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The theory of the giant conventional and inverse magnetocaloric effects (MCEs) is advanced on the basis 
of the theory of magnetism developed by A.I. 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 (SMAs) 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 (MetaMSMAs). 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-

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 PC , 

 ( / )PS G T= − ∂ ∂ ,  ( / )P PC T S T= ∂ ∂ , (1) 



Victor A. L’vov, Anna Kosogor, and Volodymyr A. Chernenko 

910 Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 8 

were used. The field-induced temperature change T∆  was 
computed then from the well-known formula 

 [ ( , ) (0, )]
P

TT S H T S T
C

∆ ≈ − − , (2) 

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: 

 el mag meG G G G= + + . (3) 

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

 2 2
mag 0 1 2( )( ) / 2meG G J T+ = + +M M   

 2 2
12 1 2 1 1 2( ) ( )J T+ − δ + −M M M M   

 12 1 2 1 22 ( ) ,− δ − +M M M M H  (4) 

where 1M , 2M  are the magnetization vectors of the sublat-
tices, 0 ( )J T  and 12 ( )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, 1δ  and 12δ  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 1 2| | | |=M 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, ( )SM T , and magnetization 
of antiferromagnetic phase, ( , )M H T , as 

 21( , ) ( ) ( ) ( )
2FM FM S SG T H J T M T M T H= − , (5) 

2 2
12

1 1( , ) ( ) ( ) ( ) ( , )
2 2AFM AFM SG T H J T M T J T M T H= − , (6) 

where 

 0 12 1 12

12 1 12

1( ) [ ( ) ( )] ( ) ,
2

( ) ( ) ( ) ( )

FM

AFM FM

J T J T J T v

J T J T J T v

= + − δ + δ

= − − δ − δ
 (7) 

are the spin-exchange parameters renormalized by magne-
toelastic constants. According to the Landau theory of 
phase transitions the spin-exchange parameters FMJ  and 

AFMJ  linearly depend on the temperature in the vicinity of 
the Curie temperature, CT , and FM–AFM phase transition 
temperature, 0T , respectively: 

( ) ( ) /FM FM C CJ T j T T T= − ,   

0 0( ) ( ) /AFM AFMJ T j T T T= − , 

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

 
( ) / ( ), if ( ),

( )
( ), otherwise,
S S S

S

HM T H T H H T
M T

M T
<

= 


 (8) 

where ( )SM T  is expressed by the standard equation of the 
theory of ferromagnetism, ( )SH 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 1 2||M M  
(“spin-flip” phase transition, for more details see [10]). 
The Eq. (6) is valid at ( )SH H T< , the value ( )SH T  va-
nishes at 0T T→ , because at 0T 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 ( )SH H 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 

 el(1 )( )FM AFMG G G G= α + −α + , (9) 

where 0 1< α <  is a temperature- and field-dependent vol-
ume fraction of AFM phase. For the computations, we 
have used the elG  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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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 CT 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 ( )SH H T=  [15]. This fact supports the conception of 
magnetically driven MSPT [15]. 

Using the Eqs. (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. 

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 (Eq. (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 

Fig. 1. The isofield magnetization curves computed for the alloy with strong (a) and weak (b) exchange interaction between the magnetic 
sublattices (jAFM is a dimensionless constant). The values of Curie temperature, MSPT temperature and MS(0) of 320 K, 240 K and 
600 kA/m, respectively, were used for computations. 

Fig. 2. (a) Theoretical temperature dependences of heat capacity of MetaMSMA computed for jAFM = 200, 1000, 2000. Inset shows 
the linear dependence of heat capacity maximum on the exchange constant jAFM. (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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widens the temperature range of the inverse MCE by factor 
2 without noticeable change of the peak value of T∆ . The 
weak dependence of maxT∆  on the value of spin-exchange 
parameter AFMJ  follows from Eq. (2): the decrease of 

AFMJ  reduces both the numerator and denominator of the 
( ) / pS 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 
max 1 KT∆ ≈  is induced by the field 0 2 THµ =  (Fig. 3a). 

This value maxT∆  was calculated using magnetization 
(0) 600 kA/mM = , 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 kA/m. The Gibbs free energy is proportional 
to 2 ( )M 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-

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. 

 ________  

1. K. Ullakko, J.K. Huang, C. Kantner, V.V. Kokorin, and R.C. 
O’Handley, Appl. Phys. Lett. 69, 1966 (1996). 

2. V.G. Bar’yakhtar, A.G. Danilevich, and V.A. L’vov, Phys. 
Rev. B 84, 134304 (2011). 

3. V.A. L’vov, V.A. Chernenko, and J.M. Barandiaran, Magnetic 
Shape Memory Materials with Improved Functional Proper-
ties: Scientific Aspects. In: Novel Functional Magnetic Mate-
rials, Springer Series in Materials Science, A. Zhukov (ed.), 
Springer, International Publishing Switzerland (2016), Vol. 231, 
p.1. 

4. T. Krenke, E. Muman, M. Acet, E.F. Wassermann, X. Moya, 
l. Mañosa, and A. Planes, Nature Mater. 4, 450 (2005). 

5. V. Franco, J.S. Blázquez, J.J. Ipus, J.Y. Law, L.M. Moreno-
Ramírez, and A. Conde, Prog. Mat. Sci. 93, 112 (2018). 

6. L. Caron, Z.Q. Ou, T.T. Nguyen, D.C. Thanh, O. Tegus, and 
E. Brück, J. Magn. Magn. Mater. 321, 3559 (2009). 

7. V.A. L’vov, A. Kosogor, J.M. Barandiaran, and V.A. Chernenko, 
J. Appl. Phys. 119, 013902 (2016). 

8. A.I. Akhiezer, V.G. Bar’yakhtar, and S.V. Peletminsky, Spin 
Waves, North Holland Publisher Company, Amsterdam (1968). 

9. R. Umetsu, X. Xu, W. Ito, and R. Kainuma, Metals 7, 414 
(2017). 

10. V.G. Bar’yakhtar, V.A. L’vov, V.T. Telepa, and D.A. 
Yablonskii, Fiz. Tverd. Tela 25, 797 (1983). 

11. A. Kosogor, J.M. Barandiaran, V.A. L’vov, J.R. Fernandez, 
and V.A. Chernenko, J. Appl. Phys. 121, 183901 (2017). 

12. V.A. Chernenko, V.A. L’vov, E. Cesari, and J.M. Barandiaran, 
Fundamentals of Magnetocaloric Effect in Magnetic Shape 
Memory Alloys. In: Handbook of Magnetic Materials, 
E. Brück (ed.), Elsevier (2019), p. 45. 

Fig. 3. Magnetic field-induced adiabatic temperature change computed for the different values of jAFM (a) and the magnetic field (b). 
Inset in the panel (b) shows the experimental data obtained for Ni–Mn–Sn alloy [16]. 

https://doi.org/10.1063/1.117637
https://doi.org/10.1103/PhysRevB.84.134304
https://doi.org/10.1103/PhysRevB.84.134304
https://doi.org/10.1007/978-3-319-26106-5_1
https://doi.org/10.1007/978-3-319-26106-5_1
https://doi.org/10.1038/nmat1395
https://doi.org/10.1016/j.pmatsci.2017.10.005
https://doi.org/10.1016/j.jmmm.2009.06.086
https://doi.org/10.1063/1.4939556
https://doi.org/10.1063/1.4939556
https://doi.org/10.3390/met7100414
https://doi.org/10.1063/1.4983025
https://doi.org/10.1016/bs.hmm.2019.03.001


Theory of giant magnetocaloric effect in the shape memory alloy undergoing magnetostuctural phase transition 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 8 913 

13. R.Y. Umetsu, W. Ito, K. Ito, K. Koyama, A. Fujita, K. Oikawa, 
T. Kanomata, R. Kainuma, and K. Ishida, Scripta Mater. 60, 
25 (2009). 

14. A.G. Danilevich and V.A. L’vov, J. Phys. D: Appl. Phys. 49, 
105001 (2016). 

15. V.A. L’vov, E. Cesari, J.I. Pérez-Landazábal, V. Recarte, 
and J. Torrens-Serra, J. Phys. D: Appl. Phys. 49, 095002 (2016). 

16. V.A. Chernenko, J.M. Barandiarán, J.R. Fernández, D.P. Rojas, 
J. Gutiérrez, P. Lázpita, and I. Orue, J. Magn. Magn. Mater. 
324, 3519 (2012). 

17. B. Chen, H. Xu, C. Ma, S. Mattauch, D. Lan, F. Jin, Z. Guo, 
S. Wan, P. Chen, G. Gao, F. Chen, Y. Su, and W. Wu, 
Science 357, 191 (2017) 

18. J. Hong, T. Yang, and A.T. N’Diaye, Nanomaterials 9, 574 
(2019). 

 ___________________________  

Теорія гігантського магнітокалоричного ефекту 
у сплаві з ефектом пам’яті форми, в якому 

відбувається магнітоструктурний фазовий перехід 

Віктор А. Львов, Анна Косогор, 
Володимир А. Черненко 

На основі теорії магнетизму, викладеної О.І. Ахієзером, 
В.Г. Бар’яхтаром та С.В. Пелетмінським в класичній моно-
графії «Спінові хвилі», розвинено теорію прямого та оберне-
ного гігантського магнітокалоричного ефекту (МКЕ). Роз-
глянуто МКЕ у сплаві з ефектом пам’яті форми, в якому 
відбувається фазовий перехід першого роду з кубічної феро-
магнітної (ФМ) фази у тетрагональну антиферомагнітну (АФМ) 
фазу. Продемонстровано узгодження між теоретичними ре-
зультатами та наявними експериментальними даними. Наве-
дено міркування, які доводять, що сплави, у яких відбувається 
фазовий перехід в АФМ фазу зі слабкою обмінною взаємодією 
між магнітними підгратками, є перспективними для застосу-
вань у технології магнітного охолодження. Обговорено мож-
ливість спостереження гігантського МКЕ у шаруватій магніт-
ній структурі зі слабким спін-обмінним зв’язком між ФМ ша-
рами. 

Ключові слова: метамагнітний сплав з ефектом пам’яті форми, 
мартенситне перетворення, питома теплота, 
адіабатична зміна температури. 
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