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Abstract 

We present a systematic study of the martensitic and magnetic transitions in the prototype 

metamagnetic shape memory alloy Ni50Mn34.5In15.5 under hydrostatic pressure and combined 

pressure and magnetic field. Pressure extends the area of stability of the antiferromagnetic 

martensitic phase.  At low magnetic field the pressure variations of the Curie temperatures of 

austenite, TCA, and martensite, TCM, show opposite signs. This is described as arising from a 

weak long-range antiferromagnetic state of martensite in the framework of the Landau 

thermodynamic model, allowing to calculate the volume magnetoelastic constants. A 

correlation between the signs of the pressure shifts of TCA, and TCM and the distance between 

Mn-Mn nearest neighbours is established, which matches the empirical Castelliz-Kanomata 

diagram. The martensitic transformation (MT) entropy, ΔSMT, grows up when the MT 

temperature, TM, is approaching TCA under the influence of pressure, but under constant 

pressure this dependence is inverse. The estimated entropy change, ΔSH(T), under magnetic 

field shows only a tiny increment of the inverse magnetocaloric effect under pressure, in line 

with recent thermodynamic and ab initio calculations. 

1. Introduction

Magnetic solid-state refrigeration based on the magnetocaloric effect (MCE) has been 

proposed as a low cost, eco-friendly and energy-efficient technology for the everyday 
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applications displaying several advantages over the conventional gas-compression one. The 

compounds, such as Gd-Si-Ge [1], La-Fe-Si-H [2] or Mn-Fe-P(As,Ge) [3], exhibit giant MCE 

due to the first-order magnetostructural phase transformation (MSPT), which allows to heat 

them up, when the magnetic field, H , is applied, or to cool down, when the field is removed. 

Recently, the Heusler-type Ni-Mn-(In,Sn,Sb) metamagnetic shape memory alloys 

(MetaMSMAs), exhibiting MSPT of the martensitic type, have been also proposed as 

promising candidates for the magnetic solid-state refrigeration (see Ref. [4] and references 

therein). MetaMSMA entails a huge drop of its magnetisation, ( , )M T H , in the temperature 

range of MSPT from the high-temperature ferromagnetic austenite (FMA) to the low-

temperature weakly magnetic martensite. An inverse MCE, that consists in cooling down 

when the magnetic field is applied and heating up when it is removed adiabatically, is 

associated to such type of martensitic transformation. Large changes of magnetization, ΔM, 

and isothermal entropy, ΔSH, are induced in this temperature range by the application of a 

magnetic field. The large entropy change is the precondition to obtain high values of the 

magnetic field induced adiabatic temperature change, ΔT(H,T). 

It has been shown in many works that the entropy change in the interval of MSPT in 

MetaMSMAs can be effectively modified by tuning the composition, doping with magnetic 

(Fe, Co) and/or nonmagnetic (Cu, Al, Ti, W etc.) elements, as well as by heat treatment [5–

10]. These procedures result in the changes of the electron density states and volume of the 

unit cell, which control the structural and magnetic stabilities, as well as the magnetic 

interactions in the alloys. All these changes are important for the achievement of a large 

( )S HΔ  [11]. 

From a technological point of view, large values of ΔT(H,T) in a wide working 

temperature range are essential for the magnetic refrigeration. A wide working temperature 

range of refrigerator can be achieved in the case of a broad peak on the temperature 

dependence of ( )S HΔ . The wide entropy peak can be peculiar to the case of successive phase 

transformations, if the magnetization changes, accompanying these transformations, are of the 

same sign and the entropy peaks corresponding to these transformations merge[12–16]. It 

should be noted, however, that in the case of MetaMSMAs, which show inverse MCE, the 

magnetic field induced entropy changes at MSPT and Curie temperatures are of opposite sign, 

and, therefore, a wide working temperature range is hardly expected (for more details see Ref. 

[4] and references therein). 
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Generally, the entropy of solids changes under the hydrostatic pressure, P , giving rise 

to the so-called barocaloric effect (BCE) [17]. For some MetaMSMAs the temperature 

changes under magnetic field and pressure are comparable [17], so both are effective 

parameters for solid-state refrigeration [18]. The multicaloric phenomenon, a superposition of 

MCE and BCE, is promising for applications because it enlarges the entropy change, 

( , )S H PΔ , and expands the working temperature range. Recently, the multicaloric 

phenomenon was proposed as a favourable situation for observation of a large values of 

( , )T H PΔ under combined external stimuli [19]. In the case of Heusler-type MCE 

compounds, only a few experiments have been carried out (see, e.g., [20,21]), showing that 

the adiabatic temperature change of the combined MCE+BCE effects is larger than the sum of 

the individual effects: the sum of the temperature changes induced by a magnetic field of 1 T 

or by 250 MPa pressure was approximately equal to the superposition of a 75% lower 

magnetic field and 30 % lower pressure [20].  

The noticeable thermal hysteresis, peculiar to MSPT in MetaMSMAs, and the high 

values of the required magnetic field impose essential limitations for applications of the 

inverse MCE [22]. Only partial and irreversible transformations are observed in moderate 

magnetic fields entailing a drastic reduction of MCE, especially, in the cyclic regime used for 

refrigeration [22,23]. A reduction of the hysteresis can significantly improve the efficiency of 

MCE [24]. A purposeful modification of the microstructure and chemical composition of 

MetaMSMAs can somewhat reduce the hysteresis of MSPT [25], but the hysteresis effect can 

be substantially reduced by using the magnetic field and external pressure in such a way that 

the material is first magnetized without pressure and then demagnetized under pressure [26].  

  In the present work, the combined influence of the magnetic field and hydrostatic 

pressure is systematically studied, experimentally and theoretically, on the prototype 

Ni50Mn34.5In15.5 MetaMSMA, exhibiting a first-order antiferromagnetic MSPT and second-

order ferromagnetic and ferrimagnetic transitions. The latter ones occur at the Curie 

temperatures of austenite and martensite, above and below MSPT, respectively. The 

characteristic temperatures of all transitions are plotted as a function of the external magnetic 

field and pressure, resulting in quasi-equilibrium 3D phase diagrams. A Landau-type 

approach is developed to describe the experimental results and to yield the values of 

magnetovolume constants. The weak magnetic martensitic phase is described in terms of a 

long-range ordered antiferromagnetic state. The influence of the pressure on the 

transformation entropy and the magnetic field induced entropy change is analysed. 
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2. Experimental  

Ni50Mn34.5In15.5 (at.%) MetaMSMA was fabricated by arc melting. The ingot was annealed in 

vacuum at 1170 K for 24 hours and subsequently water quenched. The alloy composition 

was confirmed by EDX analysis within an uncertainty of about 1 at.%. According to the 

characteristic temperatures of the martensitic transformation, the alloy is very close to the 

one studied in Ref. [27].  A piece of alloy was cut from the ingot, heat treated at 1170K for 

20 minutes and then slow cooled to ensure a complete L21-ordered structure. Neutron 

diffraction experiments were carried out at the ILL D2B instrument. The analysis shows a 

L21 cubic structure (a = 6.05 Å) for the austenite, and a slightly distorted 10M orthorhombic 

phase (a = 4.30 Å, b= 4.62 Å, c=5.56 Å) for the martensite. Details of the structure 

determination and the basic characterization by means of Differential Scanning Calorimetry 

can be found in [27] and in the Supplementary Material of the present article.  

The influence of pressure on the different transitions was studied by low-field (5mT) 

thermomagnetic measurements carried out with a Quantum Design MPMS (SQUID) 

magnetometer equipped with a high pressure chamber cell. A Zero Field Cooling - Field 

Cooling - Field Heating (ZFC-FC-FH) protocol was applied: first, the alloy was cooled down 

to 5 K at 0 T, then the magnetic field was applied and the thermomagnetization curve, M(T), 

was measured during heating (ZFC curve) up to 320 K, followed by the measurement during 

cooling down to 5 K (FC curve) and the final heating up (FH curve) under the same applied 

magnetic field to complete the cycle. Thermomagnetization curves were recorded under 

different constant magnetic fields up to 5 T at different values of the hydrostatic pressures. 

Magnetisation loops under different constant pressure values were measured at 5 K in 

magnetic fields up to 5 T. A miniature piston-cylinder CuBe pressure cell (MCell-10) was 

used in all cases to achieve pressures from 0 to 0.96 GPa. The pressure transmitting liquid 

was a mixture o mineral oils. The applied pressure was measured from the superconducting 

transition temperature of a tiny Sn sample placed inside the cell, with an estimated error of 

0.02 GPa. 

 

3. Experimental results 

3.1. Influence of pressure on the structural and magnetic transitions characteristics 

Figure 1 shows the influence of pressure on the temperature dependence of the low-field 

magnetisation of Ni50Mn34.5In15.5 (at.%) alloy. Under no pressure, M(T) shows the following 

sequence of phase transitions on cooling: (i) ferromagnetic ordering from the paramagnetic 
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austenite, PMA, to a FMA phase at the Curie temperature, TCA ≈ 310 K; (ii) in the 

temperature range 240 K 260 KT< <  the alloy transforms from FMA to the orthorhombic 

weak magnetic martensite, which can be tentatively considered as a weak 

antiferromagnetically ordered phase, AFMM, formed as a result of competing ferro – 

antiferro magnetic interactions (see Refs.[28–30]). The FMA→AFMM phase transformation 

is characterised by the abrupt decrease of the magnetisation, practically to zero. The 

FMA→AFMM transformation was described in Ref. [31] as a magnetically driven 

martensitic transformation, which can be termed as MSPT of the martensitic type. During 

further field cooling AFMM transforms into a ferrimagnetic martensite (FiMM), TCM ≈ 223 

K, with a lower magnetisation value than the FMA. The ZFC curve exhibits a maximum, that 

may be attributed to the blocking temperature, below which a relaxation of the magnetization 

due to a frustration becomes slow compared to the time scale of measurements [32].  

 
Fig. 1. ZFC – FC – FH magnetisation curves recorded at low-field (5 mT) for the different constant 

pressures. Inset depicts the rescaled fragments of the curves to demonstrate the opposite pressure 

induced shifts of Curie temperatures of martensite, TCM, and austenite, TCA.  

Figure 1 and Inset show that the hydrostatic pressure noticeably rises the MSPT 

temperature, MT , elevates the Curie temperature of the austenite, CAT , and lowers the 

temperature of the AFMM ↔ FiMM transition, CMT . As a result, high pressure drastically 

narrows the temperature interval of stability of the FMA phase, whereby stabilises the 

AFMM phase. The characteristic temperatures of the transitions were determined by the 

maximum of the first derivative of M(T) for the forward MSPT, MT , and by the two-tangents 

method for the two magnetic transitions. The resulting numerical values are plotted in Fig. 3 

as a function of pressure, giving rise to the P – T phase diagram limiting the areas of 
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existence of the four mentioned phases. The influence of the small magnetic field, of 5 mT, 

on this diagram can be neglected.  
 

 
 

Fig. 2. Experimental T − P diagram of the phase transitions exhibited by Ni50Mn34.5In15.5 (at.%) 

alloy. It is approximated by straight lines limiting the areas of existence of the paramagnetic austenite 

(PMA), ferromagnetic austenite (FMA), antiferromagnetic martensite (AFMM) and ferrimagnetic 

martensite (FiMM). The values of the slopes are indicated.  

 

The values of the slopes are shown in Fig. 2 and listed below: 

dTM / dP ≈ 28 K/GPa,
dTCA / dP ≈ 4 K/GPa,
dTCM / dP ≈ −5 K/GPa.

         (1) 

It is worth noting that the value of dTM/dP in Eq. (1) lies in the wide range of (18 – 60) 

K/GPa reported in the literature for different Heusler type MetaMSMAs [33–38]. The 

literature provides also quite a wide spread of the experimental values of dTCA/dP for these 

alloys, ranging between zero [33] and 6 K/GPa [36]. Such a broad variation is, obviously, the 

result of their strong dependence on the composition and degree of atomic order (see e.g. 

Ref. [39,40]). Incidentally, the value of dTCM/dP has never been measured before. The 

reliable negative value of this parameter shown in Eq.(1) is a significant finding of the 

present work. The numerical values of the pressure induced shifts of the characteristic 

temperatures, listed in Eq.(1), represent crucial inputs for developing any theoretical 

approach, as that described in the next sections.  
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3.2. Combined effect of high-field and pressure on magnetostructural phase 

transformation  

Figures 3 shows the magnetisation during heating for three values of magnetic field 

in zero pressure and under a pressure of 0.96 GPa. One can conclude that the main influence 

of pressure is the shift of MT, while its influence on the magnetisation of the FMA phase is 

small, as the solid and dashed lines almost coincide in the temperature range of stability of 

the FMA. Due to this, the decrease of the magnetisation under pressure (see Inset in Fig. 3) is 

proportional to the shift of the MSPT temperature, ( ) (0)M MT P T− .  

 
Fig. 3. Combined effect of a strong magnetic field and pressure on the temperature dependence of 

magnetisation. Only selected heating curves at 0 and 0.96 GPa are shown for the clarity. Inset 

demonstrates the pressure dependences of the maximums on the M(T) curves at different values of 

magnetic field. 

 

From the thermomagnetisation data, in the absence of pressure, the transformation 

temperature shift can be estimated as: 

    dTM / d(µ0H ) ≈ −5 K/T.                      (2) 

This is also an important parameter for the subsequent theoretical treatment.  

Using the experimental data of Fig. 3, a 3D T-P-H phase diagram of the 

magnetostructural transformation is now plotted in Fig. 4(a). The diagram illustrates the 

simultaneous influence of the magnetic field and hydrostatic pressure on the MT temperature 

and can be used to predict the values of TM at any combination of P and H in the studied 

ranges and beyond. The projections of the ( , )MT H P  surface on the TM − H and TM − P 

planes are reproduced in Fig. 4 (b) for better visibility. 
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(a)      (b) 

 
Fig 4. A combined influence of the magnetic field and hydrostatic pressure on the temperature of 

magnetostructural phase transformation in Ni50Mn34.5In15.5 (at.%) alloy: (a) 3D T-P-H phase diagram; (b) TM 

dependencies projected onto the T-P and T-H planes.  

 

Figure 4 (b) shows a linear decrease of the MT temperature as a function of magnetic 

field at different constant values of pressure. As it is seen, an increasing of pressure leads to 

the reduction of the field induced transformation temperature shift /MdT dH . Note, that the 

value given by Eq. (2), is obtained in the absence of hydrostatic pressure.  

The MT temperature of the alloy increases under compression, which is opposite to 

the TM versus H behaviour. Fig. 4(b) illustrates an interesting result: TM remains practically 

unchanged under the combined influence of µH ~ 5T and P ~ 0.5 GPa. The dependence of 

MT  on pressure is nonlinear, but for the sake of convenience, the value for /MdT dP , shown 

in Eq.(2), corresponds to the linear interpolation of the MT  values obtained at 0 5 mTHµ =

for 0P =  and P = 0.96 GPa. 

 
Fig. 5. Combined influence of the magnetic field and hydrostatic pressure on the hysteresis, ΔT, of the 

magnetostructural phase transformation. Note the reverse orientation of the Y-axis for better clarity.  



9 
 

 

The 3D diagram in Fig. 5 displays the combined influence of the magnetic field and 

hydrostatic pressure on the thermal hysteresis of magnetostructural phase transformation, TΔ

, determined as the difference between the temperatures of the reverse (martensite-austenite) 

and forward (austenite-martensite) transformation temperatures. Fig. 5 shows that TΔ is a 

decreasing function of pressure and increasing function of magnetic field. The decrement of 

the hysteresis under pressure is about of −3 K/GPa; and its increment under magnetic field is 

close to 0.6 K/T. The increase of ΔT as a function of magnetic field is related to the 

thermodynamic and/or kinetic “arrest” of the transformation, an empirically well-known 

phenomenon in MetaMSMA [41]. Naturally, the application of the pressure tends to remove 

the influence of field, whereby decreasing the value of hysteresis.    

 

4. Influence of pressure on transformation entropy change  

      The experimental magnetisation curves in Fig. 3 allow to obtain not only the values of 

the derivative /MdT dH (Eq. (2)), but also the jump-like change of magnetization, ΔM, at TM. 

These data provided an input to the Clausius-Clapeyron relation, adapted here for the 

magnetic case, and used to investigate the entropy change at MT: 
1( )( , ) ( , )MdT PS H P M H P

dH

−
⎡ ⎤Δ = − Δ⎢ ⎥⎣ ⎦

                                                                       (3), 

Fig. 6 shows the calculated results of ΔS(H,P) plotted as a function of the distance between 

TCA and TM, the two characteristic temperatures being dependent on the magnetic field and 

pressure. The difference (TCA - TM) has been used in many reports as a generalized “order 

parameter” to characterize the “structure – magnetism” correlation (see, e.g., [42] and 

references therein).  
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Fig. 6. Entropy change at the martensitic transformation, calculated from Eq.(3), as a function of the 

generalized “order parameter” (TCA - TM). The dependencies are strongly affected by the combined influence of 

pressure and magnetic field. Lines are guides to the eyes. Dashed lines show the points measured at the 

indicated values of the magnetic field. 

 

For P = 0, ΔS presents a monotonous decrease with the "order parameter" (TCA - TM), which 

is almost the same as the one obtained in Ref. [42]. Fig. 6 shows that the pressure overturns 

the decreasing tendency commonly observed at P=0 in Refs. [42,43]. Αt the highest pressure 

(0.96 GPa) the simultaneous small increment of ΔM and the considerable decrement of the 

dTM/dH result in a large increase of ΔS, reaching a value of -20 J/K·kg at 5 T (30% higher 

than at P=0).  

 
Fig. 7. Illustration of the inverse magnetocaloric effect in Ni50Mn34.5In15.5 at µ0H=5T at different constant 

pressures. The magnetic field-induced entropy change, ΔSH, was calculated by Maxwell relationship using the 

data in Fig. 3, i.e. on heating. Cooling curves give similar results. 
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It is now instructive to estimate the influence of hydrostatic pressure on the magnetic 

field induced entropy change, ΔSH, near MSPT and compare with the data for ΔS depicted in 

Fig. 6. Recently, it was shown that the application of the Maxwell relationship for an 

approximate evaluation of the inverse magnetocaloric effect in the vicinity of first-order 

MSPT is possible if the spontaneous magnetization of material is included [4]. Accordingly, 

the results from Fig. 3 have been used to calculate the temperature evolution of the magnetic 

field induced entropy change, ΔSH(T), by the standard expression:  

 ΔSH (T ) =
∂M (T,H )

∂TH1

H2

∫ dH   (4) 

Figure 7 shows the evolution of ΔSH(T) under different pressures. One can see that, pressure 

increases the maximum of the ΔSH(T) curves only slightly, and the maximum values of ΔSH 

are much lower than ΔS values estimated by the Clausius-Clapeyron equation. This is not 

surprising as Clausius-Clapeyron assumes a sudden change of the magnitudes, like 

magnetization or entropy, at the transformation, while Maxwell equation applies to energy 

functions that are continuous and with continuous derivatives, up to the second order at least, 

in all the studied range. On the other hand, it is very reasonable to assume that there exists 

some correlation between calculated value of ΔS (or determined by DSC) and the calculated 

ΔSH(T), but both experiments and theory do not confirm that this correlation is direct. Recent 

thermodynamic [4,44] and ab initio analyses [45] have shown that magnetization anomalies 

(no matter which mechanism is behind the large changes on M(T) at different magnetic 

fields) are the main ingredients which determine the MCE response 

 

5. Effect of pressure on the magnetic exchange coupling 

Our precise measurements enabled to detect opposite pressure shifts of the Curie 

temperatures of austenite, TCA, and martensite, TCM (Fig. 2). This behaviour is found for the 

first time and deserves a more detailed discussion. 

The effect of pressure on the exchange interaction integral, J, and the corresponding 

behaviour of TC, was studied for Ni2MnSn-based compounds using density functional theory  

(DFT) [46]. Two different tendencies of J were disclosed depending on the Mn-Mn 

interatomic distances. At large Mn-Mn distances, pressure shortening of the Mn-Mn bonds 

leads to a reduction of the exchange interaction and to the decrease of TC. This is due to the 

band broadening which increases the overlap of the electronic states, and therefore reduces 

the local magnetic moment. The opposite tendency of Tc, observed for large Mn-Mn 
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distances, is explained as the result of the increment of the electron hopping which yields a 

stronger spin exchange interaction between the magnetic atoms.  A competition between 

these two opposite trends can explain the behaviour observed in the present work.  

It is well established that in off-stoichiometric Ni-Mn-In compounds, Mn atoms occupy 

preferably two different sublattices (Mn and In ones) entailing two different Mn-Mn 

interatomic distances. Consequently, there are two different exchange constants: JMn-Mn 

between the Mn atoms sited at the Mn sublattices (Mn1) (large distances), and J’Mn-Mn 

between Mn atoms at the Mn sublattice and the Mn at the In (Mn2) one (short distances). 

Considering that in the austenitic phase JMn-Mn is much stronger that J’Mn-Mn, a positive 

variation of TCA under applied pressure should be observed. The situation is the opposite in 

the martensitic phase, where the magnetic coupling is controlled by J’Mn-Mn between nearest 

neighbours, which is typically antiferromagnetic.  In this case, the pressure induces a 

decrease of TCM. 

 
Fig.8. The Castelliz-Kanomata empirical dependence of the exchange interaction showing the Curie 

temperature as a function of the interatomic Mn-Mn distance in various Mn-based compounds, such as 

pnictides and Heusler alloys [40,46,47]. The studied in the present work Heusler-type MetaMSMA is 

represented  by blue in the austenitic state and by red in the martensitic one. Arrows up and down stand for 

positive and negative values of the derivative dTC/dP, respectively. 
 

Note, that such an opposite behaviour of TC in austenite and martensite is in line with the 

Castelliz-Kanomata empirical curve, shown in Fig. 8 [40,46,47]. This curve displays the 

dependence of TC as a function of the nearest interatomic distance between the manganese 

atoms in different manganese-based compounds, whereby one can predict the sign of the 

pressure-induced TC shift as indicated in Fig. 8. At large distances (≈4.50 Å), dTC/dP >0 but 
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it decreases to a minimum value (close to zero) at about 3.6 Å. Below this distance the 

pressure induces the contrary effect, i.e., dTC/dP<0, increasing its absolute value down to the 

shortest distance (2.80 Å). In the studied compound, the Mn-Mn distances in the austenite, 

determined from the L21 cubic unit cell parameter, are dA
Mn1-Mn1 = 4.24 Å and dA

Mn1-Mn2 = 

3.02 Å. So, the experimentally measured dTC/dP >0 indicates that TCA is determined 

essentially by the Mn atoms sited at their main positions, whereas the effect of Mn placed at 

the In positions is negligible. In the martensitic phase, represented by the 10M orthorhombic 

unit cell, the distance between the nearest Mn atoms is dM
Mn1-Mn2 = 2.78 Å and the largest one 

is dM
Mn1-Mn1 = 4.62 Å. The measured negative evolution of TCM with the pressure, points out 

that the Mn nearest-neighbours do determine the behaviour of TCM. So, in Ni-Mn-In a 10 % 

of the reduction in the Mn-Mn interatomic distances occurs during cooling MT, which 

produces a volume drop, as well as a change in the sign of the exchange constant, from ferro- 

to antiferromagnetic, typical for many magnetic compounds and rare earth elements (see 

[40,47] and reference there in. 

Figure 9 shows the isothermal magnetization curves recorded at 5 K for several pressures.  

 
Fig. 9. Magnetization curves at constant temperature of 5 K (martensitic phase) and different pressures. 

Inset: pressure dependence of the maximum values of magnetization obtained at 5 T. 

 

At all pressures, the M(H) curves are not fully saturated, even at the field of 5 T, revealing an 

antiferromagnetic contribution in the martensitic phase.  The values of the magnetization at 5 

T, equal to 36.2 Am2kg-1 for P=0, present a decrease as a function of the applied pressure 

with a slope dlnMmax/dP = - 43 ·10-3 GPa-1 between 0.43 and 0.96 GPa. A similar slope has 

been reported in other NiMn-based Heusler compounds [36]. A considerable decrement of 

the Mmax(P) dependence can be explained within a model of the uncompensated local 

moment disorder proposed for Kamarad et al. [48] for NiMn-based MetaMSMAs. This 

model illustrates a high sensitivity of the total magnetization to the atomic order and the 
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external pressure. Both two control the Mn-Mn interatomic distances, leading to the 

tendency of the magnetic coupling inversion from ferromagnetic to antiferromagnetic. 

Particularly, values of the parameter dlnMmax/dP, equal to -8·10-3 GPa-1 and -38·10-3 GPa-1,  

have been determined for the ordered and disordered Ni3Mn alloys, respectively, showing a 

high impact of the atomic disorder on this parameter [48]. The enhanced value of dlnMmax/dP 

obtained in this work is indicative of a certain degree of disorder related to the high Mn 

content and, as a result, the presence of antiferromagnetic coupling due to the reduction of 

the Mn-Mn distances. This behaviour is also compatible with the huge difference between 

the experimental magnetic moment of 1.7 µB/f.u. (5K and 0 GPa), and the theoretical one of 

2.4 µB /f.u. The latter value was calculated by assuming that the magnetic moments for Ni 

and Mn atoms are 0.2 µB and 3.2 µB, respectively, and that all Mn atoms located on the In 

sublattice are coupled antiferromagnetically with all Mn atoms placed on their proper sites. 

The mismatch between values of magnetic moments infers that there is some degree of 

disorder, which reduces the total magnetic moment. According to the calculated values, not 

only Mn atoms sited at In places, but also a 7% more of the total Mn atoms, are coupled 

AFM. This indicates that there is a partial disorder in which Mn atoms could occupy also the 

Ni sublattice. Nevertheless, part of the magnetic moment reduction can also be related to the 

local spin canting induced by the atomic modulation in the martensitic phase [49,50] or to a 

high density of antiphase boundaries associated to the presence of dislocations in the bulk, 

which results in an increment of the shortest distance Mn-Mn neighbours that couple 

antiparallel to the ferromagnetic matrix [51].   

   

6. Theoretical treatment  

6.1. Influence of pressure on the Curie temperatures of austenite and martensite, 

evaluation of magnetoelastic constants 

The especially important finding of the present work that the shifts of CAT  and CMT  under 

pressure appeared to be of the opposite signs was already explained in Sec. 5. According to 

the empirical Castellitz-Kanomata rule, the sign of the pressure-induced shift of the Curie 

temperature in different compounds is determined by the distance between the manganese 

atoms: the shift is positive if the distance is larger than 0.36 nm and negative below this 

value. Whereas the positive value of /CAdT dP , Eq. (1), is very typical for Heusler-type 

MSMAs (see Sec.3.1), a negative pressure shift of TC, already well known for Invar-type 
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alloys, is found in this work for TCM. Therefore, a special theoretical analysis is needed to 

substantiate the possibility of negative pressure shift of CMT and its implications. 

 It was already mentioned that a first-principles study of the pressure influence on the 

Curie temperature in the stoichiometric Ni2MnSn Heusler compound was carried out in Ref. 

[46]. It demonstrated that the Mn-Mn exchange interaction within the first and fourth 

coordination spheres can change sign when the applied pressure diminishes the Mn-Mn 

distance to 0.34 nm, but the pressure required is quite high. On the other hand, disorder and 

defects, giving rise to atomic interchanges between Ni and Mn sublattices [48] increase the 

influence of pressure on the magnetic properties of Ni-Mn-Sn alloy  [36], as suggested by the 

dependence of the magnetic properties of MetaMSMAs on the thermal treatments [40]. It 

should be also stressed, that ZFC and FC magnetisation curves are entirely different in the 

temperature interval of FMM state (see Fig. 1) hinting for a strong dependence of the 

magnetic properties of the alloy on the micro- and nanostructure of the martensite. Besides, 
ferromagnetic resonance, FMR, in twinned martensitic films of Ni-Mn-Sn-Co points to the 
antiferromagnetic coupling between the twins [30]. Finally, the transformation properties of 

Ni-Mn-In [31] and magnetocaloric effect in Ni-Mn-Sn [4,44]	were	satisfactorily	described	

using	 a	macroscopic	model	 of	magnetic	 solid	with	 two	magnetic	 sublattices:	 1M 	 and	

2M .		

The	model	is	based	on	the	following	equations	for	the	Gibbs	potential,	G :	

m meG G G= + ,		 	 	 	 	 	 	 	

2 2
0 1 2 12 1 2 1 2( ) ( )mG J J= + + − +M M MM M M H ,	 	 		 (4)	

2 2
1 1 2 12 1 2( ) 2meG v vδ δ= − + −M M MM ,		 	 	 	 	

where	 mG 	 is	 the	 sum	of	 exchange	 and	 Zeeman	 energy,	 0J 	 and	 12J 	 are	 temperature-

dependent	exchange	parameters.	 meG 	is	the	magnetoelastic	energy,	which	describes	the	

dependence	of	the	exchange	energy	on	the	specific	volume	of	the	MetaMSMA,	 1δ 	and	 12δ 	

are	magnetoelastic	constants,	 v 	is	the	relative	volume	change,	which	may	be	caused	by	

the	 hydrostatic	 pressure,	 spontaneous	 and	 forced	 magnetostriction	 and/or	 a	

magnetostructural	phase	transformation	of	the	martensitic	type.	

 Using the Gibbs potential, Eq. (4), it is possible to consider the sequence of phase 

transformations “paramagnetic austenite - ferromagnetic austenite - antiferromagnetic 

martensite - ferromagnetic martensite” (PMA→FMA→AFMM→FiMM). As it is shown 



16 
 

below, these phase transitions provide a satisfactory theoretical model describing the 

experimentally observed phase transitions (Fig.2). 

 Mathematical expressions, similar to Eq.(4), are currently used in the theory of ferro- 

and antiferromagnetism (see e.g. [52]). In	the	case	that	 1 2| | | |=M M 	holds, the relationship 

1 2≈ −M M 	is	valid	for	the	ferromagnetic	or	antiferromagnetic	solid in a weak magnetic 

field.	For	austenite	the	relative	volume	change	under	pressure	is	equal	to	 /P B− ,	where	

B 	is	bulk	modulus;	for	martensite	it	is	equal	to	 ( / ) trP B v− + ,	where	 ( ) /tr M A Av V V V= − 	

is	the	relative	volume	change	as	a	result	of	the	MT.	Due	to	this,	the	Gibbs	potential	can	

be	expressed	as	

21 ( , ) ( , )
2

G J T P M T P= ,	 	 	 	 	 	 (5)	

where 

0 12 1 12 ,
1( , ) [ ( ) ( )] ( ) ( , )
2 fm a

PJ T P J T J T J T P
B

δ δ= + + + ≡ ,  (6) 

for ferromagnetic austenite, 

0 12 1 12 ,
1( , ) [ ( ) ( )] ( ) ( , )
2 tr afm m

PJ T P J T J T v J T P
B

δ δ ⎛ ⎞= − − − − ≡⎜ ⎟
⎝ ⎠

, (7) 

for antiferromagnetic martensite, and 

0 12 1 12 ,
1( , ) [ ( ) ( )] ( ) ( , )
2 tr fm m

PJ T P J T J T v J T P
B

δ δ ⎛ ⎞= + − + − ≡⎜ ⎟
⎝ ⎠

, (8) 

for ferromagnetic martensite. 1 2| |M = +M M  is the modulus of the magnetization. Taking 

into account that in the absence of external magnetic field the magnetization is equal to zero 

in the paramagnetic and antiferromagnetic phases, the pressure-induced shifts of the 

PMA→FMA and FMA→FMM phase transformations temperatures can be found from the 

equations  

, ,( , ) ( ,0) 0fm a fm aJ T P J T− = ,      (9) 

and 

, ,( , ) ( ,0) 0fm m fm mJ T P J T− = ,      (10) 

respectively. In accordance with the Landau theory of phase transitions, the exchange 

parameters involved in Eqs.(6) and (7) depend linearly on the temperature in the vicinity of 

the PMA→FMA and FMA→FMM transformation temperatures, that is 
2

, 0( , ) ( / )[ ( )]/ (0)fm a CA CAJ T P M T T P Tζ= − ,    (11) 
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2
, 0( , ) ( / )[ ( )]/ (0)fm m CM CMJ T P M T T P Tζ= − ,    (12) 

where 0 1 0(0) (0)M = +M M  is a low-temperature limit of magnetization in the 

ferromagnetic phase. The material constant ζ , involved in the Eq. (11), is approximately 

equal to 0.1 GPA for the Heusler MSMAs, which undergo the PMA→FMA transformation 

[53]. This constant prescribes a certain value of the derivative , /fm adJ dT . The same constant 

is used in Eq. (12), assuming that the antiferromagnetic exchange coupling, described by the 

parameter 12J , is much weaker than the ferromagnetic one, described by the parameter 0J , 

and therefore, , ,/ /fm a fm mdJ dT dJ dT≈ . Combining Eqs. (6), (9) and (11), one can express 

the pressure-induced shift of the Curie temperature of the austenite as 
2

1 12 0( ) ( ) (0) ( ) (0) /CA CA CA CAT P T P T M PT Bδ δ ζΔ ≡ − ≈ − + ,  (13) 

whereas Eqs. (7), (10) and (12) result in the following expression for the Curie temperature 

of the martensite 
2

12 0( ) ( ) (0) 2 (0) /CM CM CM CMT P T P T M PT Bδ ζΔ ≡ − ≈ − .   (14) 

The experimental values of these parameters are: 310 KCAT ≈ , 225 KCMT ≈ , 

4 KCATΔ ≈ , 5 KCMTΔ ≈ −  for 0.96 GPaP ≈ . Using the value 3
0 1000 emu/cmM ≈ , which 

is typical of Ni-Mn-In alloys, and a bulk modulus 150 GPaB ≈ , typical of Heusler-type 

MSMAs, one can roughly estimate the dimensionless magnetoelastic constants 
3

1 3.752 10δ = − × , 3
12 1.736 10δ = ×  and the magnetoelastic constant 

δ0 =
3
2

(δ1 +δ12 )M 0
2 ≈ −0.3 GPa ,     (15) 

which is traditionally used for description of the magnetoelastic coupling in ferromagnetic 

SMAs. The estimated constant, Eq. (15), is rather close to the value of −0.4 GPa reported for 

the Ni2MnGa alloy [53]. 

 The most important point is that the magnetoelastic coupling in MetaMSMA with 

two magnetic sublattices is described by the two magnetoelastic constants. The difference in 

the signs of the shifts of Curie temperatures cannot be explained using the expression for the 

magnetoelastic energy of a single lattice ferromagnet, which involves only one 

magnetoelastic constant. The opposite signs of the observed shifts of the austenite and 

martensite Curie temperatures under hydrostatic pressure imply that the magnetoelastic  

constants have also different signs.  
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It should be noticed that the values 1| |δ  and 12δ , estimated above for the 

Ni50Mn34.5In15.5 alloy, are smaller, by one order of magnitude, than those used for the 

description of magnetically induced MT in Ni45Mn36.7In13.3Co5 (at%) [31]. However, one 

should take into account that the Curie temperature is noticeably lower, and the influence of 

the magnetic field on magnetisation in the ferromagnetic phase is much more pronounced in 

Ni50Mn34.5In15.5 (at.%) than in Ni45Mn36.7In13.3Co5. These differences mean that the exchange 

parameter , ( ,0)fm aJ T  is noticeably smaller for Ni50Mn34.5In15.5. Due to this, the real values of 

1| |δ  and 12δ , which characterize the dependence of the exchange parameters on the volume, 

may be comparatively small, as well. Therefore, the quantitative theoretical description of 

the transformation behaviour of Ni-Mn-In alloy, using the values of the magnetoelastic 

constants estimated above, needs further consideration.  

 

6.2. Influence of pressure on the characteristic temperatures of the magnetostructural 
phase transformation  
 

To begin with, let us imagine that the MT temperature, MT , coincides with the temperature 

of the magnetic transition from ferromagnetic to antiferromagnetic, 0T , and therefore, both 

characteristic temperatures coincide with the temperature of the magnetostructural phase 

transformation, MSPT.  

As the exchange parameter, Eq.(7), depends on trv ,	 assuming	 trv 	 independent	 of	

pressure,	one	can	estimate	the	influence	of	pressure	on	 0T 	from	Eqs.(6)	and	(7)	and	the	

equations	

, , 12 12

2
, , 12 0 0 0

( ) 2 ( / ),

( / )[ ( )]/ (0).
afm m fm m tr

afm m fm m

J J J T v P B

J J M T T P T

δ

ζ

− = − + −

− = −
		 	 (16)	

All	these	equations	result	in	the	approximation	
2

0 0 0 12 0 0 12( ) ( ) (0) 2 (0) / 0T P T P T M PT Bδ ζΔ ≡ − ≈ >   (17) 

Equations (14) and (17) show that 

(i) ( )CMT PΔ  and 0 ( )T PΔ  have different signs;  

(ii) ( )CMT PΔ  and 0 ( )T PΔ  are close in absolute value, if (0)CMT  is close to 0 (0)T ; 

0 ( ) ( )CMT P T PΔ >> Δ , if 12ζ ζ<< . 
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The point (i) is in agreement with the experimental data reported above. The 

experimental value dTCM/dP ≈ -5 K/GPa coincides with the theoretical one if 12 0.02 GPaζ =

, that is if 12ζ ζ<< . As it was noticed above, this inequality is fulfilled if the 

antiferromagnetic exchange interaction between the magnetic sublattices is much weaker 

than the ferromagnetic interaction inside each sublattice. 

It should be remembered, however, that the change of elastic energy under pressure 

can contribute to the 0 ( )T PΔ  value. It may be predicted, therefore, that if the temperatures 

0 (0)T  and (0)MT  coincide, there is a possibility that hydrostatic pressure can "split" them. If 

0 (0)T  and (0)MT  do not coincide, the difference between the MT temperature and the 

temperature of magnetic phase transition can noticeably depend on the pressure. 

 
6.3. Influence of magnetic field on the temperature of magnetostructural phase 
transformation 
 

The magnetic field derivative of MT temperature, Eq. (1), was determined using the 

( , )M T H  curves, which show the abrupt decrease in the temperature range of MSPT (see 

Fig. 3). In the model of MetaMSMA with two equivalent magnetic sublattices, this decrease 

of magnetisation is interpreted as the result of phase transformation from the ferromagnetic 

austenite to the antiferromagnetic martensite. Here, we will describe this phase transition in 

short, for more details see Ref. [31]. 

Let θ  be the angle between the vectors 1M  and 2M . The angles between the strong 

magnetic field and the vectors 1M  and 2M  are / 2θ  and / 2θ− , respectively. In absence of 

pressure the difference between Gibbs potentials of these phases is expressed according to 

Eq. (4) as 

* 2
, , 12 0 0

1 ( ) ( )(1 cos ) ( ) 1 cos
4 2fm m afm mG G J T M T HM T θ

θ ⎛ ⎞− = − − −⎜ ⎟
⎝ ⎠

,  (18) 

where . An angle θ  satisfies the equation 

*
12 0

cos
2 ( ) ( )

H
J T M T

θ
= .     (19) 

The angle θ  is a decreasing function of magnetic field, which vanishes at the phase 

transition line in H–T plane. Therefore, the equation of this line is 
*
12 0( ) ( )J T M T H= .      (20) 

*
12 12 12( ) ( ) 2J T J T vδ= −



20 
 

Substituting 0 ( )T P  by 0 ( )T H  in Eq. (16), one can obtain the relationship 

0 0 0 0 12( ) / [ (0)] (0) /dT H dH M T T ζ= − .     (21) 

The experimental values 0 (0) 260 KT ≈ , M0[T0(0)] ≈	 4.5 x 105 A/m and the value 

12 0.02 GPaζ = , estimated above from the experimental value 0 ( )T PΔ , result in the 

estimation , which is in a good agreement with the experimental 

value shown in Eq. (2). 

 

7. Conclusions 

In the present work, the transition behaviour of the prototype MetaMSMA, Ni50Mn34.5In15.5 

(at.%), has been systematically studied under hydrostatic pressure and under the combined 

influence of pressure and magnetic field. The following new results can be highlighted. 

1. The three-dimensional phase diagram of the martensitic transformation and Curie 

temperatures of martensite and austenite as function of magnetic field and hydrostatic 

pressure has been determined. Particularly, it was found that pressure extends the area of 

stability of the antiferromagnetic martensitic phase.  

2. The opposite signs of dTCA/dP and dTCM/dP in low magnetic fields is an important finding 

of this work, indicating a weak long-range antiferromagnetism of the martensitic phase. This 

behaviour is described in the framework of the Landau-type thermodynamic model applied 

to a magnetic solid with	 two	 ferromagnetic	 sublattices, which interact 

antiferromagnetically. Hydrostatic pressure data enabled to disclose the signs and calculate 

values of the volume magnetoelastic constants. 

3. A correlation between the signs of the pressure shifts of Curie temperatures of austenite 

and martensite and the distance between the closest Mn – Mn neighbours, which matches the 

empirical Castelliz-Kanomata diagram, has been established. 

4. We found that at constant magnetic field, the transformation entropy, ΔS, calculated using 

Clausius-Clapeyron relationship, strongly grows up when TM is approaching TCA under the 

influence of pressure. Such a trend was previously observed under high magnetic fields or 

for MetaMSMAs with different compositions. On the other hand, we see that ΔS versus (TCA 

- TM) obeys this trend only at zero pressure, whereas this dependence is inverted under 

pressure and ΔS exhibits a strong increase. 

5.  It is interesting that, contrary to ΔS, the estimated magnetic field induced entropy change, 

ΔSH(T), shows only a tiny increment of the maximum on the ΔSH(T) curve under pressure. 

dT0 (H ) / dH ≈ −5.7 K/T
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Such a quantitative misfit between the pressure influence on ΔSH(T) and ΔS means that not 

always one can expect close correlation in the behaviour of these entropies. This conclusion 

is in line with recent thermodynamic and ab initio theoretical findings  [4,44]. 
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