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The theory of the giant conventional and inverse magnetocaloric effects (MCESs) is advanced on the basis
of the theory of magnetism developed by A.l. Akhiezer, V.G. Bar’yakhtar, and S.V. Peletminsky in the classic
monograph “Spin Waves”. The MCE in the shape memory alloy undergoing the first-order phase transition from
the cubic ferromagnetic (FM) phase to the tetragonal antiferromagnetic (AFM) phase is considered. The agree-
ment between the theoretical results and existing experimental data is demonstrated. It is argued that the alloys
undergoing the phase transition to AFM phases with weak exchange interaction between the magnetic sublattices
are promising for use in the magnetic refrigeration technique. The possibility of observation of the giant MCE
in the layered magnetic structure with weak spin-exchange coupling between the FM layers is discussed.
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1. Introduction

Magnetic and magnetoelastic properties of the Heusler-
type shape memory alloys (SMASs) are intensively studied
due to their sensitivity to the magnetic field application
([1-3] and references therein). The SMAs exhibiting
a magnetostructural phase transition (MSPT) are conven-
tionally referred to as the metamagnetic shape memory al-
loys (MetaMSMASs). The unusual properties of these alloys
are of practical and academic interest.

The practical interest in the MetaMSMAs is caused
mainly by the observation of giant magnetocaloric effect
(MCE) (both conventional and inverse) induced by the
strong magnetic field [4,5]. Due to the giant MCE, the
MetaMSMAs are considered promising for the use in
the magnetic refrigeration technique [3,5]. The search of
the alloys exhibiting the large field-induced temperature
change and wide temperature interval of the MCE exist-
ence is critically important.

The academic interest to MetaMSMAs is provoked by
the difficulties in comprehension of their phase transforma-
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tional, magnetic and magnetocaloric properties. In particu-
lar, the strong doubts about the applicability of the tradi-
tional theory of MCE to the alloy undergoing the first-
order magnetostructural phase transition are stated (see,
e.g., [6]): the traditional theory is based on the magnetic
Maxwell relations, which are valid only for the equilibrium
ferromagnetic phase, while the giant MCE is observed due
to the first-order MSPT, which goes through the two-phase
state. In this connection, a new approach to the theoretical
description was advanced [7], using as the basis a classic
theory of ferromagnetic and antiferromagnetic solids [8].

The MSPT from the cubic ferromagnetic (FM) phase to
the tetragonal antiferromagnetic (AFM) phase is inherent
to the number of MetaMSMAs [9]. The giant MCE caused
by this MSPT was studied in Ref. 7 starting from the Landau
expansion for the Gibbs free energy G of MetaMSMA.
The fundamental thermodynamic equations for the entropy S
and heat capacity Cp,

S=—(6G/aT)p, Cp =T(8S/8T)p, (1)
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were used. The field-induced temperature change AT was
computed then from the well-known formula

AT ~——[S(H,T)-$(0,T)], )
Cp

where T is the temperature of MetaMSMA measured be-
fore the magnetic field application.

In the present article, we will show that the
MetaMSMAs with weak spin-exchange interaction between
the magnetic sublattices are good candidates for the use in
the magnetic refrigeration technique.

2. Free energy of MetaMSMA

The magnetostructural phase transition in MetaMSMAs
can be considered as a combination of magnetic FM— AFM
phase transition and first-order martensitic transformation
from the high-temperature cubic to the low-temperature
tetragonal or orthorhombic crystal phase. The Gibbs free
energy of MetaMSMA can be presented as a sum of three
terms:

G =Gg| +Gpmag + G- 3)

The term G, depends on the spontaneous strains arising in
the course of MSPT, Gy, depends on the magnetic state
of alloy and G, describes the magnetoelastic coupling.
The FM—AFM phase transition in the strong magnetic
field H can be studied theoretically by minimization of the
energy

Ginag *+ Grme = Jo (T)(M$ +M3)/ 2+
+ 315 (MMM, =8 (M +M3) -
= 28,M1M;, — (M1 + M)H, 4)

where My, M, are the magnetization vectors of the sublat-
tices, Jo(T) and J;,(T) are the spin-exchange parameters,
which depend on the temperature due to the entropy term
=TS in the defining thermodynamic relationship for Gibbs
free energy, &, and &, are magnetoelastic constants describ-
ing the volume magnetostriction, v is the relative volume
change caused by both volume magnetostriction and MSPT.
The expressions similar to Eq. (4) are widely used in
the theory of magnetism [8]. The condition | My |=| M, | is
valid for the solid with equivalent magnetic sublattices.

Simple algebraic calculations show that the Gibbs free
energy densities of ferromagnetic and antiferromagnetic
phases in the strong magnetic field can be expressed in terms
of the saturation magnetization, Mg (T), and magnetization
of antiferromagnetic phase, M (H,T), as

Gew (T.H) = Iem MMEM) -MsMH,  (5)

Garm (T, H) :%JAFM (T)MSZ(T)—%le(T)MZ(T, H), (6)
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where

Jem (r>=§[J0(T>+J12<T>]—(61+812)v,
Japm (T) = Jem (T) = J12(T) = (81 = 812)v

are the spin-exchange parameters renormalized by magne-
toelastic constants. According to the Landau theory of
phase transitions the spin-exchange parameters Jg,, and
Japm linearly depend on the temperature in the vicinity of
the Curie temperature, T, and FM-AFM phase transition
temperature, Ty, respectively:

Iem (M) =jem (T =Tc) I Te,
Jarm (T) = Jjaem (T =To) / To,

()

where jgyy and japm are the dimensionless constants.
In the magnetic field exceeding the characteristic field of
spin-flip phase transition

HM (T)/Hs (T),
Mg (T), otherwise,

ifH < Hg (T),

M(T):{ 8

where Mg (T) is expressed by the standard equation of the
theory of ferromagnetism, Hg(T) is a magnetic saturation
field, which corresponds to the field-induced phase transi-
tion from the magnetic state with nonparallel magnetiza-
tion vectors to the ferromagnetic state with M; | M,
(“spin-flip” phase transition, for more details see [10]).
The Eq. (6) is valid at H <Hg(T), the value Hg(T) va-
nishes at T — Ty, because at T > T, the FM state is stable
even in the absence of external magnetic field. The tempe-
rature of FM — AFM phase transition in the magnetic
field is the solution of equation H = Hg (T).

The magnetic part of Gibbs free energy of the
MetaMSMA undergoing the first-order MSPT from cubic
ferromagnetic to low-symmetry antiferromagnetic phase is
expressed as

G =aGgy +{1-a)(Gapm +Gel). ©)

where 0 <a <1 is a temperature- and field-dependent vol-
ume fraction of AFM phase. For the computations, we
have used the G, function presented in Ref. 11.

3. Magnetization and heat capacity of MetaMSMA

The isofield temperature dependences of magnetiza-
tion of the spatially homogeneous solid, undergoing the
FM— AFM phase transition, can be computed from Eq. (8).
This equation was modified for the spatially inhomogeneous
MetaMSMA undergoing the first-order MSPT [7,12].
The M (T) functions computed for the spatially inhomoge-
neous MetaMSMA with strong (a) and weak (b) antifer-
romagnetic coupling between the magnetic sublattices are
shown in Fig. 1. The theoretical curves reproduce the fea-
tures of experimental temperature dependences of magnetiza-
tion obtained for Ni-Mn-Sn (Fig. 1a), Ni-Mn-In (Fig. 1b),
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Fig. 1. The isofield magnetization curves computed for the alloy with strong (a) and weak (b) exchange interaction between the magnetic
sublattices (jagm is a dimensionless constant). The values of Curie temperature, MSPT temperature and Mg(0) of 320 K, 240 K and

600 kA/m, respectively, were used for computations.

and Ni-Mn-In-Co (Figs. 1a, 1b) (see, e.g., [4,13]). The ab-
rupt decrease of magnetization value on the cooling of
MetaMSMA corresponds to the temperature interval of the
first-order MSPT, the “tail” of magnetization, which is
visible at T > T, is peculiar to the SMAs. It should be
stressed, that the pronounced decrease of phase transition
temperature under the magnetic field (Fig. 1b) was men-
tioned by many scientists as unexplained feature of the
martensitic transformation. However, it was shown recent-
ly that this effect of the magnetic field cannot be caused by
magnetoelastic coupling [14], but follows from the equa-
tion H = Hg (T) [15]. This fact supports the conception of
magnetically driven MSPT [15].

Using the Egs. (1)—(7) and theoretical M (T) functions
shown in Fig. 1, one can compute the heat capacity of
MetaMSMA (Fig. 2) and the adiabatic temperature change
(Fig. 3), caused by the magnetic field application to the alloy
specimen.
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The curves presented in Fig. 2a have a sharp peak of heat
capacity at the temperature of MSPT and a smoothed local
maximum at the Curie temperature. The drastic increase of
the heat capacity in the temperature range of MSPT is prac-
tically important, because it diminishes the adiabatic tem-
perature change (Eg. (2)). However, our theory shows that
this disadvantageous feature of heat capacity is reduced in
the case of weak antiferromagnetic coupling between the
magnetic sublattices. Figure 2b shows the influence of strong
magnetic field on the heat capacity of MetaMSMA. The in-
set illustrates the agreement between theoretical results and
experimental data obtained for Ni-Mn-Sn alloy [16].

4. Magnetocaloric effect

Figure 3a shows the field-induced temperature change
computed for MetaMSMAs with the strong and weak anti-
ferromagnetic coupling between the magnetic sublattices.
It is seen that the reduction of AFM coupling by factor 0.2
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Fig. 2. (a) Theoretical temperature dependences of heat capacity of MetaMSMA computed for jaem = 200, 1000, 2000. Inset shows
the linear dependence of heat capacity maximum on the exchange constant jaem. (b) The influence of the magnetic field on the heat
capacity of MetaMSMA. The experimental field dependences of heat capacity obtained for Ni-Mn-Sn alloy [16] is shown in the inset.
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Fig. 3. Magnetic field-induced adiabatic temperature change computed for the different values of jaem (a) and the magnetic field (b).
Inset in the panel (b) shows the experimental data obtained for Ni-Mn-Sn alloy [16].

widens the temperature range of the inverse MCE by factor
2 without noticeable change of the peak value of AT. The
weak dependence of AT, on the value of spin-exchange
parameter Jagy follows from Eg. (2): the decrease of
Japm reduces both the numerator and denominator of the
AS(H)/C, ratio.

Figure 3b shows that the elevation of the magnetic field
value results in the enhancement of both the conventional
and inverse MCEs and the influence of this factor on the
conventional MCE is very strong. The inset shows that the
theory adequately describes the experimental results. The
drastic enhancement of conventional MCE by the increase
of the magnetic field is caused by the abnormally strong
influence of the field on the magnetization of the ferro-
magnetic phase. This fact is illustrated by Fig. 1 and it is
observed in the numerous experiments.

5. Discussion: from MetaMSMAs towards artificial
antiferromagnets

It is important that the maximal temperature decrease
ATmax ®1 K is induced by the field pgH =2 T (Fig. 3a).
This value AT, was calculated using magnetization
M (0) =600 kKA/m, which is typical for the Ni-Mn-Sn
MetaMSMAs. For the Ni-Mn-In MetaMSMAs the exper-
imental low-temperature value of magnetization slightly
exceeds 1000 kKA/m. The Gibbs free energy is proportional
to M 2(T), and so, a rough estimation shows that for the
Ni-Mn-In alloy the maximal temperature decrease about
of 2.5 K may be induced by the field value of 2 T. There-
fore, the inverse MCE in metamagnets may be close
in value to that observed, e.g., in the Fe—Rh alloy, which is
a prototype material exhibiting this effect.

It is especially important to mention, that the weak anti-
ferromagnetic coupling between the ferromagnetic layers
and FM-AFM phase transitions are typical for the artificial
antiferromagnets [17,18]. To use artificial AFM in the micro-
sized coolers the layered material with weak AFM coupl-
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ing between ferromagnetic layers, large magnetization value
and FM-AFM phase transition temperature, being rather
close to the Curie temperature, should be synthesized. This
structure will provide the large entropy change under the mo-
derate magnetic field.
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Teopiq riraHTCbKOro MarHiToOKanopu4HoOro eekTy
y cnnasi 3 ebekToM nam’aTi PopmMu, B SKOMY
BiAGYBaETLCA MarHiTOCTPYKTYpHMI ha3oBMIN nepexis

Biktop A. JIeBOB, AHHa Kocorop,
Bonoammup A. YepHeHko

Ha ocHoBi Teopii maraetnsmy, Buxiaanenoi O.I. Axiesepowm,
B.I'. Bap’saxtapom ta C.B. IleneTMiHCbKMM B KJIAaCMYHIH MOHO-
rpadii «CriHOBI XBHIII», PO3BUHEHO TEOPiIO IPSIMOTO Ta 0OepHe-
HOro riranTcbkoro marHirokanopuynoro edekry (MKE). Pos-
rsiHyTo MKE y cmmasi 3 edextom mam’siTi gopmu, B SKOMY
BiiOyBaeThCst (a30BHil Mepexin mepioro poay 3 Kyoidnoi depo-
marHiTHOT (PM) dazu y TerparonansHy anTA(epomartitHy (ADM)
¢asy. IIpoaeMOHCTPOBAHO Y3TrOHKEHHS MK TCOPETHYHHUMH pe-
3yJbTaTaMH Ta HasSBHUMH EKCIICpHMEHTaIbHUMU NaHuMu. Hase-
JICHO MipKyBaHHs, SIKi JOBOJSITB, IO CIUIABH, Y SIKUX BiOyBaeThCs
(azoBuit nepexig B AOM ¢asy 3i crabkoro 0OMIHHOIO B3aEMOJIIEI0
MK MarHiTHUMH MiATPaTKaMH, € NEPCICKTUBHUMH ISl 3aCTOCY-
BaHb y TEXHOJIOTii MarHITHOTO 0X0JIO/UKeHHS. OOGroBOPEHO MOK-
nuBicTh crioctepexenns rirantcbkoro MKE y miapysariit marHit-
HIl CTPYKTYpi 31 CTAOKUM CIIiH-0OMiHHUM 3B’s13k0M Mk @M ma-

pamu.

Kiro4oBi cioBa: MeTaMarHiTHUH CIUIaB 3 epeKToM rmam’sTi popmy,
MapTEHCUTHE NEePETBOPEHHS, IIMTOMA TEILIOTa,
aniabaTdHa 3MiHA TEMIIEpaTypH.
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