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Abstract 

We present a study on the Curie transition of austenitic Ni-Mn-In full Heusler compounds when Mn atoms 

are replaced by Fe or Cu. The substituted compounds are designed to present a relevant magnetocaloric 

effect at the second order Curie transition of the austenitic phase near room temperature. We show that 

Fe and Cu modify the magnetic moments and interactions responsible of the localized magnetism in the L21 

ordered cubic structure, resulting in a change of the Curie temperature and saturation magnetization of the 

compound. Neutron diffraction experiments and electron microscopy analysis were used to study the sites 

occupancy of doping atoms and the presence of secondary phases, thus possibly optimizing the annealing 

protocols to obtain homogeneous samples even at high Cu/Fe concentrations. On this basis, a series of 

quinary compounds with a tunable Curie temperature and high values of saturation magnetization (100-

110 Am2/Kg at 80 K) was successfully synthesized. The obtained results show the feasible fine tuning of the 

Curie temperature at which the peak of the magnetocaloric effect is realized, highlighting a new promising 

strategy to design graded regenerators for room temperature magnetocaloric applications. 

 

Keywords: heusler alloys, Ni-Mn-In, magnetocaloric effect, neutron diffraction 

 

Introduction 

 

Ni50Mn25+xIn25-x full Heusler alloys, belonging to the vast class of intermetallic Ni-Mn-based Heusler 

compounds [1,2], are intensively investigated from both theoretical and experimental points of view for the 

great variety of functional properties related to a magneto-structural martensitic transformation from a 

high-temperature ferromagnetic austenitic phase to a low-temperature weak-magnetic martensitic phase 

[3–5]. The large magnetization change between the two phases gives rise to technologically relevant 
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properties in sensing/actuation and magnetic refrigeration applications, such as magnetic field induced 

strain [6], giant magnetoresistance [7] and large inverse magnetocaloric effects (MCE) [8].  

  

Promising results concerning the magnetocaloric applications are achievable if the magneto-structural 

transition temperature (TM) occurs at around room temperature and the associated magnetization change 

is large and reversible under thermo-magnetic cycles in suitable external magnetic field (i.e. magnetic fields 

lower than 2 Tesla, which are achievable with permanent magnets) [9–12]. In fact, a large magnetization 

jump allows an increased sensitivity of the critical temperatures to the applied magnetic fields and a 

sizeable improvement of the magnetic entropy change [13]. 

Several strategies have been studied to tailor the critical temperatures and to enhance the magnetocaloric 

effect in these compounds. First, it is possible to tune TM by controlling the compound stoichiometry [13-

15] allowing, for instance, the co-occurrence of the structural and magnetic transitions accompanied by a 

significant magnetization change, as in the case of Ni2MnGa [16]. Secondly, the magnetization jump across 

the magneto-structural transition can be increased by changing the magnetic interactions of the two 

structural phases [17], so that in the vicinity of the transformation one phase has negligible magnetization, 

while the other carries a far higher magnetic moment.  

This has been achieved tuning the composition by several approaches: i) modifying the number and size of 

atomic moments contributing to the total magnetization [18–20]; ii) varying the lattice constant by 

selecting iso-electronic elements with different atomic radii [21]; iii) altering the interatomic distances 

between the Mn atoms carrying the magnetic moment [22–25]; and/or iv) changing the electronic band 

structure, by the substitutional methods [14,26–29].  

Most of the literature focuses on Heusler compounds with large discontinuities at the magneto-structural 

transition, since they enable a giant magnetocaloric effect (Tad) with peak values much higher than the 

benchmark magnetocaloric material, Gadolinium [8,11]. Unfortunately, due to the large thermal hysteresis 

of the first order magneto-structural transformation [30–34], the reversibility of such outstanding MCE is 

hindered and drastically reduced after the first cycle [11,33], as well as the effective working temperature 

range, which is eventually lower than Gd [32,35]. Moreover, in first order magnetostructural transitions the 

effective magnetocaloric performance is also heavily dependent on the applied field. While the majority of 

literature data is provided for a magnetic field change of 2 Tesla, which is considered as the maximum 

magnetic field change achievable with permanent magnets, in reality most magnetocaloric devices operate 

with magnetic field changes lower than such limit. In [36] the cyclability of the MCE is tested in both 2 T and 

1 T magnetic field changes: the Heusler compound Ni-Co-Mn-In, which shows [11] considerable Tad peak 

values of 8 K (irreversible) and 3K (reversible) in a 2 T field change, shows on the other hand a negligible 

reversible MCE (Tad less than 0.3 K) in a 1 T field change. 
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A far less exploited approach in the magnetocaloric Heusler compounds is the maximization of the 

magnetization change near the second order Curie transition of the austenite, which has the benefit of 

being inherently reversible, thus possibly overcoming all the drawbacks shown by the magneto-structural 

transformation. Second order austenitic Heulser compounds are particularly interesting as they are rare-

earth free, easy to synthesize also above the typical laboratory scale (up to 250 grams [10]) and show 

unique tailoring capabilities. 

The ternary Ni49Mn35In16 compound has emerged [37] as a good candidate for the fully reversible MCE 

exploitable in room-temperature magnetic refrigeration technology. In fact, a full stabilization of the 

ferromagnetic austenite within the entire temperature range is realized, showing both a high saturation 

magnetization (Ms ≈ 6 B/f.u., circa 125 Am2/Kg) and a Curie temperature slightly higher than room 

temperature (Tc = 316 K). In addition, a maximum adiabatic temperature change of Tad ≈ 1.5 K/T has been 

reported [37]: such value represents a consistent fraction of the maximum temperature change of 

Gadolinium, which is reported in the literature between 2 and 2.8 K in 1 T field [36, 37]. However, the 

tuneability of the Curie transition closer to room temperature in the Mn-rich Ni-Mn-In series is still missing 

and required to actually exploit these materials in technological devices, for an alternative green magnetic 

refrigeration solution [15,36].  

Very recently, theoretical studies on a closely related series such as the Ni-Mn-Sb Heusler compounds have 

suggested the chemical co-substitution as a mean to drive the Curie transition close to room temperature 

for magnetocaloric purposes. [38]. Therefore, an experimental validation of such results is now required.  

Focusing on Ni-Mn-In Heusler compounds, different published works have investigated the effects of Fe 

and Cu doping on the magnetic, structural, and magnetocaloric properties of the samples [24,27,39–46]. 

However, the magnetocaloric performance has been assessed around the martensitic transformation, 

while at the Curie transition has been overlooked.  

The main goal of the present work is the achievement of a fine control of the Curie transition temperature 

in samples with the austenitic phase, while preserving a large and reversible magnetocaloric response Ni-

Mn-In-based Heusler compounds.  

Starting from Ni50-xMn34+xIn16 composition, we investigated:  

(i) ternary compounds by varying the Mn over Ni ratio;  

(ii) quaternary compounds with different Mn-substitutions by Cu, expected to reduce the 

magnetic interactions;  

(iii) quaternary compounds with Mn-replaced by Fe, expected to enhance the total magnetic 

moment;  

(iv) quinary compounds by combining suitable Fe and Cu substitutions for Mn. 

Magnetometry and direct MCE measurements at the Curie transition have been performed to assess  
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the magnetic and magnetocaloric properties of the prepared compounds, whereas neutron diffraction 

experiments have been carried out to determine the preferential doping sites for Fe and Cu.  

In this study we obtained the stabilization of the austenitic phase down to the lowest temperatures for all 

the explored compositions and the fine tuning of the Curie temperature in a range of interest for room 

temperature magnetocaloric applications. 

 

Experimental 

 

By fixing the In content, four series of compounds with nominal composition (Ni,Mn,Fe,Cu)84In16 were 

obtained and investigated by changing the ratio of (i) Mn over Ni, (ii) Cu over Mn, (iii) Fe over Mn and (iv) 

Cu and Fe over Mn, namely: 

(i) Ni50-xMn34+xIn16: Mn(Ni) series; 

(ii) Ni48Mn36-yCuyIn16: Cu(Mn) series; 

(iii) Ni48Mn36-zFezIn16: Fe(Mn) series; 

(iv) Ni48Mn36-y-zCuyFezIn16: Cu-Fe(Mn) series. 

 

All the polycrystalline samples were prepared from high-purity elements by arc melting under a protective 

Ar atmosphere. The ingots were re-melted several times (up to four times) before being homogenized at 

different annealing temperatures (ranging between 1073 and 1173 K) in high purity Ar atmosphere. The 

compositions of the samples were analyzed by energy dispersive X-ray spectroscopy (EDS) in a scanning 

electron microscope (Bruker Esprit microanalysis on a FEG-ESEM FEI QUANTA 250). Small samples for 

thermo-magnetic measurements were obtained from a disk previously cut from the ingots with a slow-

speed diamond saw. The thermo-magnetic curves, used to determine the critical temperatures, TM and Tc, 

were obtained by a.c. susceptibility measurements in low applied magnetic field (10 Oe) as a function of 

temperature. The a.c. susceptibility plots were normalized to unity in order to better compare the critical 

temperatures of the different samples. Magnetic measurements were carried out by using extraction 

magnetometry (MagLab System2000 by Oxford Instrument). The reversible adiabatic temperature change 

Tad was measured directly with a Cernox based probe [47] with a 1.0 T magnetic field cyclically applied to 

the sample.  

Insight on atomic site occupancy of Fe and Cu substituted compounds was obtained through Rietveld 

refinement of time-of-flight neutron diffraction data obtained at the ISIS facility (UK) on the WISH 

diffractometer [48]; the measurements were collected above the Curie temperature of the samples to 

exclude magnetic contributions and were fitted through Rietveld refinement with the JANA2006 software 

[49]. The powder samples were obtained by hand grinding in a mortar and subsequently heat treated at 

low temperature (773 K for 4 hours) to relieve the mechanical stress introduced during the preparation. 
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The samples were contained in a 3 mm thin wall vanadium can to minimize neutron absorption mainly due 

to In. The refinements were conducted on the WISH detector banks with average 2-θ of 152.8, 121.6, 90 

and 58.2 degrees each covering 32 degrees of the scattering plane. The sample absorption was corrected 

during the refinement with an empirical exponential law. To avoid unwanted correlation with the site 

occupancies, the atomic thermal parameters of the atoms in the structure were constrained to the same 

value. 

 

 

Results and Discussion 

 

The Ni50-xMn34+xIn16 series was designed to keep an almost fixed In content while varying the Ni/Mn ratio. 

By increasing the amount of Mn, the number of atoms with high magnetic moment per unit cell was 

increased, while the austenitic phase was stabilized by suppressing the structural transformation. After the 

melting, the obtained ternary ingots were annealed at 1073 K for 72 h and rapidly quenched in water. The 

annealing temperature was selected above the order/disorder transition of the In <16 at% compound 

according to Miyamoto et. al. [50], to promote a high atomic mobility and, hence, homogeneity. Figure 1 

reports the normalized low field a.c. susceptibility measurements of the Ni(Mn) series as a function of the 

Mn content. Table I reports the measured compositions, the critical temperatures and the saturation 

magnetization measured at low temperature (at 80 K).  

The reference composition of this series, sample x=0, shows both Curie temperature and magneto-

structural transformation. A comprehensive analysis of the magnetocaloric properties at the first order 

transformation is reported in Ref. [51]. It is observed that, starting from a composition where the 

martensitic and Curie transitions co-occur (x = -2), TM decreases with x. The Curie transition for sample x=-2 

is not visible in the susceptibility measurement and it is extrapolated from the Arrott plots (Table I). On Mn 

increasing, the structural transition is suppressed already at x ≥ 1 and the values of saturation 

magnetization measured at 80 K, in 1 Tesla field, Ms(80 K), reveal a peak at Mn ≈ 35 at% despite an almost 

constant Tc. Previous studies [52] have observed that increasing Mn in place of In, from 25 to 35 at%, allows 

increasing Ms, while for Mn > 35 at %, the rise of the martensitic transformation temperature above the 

austenitic Curie transition prevents the onset of the ferromagnetic order in the austenite. In our case, as far 

as we increase Mn in place of Ni, we stabilize the ferromagnetic austenite up to Mn = 40 at % (x=6), but we 

also slightly lower its magnetization (down by 4%, see Table I). To understand such behavior, we consider 

the Mn = 36 at% (x = 2) sample of the series. The XRD pattern in Figure 2(a) confirms the austenitic 

structure at room temperature, with lattice parameter, calculated by a simple le Bail fitting of the peaks 

positions, of 6.02±0.01 Å. The presence of the (111), (311) and (331) reflections, typical of the L21 

superstructure [53], indicates also some degree of atomic ordering in the Mn and In sublattices. The 
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expected atomic configuration is sketched in Figure 2(b). The excess of Mn atoms (x = 2) in the Ni site gives 

rise to an additional group of Mn-Mn distances (Mn-Ni = 2.61 Å) which are shorter than that in the Ni50-

type compound (Mn-In and Mn-Mn distances being respectively ≈ 3.01 and 4.25 Å) [1,17]. Since the direct 

exchange integral between manganese atoms is usually antiferromagnetic below 2.9 Å [54], the decrease of 

Ms with x can be explained by the appearance of Mn-Mn antiferromagnetic interactions  which are on the 

other hand absent in the x=0 compound.  

Since we were interested in samples with no martensitic instability near room temperature, we considered 

the x=2 sample (Ni48.1Mn34.7In17.2) as representative to study the role of substitutional Cu and Fe atoms on 

the magnetic properties. As reported in Figure 2(c), it shows only the ferromagnetic second order transition 

with a large saturation magnetization value (≈ 125 Am2/Kg) of the cubic austenitic phase.  

Aimed at decreasing its Tc (314.9 K) towards room temperature while keeping the high magnetic moment 

of the austenite unchanged, we investigated, as a first step, the effects of a gradual replacement of Mn by 

Cu (series Cu(Mn)) or by Fe (series Fe(Mn)). It is expected that Cu, being non-magnetic, will dilute the 

magnetic interactions in the lattice; Fe, on the contrary, will carry additional magnetic moment in the full 

Heusler system.  

The elemental analysis of the obtained samples is reported in Table II, while Figure 3 shows the low-field 

thermo-magnetic analysis of the substituted compounds, annealed under the same conditions as the 

ternary series, i.e. at 1073 K. 

Depending on the element introduced into the ternary compound, different trends can be observed. In the 

Cu(Mn) series, the Curie temperature of the compounds gradually decreases towards and below room 

temperature on increasing the amount of Cu. In the Fe(Mn) series the opposite occurs, as the Curie 

temperature increases with the content of Fe. The doping element is incorporated in the Heusler phase up 

to a certain amount: in fact, a single Curie transition is found for the compounds with Fe or Cu substitution 

up to 4 at % or 6 at%, respectively. At higher substitution percentages we observe some peculiarity in both 

series: the susceptibility measure for Fe10 sample shows (Fig. 4c) a double slope in the proximity of the 

Curie temperature, which suggests the presence of two or more magnetic phases. Similarly, the magnetic 

transition of the Cu8 sample (Fig. 4f) does not show a single and well-defined slope at TC, but rather a main 

transition temperature with broad tails and minor kinks at both higher and lower temperatures. 

Additionally, the TC of the Cu8 sample deviates from the trend outlined by the other samples of the Cu(Mn) 

series.  

Back scattering electrons images, performed on both Cu8 and Fe10 samples, clearly reveal secondary 

phases as shown in Figure 4(a) and 4(d). The secondary phases (darker areas in the 4a and 4d SEM back 

scattering maps) are elemental Fe inclusions in the Fe-substituted sample and Ni52.6Mn27.7In3.8Cu15.9 for the 

Cu-substituted one. The latter phase is an In-poor pseudo-binary compound which has been already 
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reported in disproportioned Heusler compounds [55]. It is expected to have a tetragonal structure and 

weak magnetic signal due to the underlying antiferromagnetic long-range order. 

These two samples, Fe10 and Cu8, were selected for an additional post annealing to test if treatment at 

higher temperatures would improve the solubility of the doping elements into the main phase. Two pieces 

extracted from the ingots were treated at 1173 K for 24 hours and then water quenched and compared to 

the original ingots homogenized at 1073 K. The volume of the secondary phase precipitates decreases 

drastically in the case of Fe- and completely disappears in the case of Cu-substitution after the additional 

heat treatment at 1173 K, as testified by Figs. 4(b) and4(e).  

The Curie temperatures of the austenite phases, also reported in Figs. 4c and 4f, mirror these micro 

structural and metallurgical features. In Fe-substituted samples, as the secondary phase precipitates 

become smaller and mainly appear at the grain boundaries (Figure 4(b)), a unique Curie temperature is 

observed in the magnetization measurements reported in Figure 4(c). In the case of the Cu= 8 at%, the 

high-temperature annealing treatment allows to restore the trend expected along the Cu(Mn) series for the 

austenitic Tc, which passes from 288.7 K for the sample homogenized at 1073 K, to 271 K for the post 

annealed sample, as  displayed in Figure 4(f).  

Tc, Ms(80 K) and the main phase elemental compositions after each heat treatment are summarized in 

Table II. It appears evident that the high atomic diffusivity reachable close to the melting point of the 

samples promotes the desired (nominal) stoichiometry and improves the phase homogeneity even at high 

substitution percentages of Fe or Cu. We still observe a solid solubility limit for Fe, above which we observe 

iron precipitates. However, differently from previous limits of about 3 and 4 % for iron in Ni50Mn40-xSn10Fex 

reported in  [56,57] and Ni50Mn36In16-xFex [39], we demonstrate a greater amount of iron in the main 

Heusler phase (almost 6 %) which is promoted by the high temperature homogenization step. 

The different effects on the magnetic properties observed in both Cu(Mn) and Fe(Mn) series, as well as the 

possibility to perform large atomic substitutions, are promising to tailor TC towards room temperature 

without losing the large ground state magnetization showed by the ternary Ni48.1Mn34.7In17.2 compound at 

its Curie transition temperature (i.e. at T=314.9 K). We produced for this purpose a series of quinary 

compounds (the Cu-Fe(Mn) series) where both Fe and Cu substitute Mn.  

Table 3 shows the measured critical temperatures and chemical compositions of such quinary compounds, 

pointing out that the main features induced by Cu and Fe substitutions are now co-occurrent. A fine control 

of Tc it is achieved in the samples homogenized at 1173 K as well as in those heat treated at 1073 K. The 

magnetic transitions of the Cu-Fe(Mn) series lie, indeed, between 290 and 299 K values which are of great 

interest for room temperature magnetocaloric applications. Also, it is found that the MS values of the 

quinary samples show slightly higher values with respect to the Cu substituted series when compared with 

samples containing the same amount of Mn.  Figure 5 shows the measured TC and Ms for all the four series 

of samples studied in this work as a function of the Mn content. Assuming the In content almost constant (≈ 
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16-18 %), it can be noted that by replacing Mn with a non-magnetic element a decrease of TC and Ms in all 

the Mn(Cu) series is obtained. The opposite trend occurs when doping with Fe, as shown by the Fe(Mn) 

series. Quantitatively, Ms decreases of about 5.3 Am2/Kg (i.e. 0.24 B/f.u.) per at% of Cu on Mn; this value is 

close to the one due to the extra Mn atoms at the In sites for the ternary compound [52]. On the other 

hand, differently to what happens in ternary compounds when In replaces Mn, it is now possible to reduce 

the Curie temperatures towards room temperature in Cu-substituted samples.  

To confirm the preferred dopant substitution site, we performed time-of-flight neutron diffraction 

experiments on two representative samples of both Cu(Mn) and Fe(Mn) series, samples Cu5 and Fe5, 

taking advantage of the different scattering length of the elements (bNi=10.3fm, bMn=-3.73fm bIn~4 fm, 

bFe=9.45 fm and bCu=7.718 fm). The measurement here presented were collected well above Tc for both 

compositions to ensure that only the atomic structure contributed to the diffraction pattern. The Cu5 

Rietveld refinements, displayed in the top panel of Figure 6, produced a very good agreement with the 

experimental data (wRp=4.70). The main phase is austenite (space group Fm-3m) with cell parameter a= 

6.00318(17)Å. The refined composition Ni50.00(7)Mn31.17(5)In14.74(2)Cu4.04(5) is close to the targeted one and 

comparable with the EDX analysis. A very little amount of spurious phases is found: metallic Cu 0.566(14)%, 

NiMn alloy (likely related to the observed Ni52.6Mn27.7In3.8Cu15.9 phase in the SEM measurement) 0.497(11)%  

and MnO 0.566(18)% in mass. In the Heusler phase, the Cu atoms are found to preferentially occupy both 

the 4b Mn sites and the 4a In sites with respectively the 1.770(16) and the 2.27(3) (defined with respect to 

the total composition). This specific aspect, together with other considerations involving the changes in the 

electronic bands [58–60], may explain the different behavior of the Curie temperature induced by Cu when 

comparing this series with ternary compounds having the same amount of Mn. The Rietveld plot of the Fe5 

sample is reported in the bottom panel of Figure 6, showing, also in this case, a good agreement between 

observed and calculated data (wRp=4.65%). Contrary to the previous case, the refined composition, 

Ni43(2)Mn31.46(6)In18.25(3)Fe7(2) shows a clear reduction of the Ni content of the compound respect to the 

targeted composition. The missing Ni is found in the small amount of impurities observed in the diffraction 

data: Ni0.8In0.2 2.12(1)%, Ni 0.487(2)%, Fe 1.393(2)% and MnO 0.215(2)%. The Fe ions occupy the Ni sites 

(7(2)%) and only a minimum amount (0.29(3)%) is found on the 4b Mn site. The preferential occupancy of 

the Fe on the Ni sites is in clear contrast with the expected tendency to occupy the 4a Mn sites as reported 

in literature [60], but it will still influence the magnetic properties since short Mn-Fe bond (~2.608 Å) are 

formed. Figure 5 reveals indeed that iron is able to increase Tc and Ms (+0.77 Am2/Kg (i.e. +0.09 B/f.u.) per 

at% of Fe) by modifying the magnetic interactions. Nonetheless, this effect is dependent on concentration: 

it is important to remark that addition of iron beyond 4% decreases the MS (Table 2). 

The reversible adiabatic temperature change across the four series was measured by direct method in 1.0 T 

magnetic field by following the “cyclic protocol” described in [61]. Results on the selected samples are 

plotted in Figure 7 and demonstrate that the MCE can be effectively tuned across room temperature. It has 
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to be underlined that with the introduction of Fe and Cu the maximum Tad values are reduced compared 

to the ternary reference sample, yet they are consistently higher than the reversible Tad reported at the 

same field change for the martensitic NiCoMnIn compound [36]. For instance, in the quinary Fe6Cu2 

sample, which has TC = 299 K, we measured a Tad maximum of 0.78 K in 1 T. Several aspects concur to this 

outcome. 

First, such lowered MCE, compared to the one of Ni48.1Mn34.7In17.2 sample (Tad maximum = 1 K in 1 T at 

314.9 K), can be partially explained by the reduced Ms. In the region of the magnetic phase transitions, the 

temperature change, due to the variation of a magnetic field under adiabatic and isobaric conditions, is 

described [62] by 

 T(T, ) -
T

 p,   ,T 
∫  

  

 T
  d 

 2
 1

   (1) 

 Due to the similar specific heat, cp, characterizing our samples, as far as the transition temperature and the 

magnetization reduce, we expect a lower MCE. In fact, in the quinary series presented in this work, the 

main impact on the maximum Tad (in the range 0.58 up to 0.82 K, see table III) is determined by the 

saturation magnetization Ms (80K), rather than the variation in the Curie temperature (between 290 and 

299 K). This trend is shown in Figure 8, where samples with similar TC present different Tad values due to 

the change of MS. This feature is of interest for the development of graded regenerators. 

Another very important factor that must be studied in greater detail is the sample homogeneity, which is 

expected to affect the sharpness of the transition, i.e. dM/dT. Inhomogeneities of Heusler compounds at 

the nanoscale, for instance, can give rise to phenomena such as shell ferromagnetism and pinning of spins 

at grain boundary [55,56]. Furthermore, especially in compounds designed out of stoichiometry, the 

random distribution of atoms influences the degree of atomic order allowed in the L21 structure [31,63]. In 

the present work we have shown by combining the neutron diffraction results with the EDX measurements, 

that small amounts of secondary phases could arise depending both on the type and on the amount of the 

substituting element introduced. Therefore, a proper heat treatment protocol must be implemented to 

minimize such phases. This approach has been recently employed to tune by heat treatments the magneto 

structural phase transitions and related magnetic properties in several promising Heusler materials such as 

the off-stoichiometric Ni2MnIn and (Ni,Co)2MnIn compounds [15,64–66].  

However, due to the complexity of magnetic interactions characterizing full Heusler compounds, further 

specific investigations are required to prove the role of atomic order in our substituted compounds. It is 

plausible that the different MCE and Ms values, encountered in our samples at constant Tc, depend on the 

degree of atomic order.  

Here, we demonstrated the possibility to obtain magnetic phase transition at room temperature in off-

stoichiometric Ni-Mn-In compounds by partial substitutions of Mn by Fe and Cu. The magnetic properties 

Jo
ur

na
l P

re
-p

ro
of



10 
 

of the presented quinary samples can be improved by a proper preparation route, but they also deserve a 

deeper investigation on the magnetic interactions established among the different sublattices. 

 

Conclusions 

 

The fine control the ferromagnetic-paramagnetic phase transition temperature of the austenitic phase in 

Ni2MnIn based compounds has been successfully achieved by synthesizing ternary, quaternary, and quinary 

off-stoichiometric compounds.  

We observed that small changes in the Ni/Mn ratio can drive the martensitic transition well below room 

temperature for increasing Mn content. This is related to the decreasing e/a ratio and the corresponding 

stability conditions for the two crystallographic phases.  

Doping with Fe and Cu affected the magnetic properties as follows: the introduction of Fe atoms allows an 

overall strengthening of the magnetic interactions, thus promoting the ferromagnetic alignment of the 

moments of the nearest neighboring atoms and resulting in increased MS and TC. On the contrary, the 

introduction of Cu, which is a non-magnetic species, lowers the magnetization and the Curie temperature 

of the austenitic phase, due to a dilution of the magnetic sublattices. Neutron diffraction measurement 

allowed us to show that Cu preferentially substitute the Mn atoms in the 4a and 4b Wyckoff position 

whereas Fe prefers to substitute Ni in the 8c position. 

The presented series of compounds, characterized by finely tunable Curie temperatures around room 

temperature and high saturation magnetization values, demonstrate the possibility to tailor the 

ferromagnetic-paramagnetic transition of Ni2MnIn compounds by using non-critical elements. This opens 

the route for second order phase transitions in Heusler compounds with high magnetic moment (up to 5.4 

B/f.u. or 113 Am2/Kg) at room temperature and easily tunable working temperatures, possibly exploitable 

in graded regenerators for magnetic refrigeration applications. Our study also highlights some critical issues 

when substituting atoms in Ni2Mn-based Heusler compounds, as for instance a lower Tad than expected. 

This unwanted outcome on the quinary compounds is likely due to residual disorder and inhomogeneity 

that was not completely removed by adjusting the annealing protocols, as on the other hand has been 

demonstrated for the quaternary series containing Fe. A further optimization of phase homogeneity, 

atomic order, and microstructure are required to maximize the potential of these compounds around their 

second order transition.  

The adiabatic temperature change values measured in this work appear still a bit lower than other 

magnetocaloric materials exploiting reversible transitions and tested in applications, such as Gadolinium or 

LaFeSi alloys (Tad values around 2-2.8 K/T for Gd [36,37], 1.5-2 K/T for LaFeSi compounds [67]). On the 

other hand, Heusler compounds remain worth studying thanks to their tailoring capabilities that promise 
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further optimization potential, as well for the possibility to successfully synthesize promising 

magnetocaloric materials without the need for critical elements such as rare earths.  
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Table I: Table of the EDX elemental analysis of Mn(Ni) series as a function of the increasing x for the nominal 

compositions Ni50-xMn34+xIn16. (*) The Curie temperature evaluated from Arrot plots built on magnetization data. 

 

 

label 

Nominal comp. 
(at.%) 

Measured comp. (at.%) 
±0.2% TC (K) 

±1.5 K 
TM (K) 
±1.5 K 

MS @ 80 K 

(Am2/Kg) ± 1.2 

Am2/Kg 

x=-2 Ni52Mn32In16 Ni52.3Mn31.1In18.1 298 * 310.8 – 

x=0 Ni50Mn34In16 Ni49.7Mn34.2In16.2 312.1 300.7 – 

x=1 Ni49Mn35In16 Ni49Mn32.9In18.1 316.5 – 127.1 

x=2 Ni48Mn36In16 Ni48.1Mn34.7In17.2 315.8 – 125.7 

x=3 Ni47Mn37In16 Ni47.4Mn35.1In17.5 316.2 – 124.9 

x=6 Ni44Mn40In16 Ni43.9Mn39.4In16.7 317.4 – 122.7 

 
 
 

Table II: Table of the EDX elemental analysis of the main phases of Cu(Mn) and Fe(Mn) series. (*) The low temperature 

MS value has been extrapolated due to the presence of martensitic transition by fitting the magnetization curve with a 

Brillouin function. (**) The values refer to samples additionally heat treated at 1173 K. 

 

label  Nominal comp. (at.%) Measured comp. (at.%) ±0.2% 
TC (K) 
±1.5 K 

TM (K) 
±1.5 K 

MS @ 80 K 

(Am2/Kg) ± 1.2 

Am2/Kg 

Cu,Fe0 
(x=2) 

Ni48Mn36In16 Ni48.1Mn34.7In17.2 314.9 – 125.7 

Cu4 Ni48Mn32Cu4In16 Ni47.8Mn31.2Cu3.8In17.1 297.4 – 117 

Cu5 Ni48Mn31Cu5In16 Ni47.9Mn29.9Cu5In17.1 293.3 – 108 

Cu6 Ni48Mn30Cu6In16 Ni48.1Mn28.4Cu5.9In17.5 281.1 223 88* 

Cu8 Ni48Mn28Cu8In16 Ni44.6Mn26.9Cu9.6In18.9 (main) 

Ni52.6Mn27.7Cu15.9In3.8 (inclusions) 
288.7 
(main) 

– – 

Cu8** Ni48Mn28Cu8In16 Ni48.6Mn27.5Cu7.6In16.2  271.4 227 85* 

Fe2 Ni48Mn34Fe2In16 Ni47.6Mn32.2Fe2.4In17.8 319.2 – 131 

Fe4 Ni48Mn32Fe4In16 Ni48.8Mn30.4Fe3.7In17 323.4 – 133 

Fe5 Ni48Mn31Fe5In16 Ni48.4Mn29.6Fe4.7In17.3 325 – 121.6 

Fe10 Ni48Mn26Fe10In16 Ni49.9Mn27.1Fe4.1In18.9 (main) 

Fe (inclusions) 
329/34
4 

– – 

Fe10** Ni48Mn26Fe10In16 Ni48.2Mn27.8Fe5.8In18.5 337.9 – 110  

 
 
 
 
Table III: EDX elemental analysis of Fe-Cu(Mn) series, annealed at 1073 K for 72 h or at 1173 K for 24 h. (*) The low 

temperature MS value has been extrapolated due to the presence of martensitic transition by fitting the 

magnetization curve with a Brillouin function. 

 

label 
Nominal comp. 
(at.%) 

Measured comp. (at.%) 
±0.2% 

TC (K) 
±1.5 K 

TM (K) 
±1.5 
K 

MS @ 80 K (Am2/Kg) 

±1 Am2/Kg 

Tad
max

 (K) 
±0.07 K 

 annealing 1073 K 

Cu5.4Fe0.6 Ni48Mn30Fe0.6Cu5.4In16 Ni46.7Mn31.9Fe0.3Cu5.3In15.8 290 233 103* 0.64 

Cu5.7Fe1.3 Ni48Mn29Fe1.3Cu5.7In16 Ni46.2Mn30.9Fe0.7Cu5.8In16.5 293 – 113 0.82 

Cu6Fe2 Ni48Mn28Fe2Cu6In16 Ni47.6Mn28.6Fe1.6Cu6.2In16 299 – 106 0.78 

 Annealing 1173 K 
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Cu6.4Fe0.6 Ni48Mn29Fe0.6Cu6.4In16 Ni45.6Mn32.4Fe0.4Cu5.3In16.3 290 198 110* 0.74 

Cu6.4Fe2.6 Ni48Mn27Fe2.6Cu6.4In16 Ni47.1Mn27.9Fe2.5Cu6.4In16 295 – 98 0.74 

Cu6.8Fe3.2 Ni48Mn26Fe3.2Cu6.8In16 Ni46.7Mn26.8Fe2.9Cu6.8In16.8 297 – 91 0.58 

 

 

 

 

 

Figure 1: Low magnetic field thermo magnetic analysis (a.c. susceptibility as a function of temperature) of r the 

ternary Ni50-xMn36+xIn16 compounds of Table I. The left inset shows a portion of the magneto structural phase diagram 

for these samples as a function of Mn; the lines are guides to the eye. The Curie temperature marked with the * 

symbol is computed from Arrot Plots. The right inset is a magnification of the susceptibility signal for sample x= -2, 

where the martensitic transformation occurs above the austenitic Curie temperature. 
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Figure 2: (a) X-ray diffraction pattern at room temperature of the Ni48Mn36In16 (x=2) sample. The * marks the L21 

superstructure reflections. The red line is the LeBail peak fitting. The square symbol marks a reflection from the 

sample holder. (b) Cubic cell and expected occupancy (drawing produced with VESTA [29]) and (c) Iso-field (0H=2mT, 

1T, 2T) magnetization curves as a function of temperature. 
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Figure 3: Thermo magnetic analysis (a.c. susceptibility as a function of temperature) for the Cu(Mn) and Fe(Mn) series. 
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Figure 4: (a) and (b) SEM-BS images of sample Fe10 and (d) and (e) of sample Cu8 of Table II before (a,d) and after 

(b,e) the second annealing at 1173 K. (c) and (f) comparison of the a.c. susceptibility of the two samples before and 

after the secondary heat treatment at 1173 K. Note that in sample Fe10 two fragments with different thermomagnetic 

response  show a very similar susceptibility profile after the secondary heat treatment.  
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Figure 5: Curie temperature (left axis, solid symbols) and saturation magnetization (right axis, hollow symbols) values 

as a function of the Mn content for the four series. The error bars are comprised within the size of the symbols used. 

The lines (solid, TC curves; dashed, Msat curves) are guides to the eye 
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Figure 6: Rietveld plot of the Ni48Mn31Cu5In16 (top) at 350 K and Ni48Mn31Fe5In16 (bottom) at 360 K, collected on the 

WISH diffractometer on the detector bank with average 2-θ of 121.6 degrees. Observed (x-black), Calculated (red-

line), difference (blue-line) are reported. The tick marks represent the Bragg positions of the main and impurity 

phases. The refined atomic composition for the main phases are Ni52.6Mn27.7In3.8Cu15.9 and Ni43(2)Mn31.46(6)In18.25(3)Fe7(2). 

The overall reliability factors are Rp=3.87% wRp=4.70% for Ni48Mn31Cu5In16 and Rp=4.23% wRp=4.65% for 

Ni48Mn31Fe5In16. 
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Figure 7: Top panel: Iso-field (0H=2T) magnetization curves as a function of temperature of selected samples 

compared to the ternary Ni48Mn36In16 (x=2) sample. Bottom panel: adiabatic temperature change Tad in samples 

homogenized at 1073 K for the four series: the labels close to the various curves highlight the nominal composition of 

the doping elements as defined in Table II. To improve the readability of the figure, the error bars on the Tad curves 

are displayed for the ternary compound, only. 

  

Jo
ur

na
l P

re
-p

ro
of



24 
 

 
 

 
 

Figure 8: Tad 
max measured for the quinary series and plotted as function of MS at 80K (left axis, hollow symbols) and 

TC (right axis, solid symbols). 
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Highlights 

 

 The magnetocaloric properties at the Curie transition of Ni2MnIn based Heusler compounds show 
promising values and complete reversibility. 

 

 Adjusting the composition with either magnetic or non-magnetic atomic species allows for a 
precise tuning of the Curie temperature, which is important from the application point of view. 

 

 Depending on the doping element and on the amount of it, unwanted secondary phases can be 
controlled by adjusting the heat treatments 

 

 Time of flight neutron diffraction unveils the preferential occupancy of the different atomic species, 
which results to be dependent on the doping elements. 
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