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Magnetocaloric properties in ribbon sample of Nisg 3Mngzg.55n13.2 Heusler alloy are studied
by a direct method in cyclic magnetic fields. A strong anisotropy in the magnetocaloric
effect is observed in weak magnetic fields, obtaining a large value of MCE when the field
is applied parallel to the ribbon plane. The field dependence of the MCE anisotropy is
studied and its decrease is clearly revealed in moderate fields. It was found that in cyclic
magnetic fields, the MCE value near the magnetostructural phase transition depends on
the rate of temperature scanning: a higher rate of the temperature sweep results in greater
value of the MCE.
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1. Introduction

The interest in the study of materials with the magnetocaloric effect (MCE) is
due to the possibility of using them in prospective solid-state magnetic refrigeration
technologies. The search for materials with necessary magnetocaloric properties is
actually in progress by many research groups in the world [1; 2|. In recent years, much
attention is paid to the study of materials with coupled first-order magnetostructural
phase transitions (FOMPT). In this case, the total change of entropy is equal to AS =
AS; + ASy, where AS; is the entropy change due to the structural transition and AS,,
is the magnetic entropy change. This can give rise to a giant MCE in these materials.
For instance, a giant MCE was observed in Ni-Mn-In-(Co) alloy, where the adiabatic
temperature change is more than 6 K for yoAH = 1.9 T [2]. But this and similar
studies are performed under conditions that significantly differ from those that will be
in magnetic refrigerators. In real refrigerators the magnetic material will be subjected to
an alternating magnetic field. To improve the efficiency of magnetic cooling, it is needed
to use alternating magnetic fields of a high frequency. The frequencies of thermomagnetic
cycles, in turn, are limited by the rate of the heat transfer in the material [3]. To increase
the rate of the heat transfer, therefore, it is necessary to increase the surface area of the
working body, which can be done by making it in the form of a battery of thin plates.
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However, strong anisotropy effects of MCE can occur in thin samples of alloys produced
by different technologies, for example by rapid cooling in the form of melt spun ribbons.
The effect of thermomagnetic relaxation processes on the magnetocaloric properties of
magnetic materials in alternating magnetic fields can also occur. Particularly, these
effects can be strong in the vicinity of the FOMPT. All these peculiarities should be
taken into account in designing the prototypes of magnetic refrigerators.

Heusler alloys Ni-Mn-X (X = Ga, In, Sn, Sb) are promising materials for their use
in magnetic refrigerators. First, in these alloys, large values of MCE at FOMPT are
observed [4-7|. Second, there is an established technology for producing high quality
ribbons (thickness is 10-20 microns) of these alloys, with rather high values of MCE
[8-11].

2. Results and Discussion

The aim of this paper is to study the anisotropy and time dependence of MCE in
ribbon samples of a Heusler alloy in alternative magnetic fields of low frequencies. The
use of a direct method is necessary for the correct estimation of the MCE value at
MSPT, since the use of indirect methods around first-order transitions can give untrue,
often overestimated values. For example, the giant MCE reported in [12-14] was not
further confirmed by direct measurements [15]. In addition, at present, except for the
direct method proposed by authors, there are no other methods to measure the MCE
in alternating magnetic fields [16]. The frequency of the cycles of the magnetic field
used in our experiments is less than 1 Hz, which is, of course, much lower than the
operating frequency of the prototypes of magnetic refrigerators, but such studies can
indicate trends in the behavior of the magnetocaloric effect at higher frequencies.

In the present work, the MCE is studied in melt-spun ribbon of Ni-Mn-Sn Heusler
alloys by direct technique, in a low (up to 4 kOe) and a moderate (18 kOe) magnetic
field by the modulation method [16]. The frequency of the alternating magnetic field in
the experiment was 0.3 Hz. The alternating magnetic field was applied to the sample
during the experiment. This method has been already tested on many material samples,
including Gd, manganites and Heusler alloys [16-19|. The specific heat was measured
by an ac-calorimetery technique. Samples with 1 x 3 x 0.015 mm?® dimensions were
cut from ribbons obtained by rapid quenching from the melt. Ribbons have a textured
microcrystalline structure, with elongated column grains perpendicularly oriented to the
ribbon plane [9].

According to the magnetization data (Fig. 1a) Curie point occurs at 311 K. FOMPT
begins at Mg = 256 K, and ends at M; = 252 K. Corresponding temperatures in the
austenite phase are Ag = 275 K, and Ay = 278 K, respectively. With further cooling, the
Ni5g.3Mngg.55n132 undergoes a phase transition from low to high magnetization state in
the martensite phase. The application of a 20 kOe magnetic field shifts the temperature
of FOMPT to lower temperatures, and the temperature ferromagnetic-paramagnetic
transition to a higher one.

Fig. 1b shows the temperature dependence of the specific heat for Nisg3Mnsg 550132
in a zero magnetic field and in the magnetic field of 18 kOe. High-temperature specific
heat anomaly displays a maximum at T' = 312.5 K, corresponding to the ferromagnetic-
paramagnetic phase transition, which takes place in the austenite phase. At temperatures
of 250 K in cooling run and 273.5 K in heating one, a second anomaly in the specific
heat corresponding to the FOMPT is observed. The width of the hysteresis is about
16 K.
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Fig. 1. a) Magnetization M(T) of Niso 3Mnse 55n13.2 in heating and cooling runs in magnetic fields
of 1 and 20 kOe; b) Specific heat of Nisg 3Mnsg 5Sn13.2 at heating and cooling (zero-field)
and in a magnetic field (18 kOe) in heating run (red line)

To study the anisotropy of the MCE, measurements were performed in two
geometries: 1 — the ribbon plane being perpendicular to the magnetic field, and 2 — the
ribbon plane being parallel to the magnetic field. All other conditions were identical and
the same differential thermocouple was used in both experiments. Figure 2 shows the
temperature dependence of the adiabatic temperature change AT,; in Nisg3Mnsg 550139
when H is applied parallel to the ribbon plane. There are a direct MCE due to the PM-
FM phase transition, and inverse MCE at FOMPT. Thermal hysteresis is observed
in the magnetostructural transition region. The maximum value of the direct effect
is equal to AT,y = 0.6 K. An abrupt change in sign of the MCE is observed at
magnetostructural phase transition, being the value of the inverse effect much smaller
than the corresponding to the direct one, either in heating and cooling runs. At a further
cooling of the martensite phase, again a direct magnetocaloric effect is observed, with a
maximum at T = 240 K. This effect is due to the transition to the ferromagnetic state
in the martensite phase.

It is known that usually thin 08
magnetic films exhibit anisotropy [ - e
associated with the shape of the
sample: the magnetization along the :
plane of the sample is much higher i H
than in the perpendicular direction - U'O\f
of magnetization due to the shape
anisotropy [20], and with a field
increasing the anisotropy decreases.
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the same effect is inherent to MCE. 0.0+ W
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anisotropy of MCE appears in weak
fields (Fig. 3), and the anisotropy is observed in the whole temperature range in which
the MCE occurs. The MCE value is larger when the magnetic field is applied along
the plane of the sample. In addition, in weak applied fields a more significant difference
between the values of MCE at FOMPT in heating and cooling runs is observed.
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In view of the possible use 015
of Heusler alloys in magnetic
refrigerators the study of the
temporal dependence of the BRiD
magnetocaloric effect is a very
interest issue. In Fig.4 the
temperature dependences of the
MCE in the heating run at three
different heating rates are shown.
In the FM-PM magnetic phase
transition region, it is seen that -0.05
the MCE value the same at all 2é0 25|30 360 350
modes. Nevertheless, there is a T (K)
strong  dependence of the MCE Fig. 3. Anisotropy of MCE in Niso5Mnsg. 55113

on the heating rate around the at magnetic field changes of 3 kOe applied perpendicular
FOMPT. At a sample heating rate and parallel to the ribbon plane

of 3.6 K/min, the inverse MCE value is equal to AT,; = “0.17 K, and the inverse and
direct effects are nearly equals in modulus. At 2.2 K/min rate of temperature scan, the
maximum value of the effect is equal to AT,; = “0.07 K, and at 0.6 K/min the effect is
only AT,; = 70.027 K. The longer time the sample is in the transition area, the MCE
is smaller. In addition, the temperature of the maximum of MCE is shifted to higher
temperatures with the rate of temperature scan. This may be partly due to the fact that
the lock-in amplifier that is used to measure the differential thermocouple signal has no
time to instantly adjust to the maximum useful signal, as a consequence that in this
region there is a strong phase change between the variation of the sample temperature
and the applied magnetic field. But the increase of the MCE with rate of temperature
scan is not explained by the instrumental effect. In this case, the measured signal
should be less because the lock-in amplifier does not have time to tune the true value
of MCE. Further confirmation of the truth of these results is the measurement of the
MCE at the same conditions around the FM-PM transition, where a time dependence
of MCE is not observed.

The observed behavior significantly differs from published reports of time dependence
of MCE [21-24]. In general, these results are related to the so-called magnetic field first
application effect, when a large MCE near the MSPT originates. The first application
of a magnetic field results in an irreversible phase transition. With further magnetic
field on/off cycling the MCE decreases and becomes similar to the normal time-
independent MCE. The irreversible character of the magnetic field-induced martensitic
transformation makes a sensitive contribution of the structural subsystem to AT,; to
be only appreciated during the first application of the magnetic field. Thereafter, the
behavior of AT, is essentially determined by the magnetic subsystem only. Combination
of these factors results in the observed behavior of the adiabatic temperature change
during subsequent actions of the magnetic field, i.e., becomes reversible and typical
of conventional MCE. In contrast to these findings [21-24], in our experiment we did
not study the effect of the first run, as the alternating magnetic field is applied to the
sample during all the experiment (as it would be in real magnetic refrigerators), and
during the experiment there are thousands of field on/off cycles. Since the contribution
of the structural subsystems only appears at the first field application, but the MCE
value continues to decrease, we are actually observing some relaxation processes in the
subsystem. It is appropriate to compare these times (tens of seconds) with relaxation
times in FeRh [25], where the magnetization changes slightly over time more than 103 s.
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materials the characteristic relaxation times can be of tens of hours, and in thin films
and ribbons, as we have seen, these times are tens of seconds. It was recently found,
that continuously application of cyclic magnetic filed within the temperature hysteresis
loop in NigzMnyoSnis 5Cugs Heusler alloy results in «inverse MCE — direct MCE»
crossover due to irreversible martencite-austenite transition [26]. The observed in weak
fields in the Nisg3Mnsg 551132 Heusler alloy cannot be explained in a similar way, since
the applied weak magnetic fields cannot cause magnetostructural phase transitions.
Therefore, the observed phenomenon of the dependence of the MCE on the temperature
sweeping rate can be due to relaxation processes.

3. Conclusion

In conclusion, the study of relaxation processes may provide the key to understanding
the difference of MCE in the heating and cooling runs observed in Heusler alloys [24].
This difference may be due to various relaxation processes in these protocols, even if the
same rate of the temperature is scanned. Thus, research of magnetocaloric properties
of materials in the real conditions, in which they will be used in actual magnetic
refrigerators, need to discuss about the prospects of the practical use of these materials
in magnetic refrigeration technology. The results of this work show that the relaxation
processes and anisotropy effects of MCE need to be taken into account at the design of
magnetic refrigerators to get the highest cooling power efficiency of the machine.
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WccnemoBarmbl MArHUTOKAJIOPUYIECKAE CBOMCTBa JIEHTOYHOrO obpa3sna ciiasa leiiciepa
Ni5o.3Mn3g.55n13.2 IPSIMBIM METOJIOM B IUKJIMYECKUX MAUHUTHBIX IIOJIsIX. B cirabbix mar-
HUTHBIX TOJAX HaOJI0JAETCs CHUJIbHAA AHU30TPOINHMS MarHUTOKAJOPUIECKOTO 3hdeKTa:
MarHUTOKAJIOPUYECKHIT 3 DeKT B 0Opa3iie OOJIbIle B CIydae IMPUIOKEHUs] MATHUTHOTO T10-
JIST TTApaJIIeIbHO TIOCKOCTH JIEHTBI. C pOCTOM MATHUTHOIO TTOJIsT HAOJIIOZAETCS YMEHbIITe-
Hue aHuzorporuu 3¢ dexra. OOGHAPYKEHO, YTO B IUKJIUIECKUX MATHUTHBIX IIOJISIX 3HAYE-
HIe MarHUTOKAJIOPUIECKOTO 3 eKTa BOIN3N MATHUTOCTPYKTYPHOTO (ha30BOTO IIEPEXOIa,
3aBUCUT OT CKOPOCTHU M3MEHEHUsI TEMIIEPATYPhI 00pa3Iia: YeM BBIIIe CKOPOCTh Pa3BEPTKH

TeMIIePATYPbI, TEM BBIIIEe 3HAYEHIE MATHITOKAJIOPUIECKOro 3ddekTa.
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