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Abstract 

 

In the present study, the effects of composition and the level of crystallographic ordering were 

studied in Ni45Co5Mn50-XInX magnetic shape memory alloys with X = 13.55, 13.71 and 13.92, in 

order to reveal the relationship between the Curie temperature (TC) of the austenite phase and the 

degree of L21 ordering. Various samples were prepared using secondary heat treatments at 

different temperatures below the order-disorder transition temperature and for different 

durations, after solution heat treatment, in order to control the degree of ordering. TCs were 

determined using calorimetric and magnetometry measurements. The relationship between the 

TC and the degree of order was used to predict the evolution of the order during selected heat 

treatments. It was shown that the TC of austenite exhibits a monotonous non-linear dependence 

on the fraction of the L21 phase. This relationship was corroborated via ab initio numerical 

calculations within a mean field approximation. Dependence of the crystallographic order 

parameter on temperature and duration of secondary heat treatments showed that ordering 

kinetics is fast, the total degree of order depends only on the annealing temperature and cooling 

rate for long enough treatments, and maximum achievable degree of order is limited by the low 

thermal energy available for atomic diffusion at low temperatures. Finally, small changes in 

composition were observed to have a significant impact on martensitic transformation 

temperatures, and a significant but smaller effect on the ferromagnetic transition in these 

systems. 

 

 

 

* Corresponding author. E-mail address: ikaraman@tamu.edu (I. Karaman). 

Keywords 

Magnetic shape memory alloys, Degree of order, Curie temperature, Martensitic transformation, 

Ferromagnetic transition 

https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/science/article/pii/S1359645419300114#!
https://www.sciencedirect.com/topics/physics-and-astronomy/shape-memory-alloys
https://www.sciencedirect.com/topics/materials-science/curie-temperatures
https://www.sciencedirect.com/topics/materials-science/austenite
https://www.sciencedirect.com/topics/materials-science/heat-treatment
https://www.sciencedirect.com/topics/physics-and-astronomy/crystal-structure
https://www.sciencedirect.com/topics/physics-and-astronomy/transition-temperature
https://www.sciencedirect.com/topics/physics-and-astronomy/magnetic-measurement
https://www.sciencedirect.com/topics/physics-and-astronomy/heat-treatment
https://www.sciencedirect.com/topics/physics-and-astronomy/heat-treatment
https://www.sciencedirect.com/topics/physics-and-astronomy/austenite
https://www.sciencedirect.com/topics/materials-science/annealing
https://www.sciencedirect.com/topics/physics-and-astronomy/martensitic-transformation


1. Introduction 

 

Ni-Mn-based MetaMagnetic Shape Memory Alloys (MMSMAs) have received much attention 

due to their unique properties, such as conventional shape memory effect[[1], [2], [3], [4], [5]], 

magnetic field-induced martensitic transformation (MT) [6,7], giant magnetocaloric effect [[8], 

[9], [10], [11], [12]] and large magnetoresistance [13]. Many of these properties emerge from the 

MT between a ferromagnetic cubic austenite and the superparamagnetic or anti-ferromagnetic, 

non-modulated 2 M or modulated (5 M, 7 M) tetragonal martensites [14,15]. In order words, 

MMSMAs demonstrate a magneto-structural transition coupling a ferroelastic and a magnetic 

transition, in which the magnetic state of the system changes from strongly ferromagnetic to anti-

ferromagnetic/super-paramagnetic state upon cooling. 

 

The degree of magnetic ordering (characterized by the Curie temperature of the austenite phase, 

TC) has been shown to play a significant role on the MT temperatures of MMSMAs [[16], [17], 

[18], [19]]. More specifically, in NiCoMnIn MMSMAs, the increase (decrease) of the magnetic 

ordering of austenite (characterized by TC) decreases (increases) the total entropy change at the 

MT [[20], [21], [22]]. This effect results in an inversely proportional relationship between the 

MT temperatures and the difference between TC and MS, where MS is the martensite start 

temperature upon cooling. Consequently, MT temperatures can be tuned by tuning magnetic 

ordering in MMSMAs, allowing for the modification of martensitic transformation 

characteristics such as transformation hysteresis, transformation range, and degree of 

transformation suppression [19,23], or for complete suppression of the MT giving rise to the 

glass transition behavior with potentially unique properties [19,[24], [25], [26], [27], [28], [29]]. 

Therefore, the present work is focused on investigating one of the ways that can potentially be 

used to tailor the magnetic ordering (TC) of austenite, i.e. through the control of the degree of 

crystallographic order. The different degrees of order can be achieved through simple secondary 

heat treatments in some of the MMSMAs [19,30], including NiCoMnIn and NiCoMnGa 

systems. Therefore, in the present work we investigate the role of different degrees of 

crystallographic ordering in austenite on TC, where the crystallographic order is controlled via 

simple heat treatments. 

 

It should be noted that the origin of the different magnetic behaviors in the austenite and 

martensite phases in MMSMAs is generally the Ruderman-Kittel-Kasuya-Yosida (RKKY)-

exchange interaction, which implies an oscillatory behavior of the magnetic exchange constants 

between pairs of Mn atoms, depending on their interatomic distance. Ab-initio calculations 

performed by Buchelnikov et al. [31] suggested that the magnetism of austenitic and martensitic 

phases are determined by the average Mn-Mn bond length. The magnetic moments of nearest-

neighbor Ni-Mn atoms (with Ni and Mn atoms on their regular sublattice sites) interact 

ferromagnetically. However, the interaction between Mn-Mn pairs is predominantly either 

ferromagnetic or antiferromagnetic depending on the distance between Mn atoms. As a 

consequence of the MT in MMSMAs, the average distance between Mn-Mn pairs changes upon 

transformation, resulting in a qualitative change in the nature of the magnetic interactions 
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between Mn-Mn pairs. While the austenite is normally ferromagnetic within the martensitic 

transformation temperature range, Mn positions in the tetragonal martensite result in a 

competition of ferromagnetic-antiferromagnetic interactions leading to a superparamagnetic 

behavior. 

 

In the present MMSMA, the austenite can exist in two different cubic states, B2 and L21, with 

different degree of ordering (ηL21). The Order-DisOrder (ODO) transition between B2 and L21 

phases requires (short-range) atomic diffusion and its critical temperature depends on 

composition [32]. Different researchers [16,18,33] have recently reported the effects of ηL21 on 

TC and MT temperatures in MMSMAs. Generally, the formation of an ordered L21 phase 

increases TC and may increase [16] or decrease, as in the present NiCoMnIn system [19], the MT 

temperatures, depending on whether the martensite or austenite possesses higher magnetic 

ordering, respectively. It is normally much easier to determine TC than to evaluate the degree of 

order in a material. Therefore, in some cases, TC can be used to evaluate the ordering transition 

or the degree of order, like Neibecker et al. did in Ni-Mn-Al alloys [34]. 

 

Recently, Bruno et al. [28] demonstrated that the MT temperatures could present a minimum as a 

function of heat treatment time when annealing below the ODO transition temperature in 

NiCoMnIn MMSMAs. MS was observed to decrease for short heat treatments while it increased 

progressively as the heat treatments were carried out for longer times. It has been proposed that 

this non-monotonic evolution should be caused by different thermally-activated processes 

occurring during the heat treatment, which affect the material microstructure as well as the phase 

stability. Bruno et al. results were obtained in a Ni45Co5Mn36.6In13.4 alloy. This composition and 

nearby Ni45Co5Mn50-XInX compositions are of special interest since the MT properties have been 

shown to be highly sensitive to compositional and microstructural changes for X = 13.3–13.7 

[15]. 

 

Therefore, the present work investigates the dependence of the TC of the austenite phase and the 

relationship between the TC and crystallographic ordering as well as the magnetic properties on 

secondary heat treatments below the ODO transition temperature for different NiCoMnIn alloys. 

Then, TC is used to probe the evolution of ηL21 and to establish a relationship with the evolution 

of MT temperatures. The main motivation of the present work is to test the hypothesis that by 

correlating ηL21 to changes in TC, it should be possible to correlate heat treatment schedules with 

ηL21, and thus, shed light on the mechanisms responsible for the high sensitivity of the MT to 

secondary heat treatments in MMSMAs. 

 

2. Experimental methods 

2.1. Material synthesis and annealing parameters 
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Three polycrystalline NiMnCoIn alloys, with the measured compositions given in Table 1 (called 

as In13.55, In13.71 and In13.92 in what follows, based on their In content), were fabricated 

using vacuum induction melting of high purity elements. The samples with the sizes of 

40 × 5 × 1 mm3 were cut using wire electrical discharge machining (EDM), and sealed in quartz 

tubes in a protective low-pressure Ar atmosphere. A Solution Heat Treatment 

(SHT)/homogenization was performed at 1173 K for 24 h. The material was then water-quenched 

in order to retain a significant degree of disorder (presumably B2 phase [19,28]). Then, smaller 

specimens were cut using wire EDM from these SHT samples, and sealed in quartz tubes under 

the argon atmosphere for Secondary Heat Treatments (SecHT). These treatments were performed 

at different temperatures, between 573 K and 873 K, below the order-disorder transition 

temperature for the durations from 0.25 h to 240 h. Then, the samples were water-quenched to 

freeze the degree of L21 order achieved at that temperature. Selected SecHTs created a large 

variety of microstructures, with different degrees of L21 crystallographic ordering, and a variety 

of domain sizes and morphologies. Another set of samples were Furnace Cooled (FC) from 

1173 K to 300 K inside the quartz ampoule at rates of 0.55 K/min. SHT, FC and SecHT samples 

of each composition were investigated using Scanning Electron Microscopy (SEM), and their 

compositions were measured using a Cameca SXFive Electron Microprobe Analyzer (EPMA) 

using wavelength dispersive spectroscopy (WDS), operated at 15 KeV and 20 mA. No 

precipitation was detected. The transformation temperatures of the MT of the present 

compositions were observed to decrease with increasing In-content. Fig. 1 presents a comparison 

between the MS temperature obtained for SHT samples of polycrystalline Ni45Co5Mn50-XInX 

MMSMAs, including the present compositions (using measured In-content) and data available in 

the literature [15,35]. This figure shows that MS presents a strong Mn/In content dependence 

from In = 13 to 14 at.% and that present work compositions and previous data follow the same 

trend in In-content dependence. Given the strong composition-dependence of MS, the good 

agreement in the data corroborates the WDS measurements. 

 

2.2. Experimental protocols 

 

Calorimetric measurements were performed for the selected compositions and thermal 

procedures using a TA Instruments DSC Q2000. The cooling/heating rate was 10 K min−1 over a 

temperature range of 170 K–420 K, spanning the magnetic transition and, in some cases, the MT. 

Note that atomic diffusion is not expected to occur within this temperature range, and thus, the 

degree of order is not expected to be affected in a noticeable manner during these measurements. 

An example of the typical calorimetric response close to the ferromagnetic transition is shown in 

Fig. 2a. The magnetic transition produces a change in the calorimetric response of the material 

because of the change in heat capacity [36]. Based on the differential scanning calorimetry 

(DSC) responses, Curie temperature is estimated averaging the peak temperatures of the first 

derivative of the calorimetric response for the cooling and heating curves of two consecutive 

thermocycles, as shown in Fig. 2b. Note that observed small hysteresis, about 0.5 K, in Fig. 2b is 

an artifact of the calorimetric response as the cooling/heating rate is moderate (10 K min−1). Such 

source of error was corrected by averaging between TCs obtained using cooling and heating 

curves. To corroborate the obtained TC values, a Quantum Design MPMS SQUID VSM 

magnetometer was used to measure the temperature dependence of the DC magnetization under 

the constant applied magnetic field of 0.05 T. Fig. 2c shows how similar TC values were detected 
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from the temperature derivative of the DC magnetization responses. These magnetic 

measurements were performed during cooling–heating cycles between 400 K and 10 K at a rate 

of 5 K min−1. While it was observed that the calorimetric and magnetic measurements showed 

almost perfect match, TC in some samples was higher than the temperature limit of the SQUID 

magnetometer. Thus, in this work, in order to carry out consistent comparisons across all the heat 

treatment conditions considered, only the TCs determined from the DSC experiments are 

reported. 

 

In order to corroborate the correlation between TC and L21 degree of order, transmission X-Ray 

Diffraction experiments were conducted at the Advance Photon Source of Argonne National 

Laboratory (Lemont) using the high-energy synchrotron radiation with wavelength 0.1173 Å. For 

such experiments, single crystal ingots of nominal composition Ni45Co5Mn36.6In13.4 at.% (In13.4) 

were grown via the Bridgman method under He environment and thermally processed following 

the same SHT protocol used for the polycrystalline alloys. Polar diffraction spectra for different 

SHT In13.4 samples were obtained at 423 K (in austenite). In order to mimic the evolution of the 

degree of order during conventional heat treatments, SHT samples were heated at 25 K/min from 

room temperature to different temperatures, i.e. 680 K, 745 K and 790 K, below the ODO 

transition temperature, and then held at such temperature isothermally. During this process, polar 

diffraction patterns were obtained in regular time-steps. Such patterns were integrated along the 

polar angle, yielding the typical 1D diffraction spectra as a function of Bragg angle. Next, the 

[111] integrated intensity, I111, was obtained as the area below the [111] diffraction peak, fitted 

using a Pseudo-Voigt profile. Finally, the change in degree of order between the initial SHT state 

and the stable equilibrium degree of order at the different annealing temperatures was calculated 

as the relative change of the square root of [111] integrated intensity, which should have a linear 

relationship with the volume fraction of L21 phase [[37], [38], [39], [40]]. 

 

3. Experimental results and prediction of the Curie temperature 

3.1. Composition and thermal history dependence of Curie temperature 

The evolution of TC as a function of composition and annealing time at different secondary heat 

treatment (SecHT) temperatures below the ODO transition temperature is shown in Fig. 3. The 

data demonstrate a stronger dependence of TC on the SecHT temperatures than on the duration of 

these treatments. In fact, the figure shows that most of the variation in TC occurs within the first 

15 min of the SecHTs. In general, TC measured after SecHTs at 673 K and higher (up to 800 K) 

does not seem to be greatly affected by the duration of the heat treatment. On the other hand, in 

the case of the In13.55 alloy annealed at 573 K, 6 K difference in TC can be seen between the 

samples annealed for 15 min vs those annealed for 3 days. The sluggish rate of change in the 

measured TC as a function of treatment time at low temperatures is related to the rather sluggish 

kinetics of the ODO transition at these temperatures. An unintuitive feature of the evolution of 

TC with the SecHTs is the case of the samples annealed at 873 K, which in all cases exhibit a TC 

that is lower than the one measured when the samples were in the SHT condition. Below, it will 

be established that there is a monotonic dependence of TC on the degree of ηL21 order, which 
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implies that under this particular heat treatment condition, the samples always have a lower 

degree of ηL21 order than those under the SHT condition. 

 

The dependence of the TC of the austenite on the SecHT temperature below the ODO transition 

temperature and alloy composition is presented in Fig. 4. Selected data for each SecHT 

temperature corresponds to the respective longest thermal treatment shown in Fig. 3. In addition, 

the TC determined for the furnace cooled (FC) samples (refer to previous section for the details) 

has been included on the left side of the figure. The FC samples exhibit the highest TC for all 

alloy compositions, as expected due to the slow cooling rates, making these samples the closest 

to their equilibrium state at low temperatures. In turn, the FC samples are expected to have the 

highest degree of L21 ordering among the samples studied here. It can be seen in the figure that 

there is a monotonic decrease of TC with respect to the increasing SecHT temperature. This 

dependence becomes steeper when approaching the ODO transition temperature. 

 

Notably, the SecHT temperature dependence of the TC observed in Fig. 4 is similar to the 

temperature dependence of the L21 order parameter measured by Recarte et al. on a similar Ni-

Mn-In MMSMA [40], where the authors observed a faster decrease in the ηL21, as the SecHT 

temperatures approached the ODO transition temperature. This temperature dependence of the 

order parameter below ODO temperature is the expected behavior of a second order transition 

[41]. However, previous works did not attempt to investigate how much time is required to 

achieve the thermal equilibrium degree of order at intermediate annealing temperatures. With 

this objective, in-situ transmission XRD experiments were performed on single crystal samples 

that were isothermally held at different annealing temperatures. Fig. 5 presents the Bragg angle 

dependence of the intensity diffracted by the [111], L21 order-dependent, and [200], order-

independent, plane systems for four different samples. The first one, SHT, was measured at 

423 K, and shows the initial state of the samples previous to the secondary heat treatments. The 

other three were measured at 680 K, 745 K and 790 K, respectively. Shown spectra were 

obtained shortly after the samples achieved thermal equilibrium degree of order: 15 min (10 min) 

for 680 K (745 and 790 K). Note that samples were held isothermally for about 1 h, but [111] 

integrated intensity remained constant after first 15 min of isothermal stage. This fact 

corroborates that the evolution of the overall degree of order on duration of the SecHT is the 

same as that observed for TC. Fig. 5 also presents differences in peak position (angle of 

maximum) and peak broadening between samples. The former is the consequence of the thermal 

expansion, while the latter indicates the coarsening of the L21 ordering domains on increasing 

annealing temperature and time. More significantly, the inset in Fig. 5 presents a comparison 

between the square roots of the integrated intensity of the four samples, which is linearly 

dependent on the overall degree of order, ηL21. Similarly to what is observed for TC in Fig. 3, 

the evolution of the integrated intensity indicates that the degree of order increases when the 

material is annealed at 680 and 745 K, while close to 773 K (790 K), the thermal equilibrium 

degree of order is similar to the one achieved during quenching from 1173 K (SHT state). It, 

thus, seems that there is a strong correlation between ηL21 and TC, which has been shown 

previously for other MMSMAs [16,42]. The correlation in fact is so strong that TC has recently 

been used by Neibecker et al. [34] to infer changes in the degree of order in similar alloy systems 

after different heat treatments. While, in principle, TC could be affected by microstructural 
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features other than the average degree of order, the relative invariance in the measured TC with 

the heat treatment time (at temperatures of 673 K and above) suggests that in the present work, 

most of the change in TC for different heat treatments is caused by the variations in the degree of 

L21 ordering. 

 

 

3.2. Prediction of Curie temperature 

 

To gain a better understanding of the underlying physics behind the connection between the TC 

and ηL21, first-principles calculations were carried out. First, the magnetic exchange interaction 

parameters, determined using electronic structure calculations, were utilized to estimate the TC 

using the Mean Field Approximation (MFA). These calculations were carried out using Spin-

Polarized Relativistic Korringa-Kohn-Rostoker (SPRKKR) band structure code [43,44]. Single 

site Coherent Potential Approximation (CPA) was employed to account for the compositional 

disorder. The exchange-correlation potential was first modeled within the Generalized Gradient 

Approximation (GGA) of Perdew-Burke-Ernzerhof [45], and then it was utilized to determine 

the self-consistent potential by performing self-consistent calculations. The first step was to 

obtain the equilibrium lattice parameters for all compositions. To achieve this, the orbital 

momentum cut-off for the major component of the wave function was set as lmax= 3. Total 

energy converged within 0.01 mRy (Ry: Rydberg constant, 1 Ry = 13.606 eV). Secondly, the 

self-consistent potential was calculated to determine the equilibrium lattice parameters and 

Heisenberg magnetic exchange coupling parameters, JR
μν, using the equation proposed by 

Liechtenstein et al. [46], where μ,ν correspond to different atomic species Ni, Co, Mn, or In, and 

R is the distance between μ and ν atoms. 

 

 

For disordered systems, one or more sublattices, X, Y, or Z (specifically X2YZ [47]), might be 

filled by several different atoms with different atomic concentrations. In such situation, it is 

useful to define the effective magnetic exchange parameters as function of atomic 

sites/sublattices. These effective exchange parameters between the sublattices P and Q, JeR
PQ, 

with P, Q = X, Y or Z, were calculated by summing the weighted JR
μν [48]: 

 

𝐽𝑒𝑅
𝑃𝑄 = ∑ 𝑐𝜇(𝑃)𝑐𝜈(𝑄)𝑁𝑖,𝐶𝑜,𝑀𝑛,𝐼𝑛

μν 𝐽0
𝜇𝜈

       (1) 

where cμ/ν(P/Q) is the atomic concentration of element μ/ν in sublattice P/Q. In the particular 

case of a Ni45Co5Mn36.5In13.5 alloy presenting either B2 or L21 order structures, X sublattice is 

randomly occupied by Ni and Co atoms, cNi(X) = 0.9, cCo(X) = 0.1, cMn,In(X) = 0; Y and Z contain 

only Mn or In atoms, cNi,Co(Y,Z) = 0, which can be distributed randomly in B2 phase, 

cMn(Y,Z) = 0.73, cIn(Y,Z) = 0.27, or ordered in L21 phase, cMn(Y) = 1, cMn(Z) = 0.46, cIn(Y) = 0, 

cIn(Z) = 0.54. 

For a multi-lattice system, TC can be obtained from the effective exchange parameter by solving 

the coupled equations (2), (3) [[49], [50], [51], [52]]: 
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3

2
𝑘𝐵𝑇𝑐

𝑀𝐹𝐴 = ∑ 𝐽𝑒
𝑃𝑄𝑒𝑄

𝑄         (2) 

𝐽𝑒
𝑃𝑄 = ∑ 𝐽𝑒𝑅

𝑃𝑄
𝑅≠0          (3) 

where 𝑘𝐵 is the Boltzman constant, 𝐽𝑒
𝑃𝑄

 is the total effective magnetic exchange parameter, and 

𝑒𝑄 is the average z component of the unit (spin) vector E in the direction of the magnetic 

moment in the sublattice Q. We can restate Eqs. (2), (3)into an eigenvalue problem: 

(Θ − 𝑇𝐼)𝐸 = 0,       Θ𝑃𝑄 =
2𝐽𝑒

𝑃𝑄

3𝑘𝐵
       (4) 

where I is the identity matrix, Θ is the matrix with elements ΘPQ, and T are the eigenvalues. TC 

of the system corresponds to the largest eigenvalue [[51], [52], [53], [54]]. 

 

The total effective magnetic exchange parameters calculated for Ni45Co5Mn50-XInXwith X = 13.3, 

13.5 or 13.7 MMSMAs, similar to the compositions experimentally studied here, as a function of 

the degree of L21 order, ηL21, are plotted in Fig. 6. Fig. 6a shows that the positive 

(ferromagnetic) magnetic exchange interactions between X and Y sites, Je
XY, and between X and 

Z sites, Je
XZ, are the main contributors to the ferromagnetism in the austenite phase. The third 

strongest ferromagnetic interaction occurs between Ni/Co and Ni/Co atoms in X sites, which is 

not shown in Fig. 6 since it is independent of degree of order, Je
XX≈1.05 meV. Weaker positive 

contributions to the ferromagnetism occurs between Mn atoms in the same sublattice, either Je
YY 

or Je
ZZ, in Fig. 6b. Fig. 6c corroborates the fact that first nearest neighbor Mn atoms, those in 

different sublattices (Y and Z), interact antiferromagnetically, i.e. Je
YZ is negative. However, the 

strength of these antiferromagnetic interactions is substantially lower than the ferromagnetic 

ones in austenite. 

 

Calculations also show that when the degree of configurational order is increased to mimic the 

L21 state, Je
XY and Je

YY increase, Je
XZ and Je

ZZ decrease and Je
YZ is practically unaffected. Such 

dependencies are consequence of the diffusion of Mn atoms from sublattice Z to Y, so the 

effective magnetic exchange parameters increase/decrease non-linearly depending on the amount 

of Mn atoms in Y and Z sites. Significantly, net increase of Je
XY and Je

YY contributions is larger 

than net decrease of Je
XZ and Je

ZZ ones, resulting in an enhancement of the ferromagnetic 

ordering with the increase of ηL21. Therefore, the calculations point out that in NiCoMnIn 

austenite, Mn-Mn antiferromagnetic interactions are overcome by ferromagnetic interactions, 

which become stronger as the configuration approaches L21-like ordering. This fact suggests a 

positive correlation between ηL21 and TC, since enhancing the strength of the ferromagnetic 

interactions will increase TC. 

 

TC was then calculated using the above magnetic exchange parameters by MFA for different 

degrees of order using Eq. (4). Fig. 7 shows TC for three different compositions as a function of 
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ηL21. Curie temperature presents a monotonic non-linear increase with ηL21, which is related to 

the behavior of magnetic exchange parameters shown in Fig. 6. This relationship between TC and 

ηL21 is very similar to the measured experimental dependence of TC on SecHT temperature, 

shown in Fig. 4, but with an opposite sign. Therefore, the present calculations support that TC 

increases with ηL21 and with decreasing In content, and confirm the inverse relationship between 

the degree of L21 order and the SecHT temperature. 

 

Comparing Fig. 4, Fig. 7, it is obvious that there is a finite offset between the predicted and 

measured TC as the predicted values are between 50 and 100 K higher than their experimental 

counterparts. There are several reasons for this discrepancy, including the absence of local ionic 

relaxations in the electronic structure calculations used. In fact, the CPA approach, by design, 

considers mixing in a given lattice site as a static superposition of electronic states and thus 

cannot account for the local differences in atomic environment arising from different site 

occupancies. Moreover, the predicted lattice parameters of the different NiCoMnIn alloys differ 

from those measured in the experiments –– GGA calculations typically underestimate binding 

energies and overestimate interatomic separation. Magnetic exchange constants are very 

sensitive to interatomic distances and the mismatch between predicted and actual interatomic 

separations may be responsible for the observed discrepancy between the predicted and 

measured TCs. Furthermore, if one considers that TC constitutes a measure of the energy scale of 

separation between a ferromagnetic and a paramagnetic state, a discrepancy of about 100 K 

roughly corresponds to an energy difference of about 10 meV/atom, well within the limit of the 

fidelity of first-principles calculations. Finally, we would like to point out that a similar offset 

was obtained by Şaşıoğlu et al. [54] when calculating TC for Ni2MnGa using magnetic exchange 

constants calculated with similar electronic structure approaches and within the same Mean Field 

Approximation. 

 

4. Discussion of the results 

 

As mentioned earlier, unraveling the relationship between TC and ηL21 is expected to provide a 

pathway to understand many of the significant effects recently observed in MMSMAs [19,28] 

subjected to arbitrary heat treatments. In fact, we propose that the observed dependence of TC on 

the temperature and duration of the SecHTs is mostly caused by changes in the overall degree of 

L21 ordering in the microstructure, rather than on localized microstructural features, such as 

antiphase boundaries. If this is the case, we predict that TC should be mostly determined by the 

kinetics of the ODO transition during different stages of the thermal history to which the samples 

are subjected to. 

 

To establish a baseline behavior, we carried out a Solution Heat Treatment (SHT) at 1173 K for 

24 h in order to ensure a state as close as possible to the B2 disordered state. From the 

experiments by Recarte et al. [40], it is known that for this alloy system, 1173 K is well above 

ODO transition temperature, and therefore, austenite should be in the B2 phase just before the 
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samples are rapidly quenched. Further characterization of the samples, however, indicate that 

regardless of the as fast cooling rates as possible of the quenching procedure, a significant 

amount of L21 is already present in these samples, even before secondary heat treatments are 

carried out. For example, TEM dark field images of the same alloys considered in this study, 

using the [111]L21 superlattice reflections, show L21 domains of about 6–8 nm in a matrix of B2 

phase [19,28]. 

 

In the present work, Fig. 3 shows that the SHT samples (quenched from 1173 K) present similar 

TC values to the samples that were exposed to the SecHT at 773 K, and higher TC values than the 

ones annealed at 873 K. Our experimental and computational results conclusively show that TC is 

strongly associated with the degree of overall L21 ordering in the microstructure, and these 

observations point out that the ordering process cannot be suppressed by water quenching the 

samples. In other words, the kinetics of the ODO transition is fast enough to generate a 

significant amount of L21 states, even at the fast cooling rates resulting from water-quenching. 

Just a few seconds are thus sufficient to generate a non-negligible amount of L21 domains. This 

can be understood from the microscopic nature of the ordering process as the atomic exchange 

between Mn and In sublattices, necessary for the alloys to order/disorder, only involves a few 

atomic jumps over a diffusion distance corresponding to two nearest neighbors. It is thus to be 

expected that minute differences in the heat treatment and quenching procedure result in 

significant variability in the overall amount of L21 ordering and corresponding TC. To reduce the 

impact of cooling rate on the results, all samples used for SecHTs for each composition were 

annealed within the same quartz ampoule and water quenched at the same time. This process 

guarantees that all samples used for SecHTs have similar initial ordered configurations. Despite 

the observed sensitivity of the state of SHT samples on quenching procedure, the dependence of 

the degree of L21 ordering on the quenching rate is expected to be not as significant for the 

samples under low temperature SecHTs since the ordering kinetics are expected to be sluggish 

when samples are quenched from low temperatures. This is verified in Fig. 4, which shows that 

for the samples heat treated at 573 K, the measured TC is lower than that of the Furnace Cooled 

(FC) samples. 

 

Since Tc changes are proportional to ηL21 variations, Fig. 3 also describes (indirectly) the time 

evolution of the degree of order during different SecHT conditions. The figure shows how ηL21 

converges to an equilibrium value at longer heat treatment times. The figure also displays that for 

most heat treatment conditions above 673 K, the variation in TC (and order parameter) takes 

place within the first 15 min of the heat treatment. These trends of the degree of order were 

corroborated using in-situ high-energy XRD experiments, Fig. 5, where the integrated intensity 

of the [111] diffraction peak is the order parameter-dependent property tracking the change in 

B2/L21 order. Another interesting trend is the observed variation of TC with time for the samples 

annealed at 873 K. In this case, TC is lower than that of the SHT samples, implying that the latter 

has a higher degree of L21 ordering. This can be reconciled as follows: (1) when quenching from 

SHT temperature, the ODO kinetics is fast enough to achieve a significant degree of order before 

atomic motion is ‘frozen in’; (2) the temperature corresponding to this ‘frozen-in’ state is lower 

than 873 K, since the SHT + WQ state has a higher ηL21 than the SecHT-873 K sample. A similar 

behavior was also observed in Ref. [16], where a highly-ordered NiMnIn sample was heated 

from room temperature to 1000 K. The degree of L21 ordering parameter decreases from about 
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600 K to the ODO point following a power law, which is typical of these second order order-

disorder transitions [37]. 

 

The fact that the degree of L21 ordering of the SHT samples, quenched from above the ODO 

temperature, can be higher than the one of samples annealed below the ODO point is apparently 

in conflict with the tendency shown in Fig. 4 –– which only shows data for the SecHTs below 

the ODO temperature–– but it is in agreement with previous works showing the HT temperature 

dependence of TC above the ODO point [16,18,28]. In Ref. [16], Sánchez-Alarcos et al. showed 

that the quenching temperature dependence of TC presents a minimum for NiMnGa alloys, which 

was shown to be about 20 K above the ODO transition temperature. The authors attributed this 

minimum to a non-monotonic relationship of the degree of L21ordering on quenching 

temperature. This can be explained by taking the role of thermal vacancies into consideration 

that above the ODO temperature, the samples may have the same degree of (dis)order but they 

definitely have very different concentrations of thermal vacancies. Since the ODO transition is 

mediated via (short-range) vacancy exchange, samples quenched from higher temperatures 

(above the ODO) may end-up having a higher degree of order because the ODO kinetics are 

accelerated through a higher initial concentration of vacancies, relative to the samples heat 

treated at lower temperatures (but still above the ODO). 

 

After examination of the dependence of TC on the SecHT temperature and duration, one can 

conclude that final degree of order presented by the material can be separated into two 

contributions: i) the degree of order present in the material previous to the cooling process, 

whose equilibrium value decreases with increasing the annealing temperature until it disappears 

above the ODO, and ii) ordering produced during cooling, which, with high enough cooling rate, 

increases with HT temperature due to the higher as-quenched vacancy concentrations and the 

resulting faster ordering kinetics due to enhanced atomic diffusion. The different dependence of 

these two contributions on the HT temperature is what generates the non-monotonous 

relationship between ηL21 and the HT temperature. It is expected that the same competition 

between the initial ordering state and the non-trivial dependence of ordering kinetics on heat 

treatment conditions and cooling rates is also the origin for the non-monotonous dependence of 

MT temperatures on HT temperature in different magnetic shape memory alloys, such as 

NiMnGa [16], NiCoMnIn [28] and NiFeGa [42]. 

 

In addition, the fact that ordering kinetics is fast has crucial repercussions on the interpretation of 

the recent results showing a non-monotonous annealing time dependence of MT temperatures in 

NiCoMnIn [28]. First, the variation of the total degree of L21 order only plays a significant role 

for short SecHTs by increasing the ferromagnetic ordering of austenite and decreasing MS 

rapidly; and second, since TC variations are small during long SecHTs, notable changes on MS 

occurring during the same HTs should have a microstructural origin different than changes in the 

overall degree of L21 ordering in the microstructure of these systems. 

 

Lastly, it is noted that the compositions for the present work were chosen within a range for 

which MT is very sensitive to compositional changes, i.e. X = 13.3 to 13.7 [15]. Within this 

compositional range, it is easy to obtain different degrees of MT arrest, which can lead to the 

strain glass transition, via simple heat treatments [19]. All figures here point out that the Curie 

temperature decreases on increasing In content. This effect is related with a weakening of 
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ferromagnetic interaction between Ni sites and Mn sites, Fig. 4a, caused by the decrease of Mn 

content. 

 

5. Summary and conclusions 

 

In summary, the Curie temperature of austenite exhibits a monotonic dependence on the degree 

of L21 ordering. This relationship was verified via ab initiocalculations using the mean field 

approximation. The relationship between TC and ηL21 has been used to qualitatively estimate the 

evolution of the degree of order with secondary heat treatments performed below the ODO 

transition temperature. The results have shown that the ordering kinetics is fast, the total degree 

of order depends mostly on the secondary heat treatment temperature and cooling rate for long 

enough treatments, and maximum achievable ordering is limited by the low thermal energy 

available to atomic diffusion at low temperatures. Finally, small changes in composition have a 

strong impact on the MT temperatures and a significant but smaller effect on the ferromagnetic 

transition. 
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Table 1. Measured compositions of the alloys fabricated in the present work, using Wavelength 

Dispersive Spectroscopy. 

Composition (at.%) Ni Co Mn In 

NiCoMnIn13.55 (In13.55) 44.97 ± 0.10 5.05 ± 0.07 36.42 ± 0.12 13.55 ± 0.05 

NiCoMnIn13.71 (In13.71) 45.16 ± 0.06 5.04 ± 0.09 36.09 ± 0.10 13.71 ± 0.06 

NiCoMnIn13.92 (In13.92) 44.97 ± 0.14 5.01 ± 0.09 36.09 ± 0.17 13.92 ± 0.04 
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Figure Caption 

 

 

Fig. 1. In-content dependence of Martensite Start temperature, MS, for solution heat treated 

samples of polycrystalline Ni45Co5Mn50-XInX at.%. Plot compares data obtained for present work 

material (in red) with published data in the literature (in blue [15] and green [35]). 
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Fig. 2. Comparison between the temperature dependences of (a) the calorimetric response, φ, 

normalized by sample mass and temperature rate, and (b) its temperature derivative, ∂φ/∂T, 

during two thermal cycles and (c) the temperature derivative of the total magnetization, ∂M/∂T, 

during a single cooling/heating cycle under a constant magnetic field of 0.05 T, both for the same 

sample of polycrystalline (PC) NiCoMnIn13.71Meta-Magnetic Shape Memory Alloy (MMSMA), 

solutionized at 1173 K for 24 h (WQ) and secondary annealed at 773 K for 0.5 h followed by 

water quenching. Arrows indicate the direction of cooling/heating of the temperature cycles. 

Open circles in (b) indicate the peak temperatures from which the Curie temperature was 

calculated as an average of the four curves (displayed in the middle). This value is compared 

with Curie temperature measured from thermo-magnetization curves in (c). 
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Fig. 3. The evolution of the Curie temperature (TC) of the austenite in polycrystalline(PC) 

NiCoMnInx MetaMagnetic Shape Memory Alloys (MMSMAs) with X = 13.55 (blue circles), 

X = 13.71 (green diamonds) and X = 13.92 (red squares), as a function of secondary heat 

treatment (Secondary HT) temperature and time. TC was determined using calorimetric 

measurements. Secondary Heat Treatments: (a) 573 K, (b) 673 K, (c) 723 K, (d) 773 K and (e) 

873 K. The initial state of the samples before Secondary HT was established using solution heat 

treatment at 1173 K followed by water quenching. Error bars represent the standard deviations 

after averaging the measured Curie temperatures for the different cooling and heating runs, 

see Fig. 1. 
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Fig. 5. Transmission X-ray diffraction spectra covering [111] and [200] peaks for four different 

SHT single crystalline Ni45Co5Mn36.6In13.4 samples, measured either at room temperature, SHT 

(solid blue), or at different temperatures after thermal equilibrium degree of order have been 

achieved, 680 K (long dashed red), 745 K (short dashed green) and 790 K (dashed with points 

purple). Time required to achieve stable order was 15 min for 680 K and <10 min for 

higher annealing temperatures. Inset shows the relative change of the square root of the 

integrated intensity of the [111] peak, I111, between initial and annealed states, closely related 

with L21 degree of order, ηL21. 
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Fig. 6. Calculated total effective magnetic exchange parameters, a) Je
XY and Je

XZ, b) Je
YYand Je

ZZ, 

and c) Je
YZ, as function of the degree of L21 ordering, ηL21, in the austenitephase of 

Ni45Co5Mn50-xInx MMSMAs with X = 13.3 (solid black line), X = 13.5 (dashed blue line) and 

X = 13.7 (fine dashed green line). Inset in (a) is a zoomed in version of the plot showing the 

dependence of Je
XY on In content more clearly. d/a is the ratio of the distance between the P and 

Q sites, d, and the lattice parameter, a. 
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Fig. 7. Predicted Curie temperature, TC of the austenite phase as a function of the degree of 

L21 order in Ni45Co5Mn50-xInx MMSMAs, where X = 13.3 (solid black), 13.5 (dashed blue) and 

13.7 (fine dashed green). (For interpretation of the references to colour in this figure legend, the 

reader is referred to the Web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/curie-temperatures
https://www.sciencedirect.com/topics/materials-science/austenite


Graphical abstract 

 

 


