the magneto-structural
transition, agrees with the conclusions on the structural and magnetic
dynamics of the phase transition of a FeRh film reported in Ref. 36.
The authors studied the dynamics of the magneto-structural transi-
tion of FeRh by the combination of time-resolved x-ray diffraction
and the magneto-optical Kerr effect. They concluded that the trans-
formation, induced by a laser pulse, is composed by two processes:
the nucleation of independent ferromagnetic domains and the
growth of the ferromagnetic domains aligned to the applied magnetic
field. Both the processes occur in the picosecond time scale and the
only limit of the transition dynamic is set by the speed of sound. Our
results demonstrate that the caloric response follows the magneto-
structural transition, at least down to the millisecond time scale. This
means that the FeRh material can be hypothetically utilized in a MC
device that exploits a field variation at a frequency up to about
800 Hz without a worsening of its MC response after engineering the
large thermal hysteresis.

IV. CONCLUSION

In this research, the adiabatic temperature change induced by a
magnetic field change in the vicinity of the order-order FOMPT of a
FeyoRhs; sample was measured by three different methods: (1) a stan-
dard direct method that exploits a thermocouple placed on the
sample and a field variation of 1.8 T in about 1.8 s; (2) a non-contact
direct method based on the thermo-optical mirage effect that mea-
sures the temperature variation induced in the sample by a pulsed
magnetic field of 1T amplitude and an average sweep rate of
770 Ts™'; and (3) the indirect method using in-temperature DSC
data acquired in different applied magnetic fields (0T, 1T, and
1.8 T). All the obtained AT,p data resulted in good agreement. This
confirms the absence of kinetic constraints in the magnetostructural
transformation induced on the millisecond time scale and that the
caloric response, on this time scale, follows the magnetostructural
transition. Moreover, this paper proves, for the first time, the possibil-
ity to use the mirage-based setup to test the magnetocaloric response
induced by a pulsed magnetic field also in materials showing an
inverse MCE, thus opening new opportunities to test the dynamic
response of magnetocaloric materials at high frequencies.
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