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In the present article, the results of quantitative theoretical analysis of the normal and inverse magne-
tocaloric effects (MCEs) in metamagnetic shape memory alloy (MMSMA) are reported. Taking into account
that the direct experimental evidences of antiferromagnetic ordering were obtained recently, the theoreti-
cal analysis was carried out starting from the expression for the magnetic energy of antiferromagnet with
two magnetic sublattices. The adiabatic temperature change caused by the inverse and normal MCEs in
MMSMA was evaluated and compared with experimental data obtained for NioMni.4Sno¢ alloy. The adia-
batic temperature change depends on the magnetic-field-induced entropy change and heat capacity of the
alloy. To obtain the quantitative agreement between the experimental and theoretical data the magnetic
and non-magnetic contributions to the heat capacity of MMSMA were taken into account and evaluated.
Due to this, the contribution of spontaneous deformation, which accompanies the magnetostructural phase
transition, to the total value of MCE was discovered. The increase of heat capacity caused by the change of
magnetic state of the alloy during the phase transition was computed as well. It was shown that the tem-
perature peak of heat capacity, observed in the temperature range of magnetostructural phase transfor-
mation of Ni-Mn-Sn alloy, is caused by both spontaneous deformation of the crystal lattice and magnetic
ordering of the alloy. It was shown that the presence of the peak of heat capacity diminishes the expected
from the Debye equation value of adiabatic temperature change by factor 2.5. To the best of our knowledge,
the role of spontaneous deformation of the crystal lattice in the temperature dependence of heat capacity
and inverse MCE was not considered until now.
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1. INTRODUCTION

The global demand for the development of new ma-
terials for refrigeration technologies stipulates the in-
terest to the materials exhibiting the giant magnetoca-
loric effect (MCE) in the temperature range of the first-
order phase transition [1-5]. The cooling of metamagnet-
ic shape memory alloys (MMSMASs) causes the first-
order magnetostructural phase transition from the cu-
bic ferromagnetic phase (austenite) to the tetragonal
phase with low magnetization value (martensite) [6-9].
The abrupt change of the magnetic state of MMSMA
results in an inverse MCE that is the cooling of alloy
[4, 6]. Normal MCE (heating of alloy due to the magnet-
ic field application) is observed near the Curie tempera-
ture [1, 2]. The direct measurement of inverse MCE
meets certain experimental difficulties [8], and so, the
evaluation of magnetic-field-induced entropy change
from the calorimetric measurements is widely used for
characterization of magnetocaloric materials and is
known as the indirect measurement of MCE [10].

Theoretical evaluation of the magnetic-field-induced
entropy change is a complicated theoretical problem
because of the difficulties arising in the course of theo-
retical description of magnetostructural phase transi-
tion. An effective and rather simple way of the problem
solution was proposed recently [11]. In this article, we
accomplish the results reported in Ref. [11] by the cal-
culation of adiabatic temperature changes caused by
the inverse and normal MCEs in MMSMAs, compare
the obtained theoretical value with the experimental
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one and discover the contribution of the spontaneous
deformation, characterizing the cubic-tetragonal phase
transition, to the total value of MCE.

2. THEORETICAL BASIS AND RESULTS

The adiabatic temperature change induced by the
application of a magnetic field is expressed by the well-
known equation

TAS
AT, = _7C(T) s 1)

which involves the heat capacity of shape memory al-
loy. The temperature dependence of heat capacity ex-
hibits the pronounced increase in the temperature
range of magnetostructural phase transformation (see
Fig. 1). The stepwise change of heat capacity is ob-
served at the Curie temperature Tc ~320 K.

The orthodox equation for the heat capacity can be
presented in the form

30,/T 4
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where x value is prescribed by the chemical composi-
tion and volume (weight) of the experimental specimen,
0, =s(h/kg)(67°N,pn/ M)"?, is the Debye tempera-
ture, kg and Na are the Boltzmann and Avogadro con-
stants, respectively, n is the number of atoms in the
unit cell of the crystal lattice, M is the molar mass, pis
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the mass density, and s is an average velocity of the
sound waves (see e.g. [12]). Experimental temperature
dependence of heat capacity is in agreement with the
Debye equation well below and well above the magne-
tostructural transformation temperature if 6p=310 K
and k=110 J/K-mol.
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Fig. 1 — Experimental temperature dependence of heat capaci-
ty measured for Ni2Mn14Snos alloy (circles) [13] compared
with the dependence computed from the orthodox Debye theo-
ry (dashed line). Solid line results from Debye equation with
temperature-dependent soft elastic modulus [12]

To reproduce the temperature dependence of heat
capacity in the vicinity of the magnetostructural phase
transformation, the softening of elastic modulus, spon-
taneous deformation of the crystal lattice, &, and mag-
netic ordering of the alloy should be taken into account.

The softening of elastic modulus was considered in
Ref. [12] and the equation
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was derived.

This equation involves two characteristic tempera-
tures 6 and 6, which are proportional to the velocities
of longitudinal, s;, and transversal, s,, sound waves, res-
pectively. The softening of elastic modulus results in the
pronounced decrease of s, value in the temperature range
of magnetostructural transformation. The theoretical heat
capacity computed for a realistic value s,(0)/s,(Tm) =4
shows a negligibly small peak at magnetostructural tran-
sition temperature (solid line in Fig. 1).

The influence of magnetic ordering and spontane-
ous deformation on the heat capacity was taken into
account starting from the Gibbs free energy of the al-
loy, which is a sum of magnetic and elastic terms

G=G,+G,,. (4)

Different MMSMAs demonstrate different magnetic
properties in their martensitic phases. Therefore, the
different types of magnetic ordering may be inherent to
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these martensites, depending on the chemical composi-
tion and mode of preliminary treatment of alloy speci-
men. As it was shown recently the main transformation-
al, magnetic and magnetocaloric properties of Ni-Mn-In
and Ni-Mn-Sn alloys are satisfactorily described starting
from the expression for the magnetic energy of antiferro-
magnet with two magnetic sublattices (see Ref. [14] and
references therein). The direct experimental evidences of
antiferromagnetic ordering are presented in Ref. [9].
This magnetic energy can be expressed as [14]

G, =J,(M?+M2)/2+JMM, -HM, (5)

where M1 and M2 are the magnetization vectors of the
two magnetic sublattices, Jo and J are the temperature
dependent parameters, which describe the magnetic ex-
change inside and between the sublattices, respectively,
H is a magnetic field. The elastic energy of the alloy,
which undergoes a cubic-tetragonal transformation, is
expressed as

1 1 1
G, :ECZ(T)M2+§G4LL3+Zb4u4’ (6)

where the coefficients co(T), a4, b, are denoted as in
Ref. [15] and the variable u = 2(c/a — 1) is related to the
lattice parameters a and c of tetragonal lattice. This
variable is equal to zero in cubic phase and is related to
spontaneous deformation of the crystal lattice in te-
tragonal phase: u = 3¢&,.

The heat capacity of alloy can be computed from the
standard thermodynamic relationships

S=—(dG/dT),, C,=T(dS/dT),. (7)

The Egs. (4)-(7) were used for the quantitative analy-
sis of the temperature dependence of heat capacity of
NizMn1.4Snos alloy. The obtained results are presented
graphically in Fig. 2 for the explanation of the role of
different parts of Gibbs energy in MCE. The numerical
values of parameters involved into Egs. (4)-(7) are pre-
sented in Ref. [11].
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Fig. 2 — Theoretical temperature dependence of heat capacity
computed for NisMni1.4Snos alloy taking into account sponta-
neous deformation of the crystal lattice (dashed line). Total
heat capacity, which includes both non-magnetic and magnet-
ic parts, is shown by the solid line
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The "non-magnetic" heat capacity computed taking
into account the Debye term and the contribution caused
by spontaneous deformation of the crystal lattice is pre-
sented in Fig. 2 by the dashed line. The solid line shows
the total heat capacity, which includes the magnetic term
as well. It is seen that the deformational and magnetic
parts of heat capacity are comparable in value.

The theoretical maximum of heat capacity 241 J/Kmol
is close in value to the experimental one 254 J/Kmol (see
Fig. 1, Fig. 2).

The practically important value characterizing the
MCE is adiabatic magnetic-field-induced temperature
change (Eq. (1)). The interrelation between the total and
non-magnetic heat capacity depicted in Fig. 2 for the
evaluation of temperature change is illustrated by Fig. 3.
The temperature change was computed for wpH =2T.
The minimum of ATw shows the inverse MCE, while its
maximum corresponds to the normal MCE. It is seen,
first, that the temperature change computed using the
Debye equation for the heat capacity is larger than the
temperature change resulting from the total heat capaci-
ty value by factor 2.5. Second, the comparison of total
and non-magnetic lines demonstrates the substantial
influence of spontaneous deformation on inverse MCE.
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Fig. 3 — Theoretical values of magnetic-field-induced tempera-
ture change computed taking into account only non-magnetic
part of heat capacity (dashed line) and total heat capacity
value (solid line). The temperature change computed using
Debye equation is shown by dashed-dotted line for comparison
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Fig. 4 shows the excellent agreement between the
theoretical and experimental [13] values of MCE ob-
tained for NizsMn1.4Sno.¢ alloy.
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Fig. 4 — Theoretical value of MCE compared with experi-
mental data obtained for NizMn1.4Snos alloy [13]

3. CONCLUSIONS

The consistent theoretical analysis of heat capacity
showed that:

1) The temperature peak of heat capacity observed in
the temperature range of magnetostructural phase trans-
formation of Ni2Mn1.4Snos alloy diminishes the expected
value of adiabatic temperature change by factor 2.5.

2) The reduction of the maximum value of inverse
MCE is caused by

1) spontaneous deformation of the crystal lattice;

ii) magnetic ordering of the alloy.

To the best of our knowledge, the role of spontane-
ous deformation of the crystal lattice in the tempera-
ture dependence of heat capacity and inverse MCE was
not considered until now.
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MaruiTokanmopuyuuii epekT y MmeraMardHirHomy ciuiaei 3 epekrom mam'ari popmu
Anna Kocorop!, Cepadima 1. [Tamamapuyr?2, Bikrop A. JIpBoB!:2

1 Inemumym maenemusmy HAHY ma MOHY, 6yaveap Bepraocvrozo 36-B, 03142 Kuis, Yrkpaina
2 Kuiscorkuli Haylonanvrull yrisepcumem imeni Tapaca Illesuenka, npocnekm Axademirxa Inywrosa 42,
03187 Kuis, Yxpaina

Y mawiit craTTi TpecTaBIeH] pe3yIbTaTH KUTBKICHOTO TEOPETHYHOTO AHATI3Y IPSIMOTO Ta 00ePHEHOr0 Mar-
aiTorasopuusroro epexry (MKE) y meramaraiTHomy crtagi 3 edexrom mam'siti popmu (MMCEII®). Bpaxosy-
F0YHM HEIIOJABHO OTPUMAHI eKCIIePUMEHTAIbHI JaHi, 110 CBIIYATh PO aHTU(QEPOMATHITHE YIIOPAIKYBAHHS, OyB
[IPOBE/IEHHUI TEOPETUYHUIN aHAII3, SIKUN CTAPTYe 3 BUPA3y JJIsI MATHITHOL eHeprii aHTudepoMarHeTuka 3 JBO-
Ma MATHITHUMHY MArpaTkaMu. AmiabaTudHa 3MiHA TeMIepaTypH, 3yMoBjeHa mpsaMuM Ta obepuennm MKE B
MMCEII®, Gyma ormiHeHa Ta TOpPIBHAHA 3 EKCIEPUMEHTAJbHHMHU [TaHWMH, OTPUMAHUMH IS CILIABY
NizMn1.4Sngs. AmiabaTuuna 3MiHA TEMIEPATYPU 3aJIEKUATH BiJl 3MIHH €HTPOIIll, CIIPUYMHEHOI MATHITHHM II0-
JIeM, 1 TeII0eMHOCTI cIuIaBy. JIJIs oTpuMaHHS KIJIBKICHOTO Y3TOMKeHHSI MK €KCIIEPUMEHTAJIbHUMHA Ta Teope-
TUYHUMHA JaHUMY OyJIM BPAXOBaHI Ta OIIHEH] MATHITHHM 1 HeMar"iTHui BHeckH 10 Tertoemuocti MMCEII®.
3aBasaKy oMy OyB BUSBJIEHUN BHECOK CIIOHTAHHOI JedopMariil, 1o CyrpoBOKye MAarHiTOCTPYKTYPHUM daso-
BUH mrepexin, 1o 3aranbHol Besmunau MKE. Takosk o6unciero 361/IbIIeHHS TEIJI0EMHOCTI, 3yMOBJIEHE 3MIHOI0
MAarHITHOTO CTaHy CIUIaBy I vac dasoBoro mepexomy. Ilokasaro, 1mo TeMmepaTypHHI MK TEIJIOEMHOCTI, CIIO-
CTEPEeIKeHMI B TeMIIePATYPHOMY 1HTePBaJIl MATHITOCTPYKTYPHOTO (padoBoro nepersopenHs ciasy Ni-Mn-Sn, e
3yMOBJIEHUM SIK CIIOHTAHHOIO Jed)opMaIfieio KPUCTaIIYHOI TPATKY, TAK 1 MATHITHUM BIOPSIAKYBAHHSIM CILIABY.
IToxasaHo, 110 HASIBHICTH IIIKY TEIIJIOEMHOCTI 3MEHIIIye OdiKkyBaHy 3 piBHAHHSA Jlebas BesmunHy amiadaTHaHOL
aminu temuepatypu y 2,5. Hackinbkn Ham BitoMo, poJib crioHTaHHOI medopMmariii KprcTaaivHol TPATKH B TeM-
mepaTypHI# 3aJIeKHOCTI TermtoeMHocTi Ta ooeprerHoro MKE noci He posriamastacs.

Kmiouosi cioBa: MaruiTocTpyKTypHe IepeTBOpeHHs, TerioeMHicTs, AmiabaTuuHa 3MiHA TeMIIEpPaTypPH,
PiBusuusa Jlebas.
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