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Abstract 

 

The spin-dependent electron momentum densities in Ni2MnIn and Ni2Mn1.4In0.6 shape 

memory alloy using magnetic Compton scattering with 182.2 keV circularly polarized 

synchrotron radiations are reported. The magnetic Compton profiles were measured at 

different temperatures ranging between 10-300 K. The profiles have been analyzed 

mainly in terms of Mn 3d electrons to determine their role in the formation of the total 

spin moment. We have also computed the spin-polarized energy bands, partial and total 

density of states, Fermi surfaces and spin moments using full potential linearized 

augmented plane-wave and spin polarized relativistic Korringa-Kohn-Rostoker methods. 

The total spin moments obtained from our magnetic Compton profile data are explained 

using both the band structure models. Present Compton scattering investigations are also 

compared with magnetization measurements. 

(Some figures in this article are in colour only in the electronic version) 

PACS number (s): 75.50.Cc, 83.85.Hf, 75.20.Hr, 75.25.+z 

Keywords: Magnetic Compton scattering, Spin momentum density, Heusler alloys, 

Electronic structure calculations.  
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1. Introduction 

The ferromagnetic Ni2MnIn belongs to the class of Heusler alloys with general 

composition X2MnY (X = Co, Ni, ….., and Y = Al, Ge, Si, In, Sn, …..).  Recently, Ni-Mn-

In (Sn, Sb) series has attracted much attention because of unique properties of  these 

alloys owing to shape memory effect, giant magnetocaloric effect, large 

magnetoresistance and other interesting magnetic properties such as the coupled 

magnetic-martensitic transformation [1]. The electronic structure of X2MnY alloys was 

predicted to significantly depend on the type of element Y due to the hybridization 

between d states of Mn and p states of Y [2]. These alloys show magneto-structural phase 

transitions and are suitable for the semiconductor spintronics devices. Da Silva et al [3] 

have reported the electronic structure of Ni2MnIn using linear muffin-tin-orbital (LMTO) 

method. Kilian and Victora [4] have presented the minority- and majority-spin band 

structures along with the magnetic moments using linearized augmented Slater type 

orbitals (LASTO) and compared their results with the Da Silva et al [3]. Godlevsky and 

Rabe [5] have examined the energy bands, density of states (DOS) and magnetic moment 

of Ni2MnIn using first principle local spin density (LSD) pseudopotential calculations. 

The inter-sublattice exchange interactions and Curie temperature (TC) in Heusler alloys 

Ni2MnX (X = Ga, In, Sn and Sb) were studied within the framework of the density 

functional theory (DFT) by lugiosaS
``


et al [6]. The magnetic, magneto-optical and 

optical properties of Ni2MnIn were investigated by Kudryavtsev et al [7]. They have also 

shown that crystalline Ni2MnIn films were ferromagnetic with a TC of 325-330 K while 

the amorphous phase was not ferromagnetically ordered down to 5 K. The first-principles 

calculations [8, 9] were used to describe the electronic structure, magnetic properties and 
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phonon anomalies in Heusler alloys like Ni2MnIn, Mn2NiIn, NiMnGa2, Ni2MnAl, 

Ni2MnGa, Ni2MnGe and Mn2NiGa. The structure of Ni2MnGa was reported to have 

modulation [10] that was related to low twinning stress that leads to magnetic field 

induced strain [11]. Yablonskikh et al [12] have reported the magnetic and chemical 

bonding effects using soft X-ray spectroscopy. The authors have also computed magnetic 

moments using full potential linearized augmented plane wave method (FP-LAPW) 

within generalized gradient approximation (GGA). Buchelnikov et al [13] have reported 

the complex temperature dependence of magnetization of Ni-Mn-X (X = In, Sn and Sb) 

on the basis of Monte Carlo simulation using the Potts model Hamiltonian. Krenke et al 

[14] have measured the temperature and magnetic field dependent magnetization of               

Ni2Mn1+xIn1-x (0.0≤x≤0.8) using a superconducting quantum interference device (SQUID) 

magnetometer. The authors have discussed the shape memory effects at different values 

of x. Recently, Kanomata et al [15] have measure the magnetization of Ni2Mn1+xIn1-x 

(0.0≤x≤0.6) using a commercial SQUID magnetometer. Interestingly, at 5 K, the values 

of the magnetic moment for samples with 0.368≤x≤0.408 were found to be much smaller 

than samples with 0.0≤x≤0.32. At 5K, the magnetization results of Kanomata et al [15] 

for x=0.40 disagree with the magnetization data of Ni2Mn1.34In0.66 reported by Krenke et 

al [14]. Therefore, to optimize the functional properties, a proper focus on the magnetic 

properties employing a reliable technique like magnetic Compton scattering is required.  

Magnetic Compton profile (MCP), Jmag(pz), is defined as the one-dimensional projection 

of spin-polarized electron momentum density [16-18]. It is given as  

,)()( yxmagzmag dpdppJ  p                                                                                        (1) 

,)()()(
22

mag ppp


                                        (2) 
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where )(
)(

p


  corresponds to the momentum wave function of an occupied majority 

(minority) spin state and pz
 
is the component of electron linear momentum along the z-

axis. Moreover, z-axis is parallel to scattering vector k (k= 21 kk  ; where 1k  and 2k  

being the wave vectors of incident and scattered X-rays). 

The area under Compton line, zzmag )( dppJ , is equal to the total spin moment per 

formula unit ( spin ) in Bohr magnetons.  

In the present work, atomic units (a.u.) are used, where 1 a.u. of momentum is = 1.99 x 

10
-24

 kg m s
-1

. In the magnetic Compton scattering (MCS), the profile is difference of the 

two spectra, collected sequentially for two opposite magnetization directions of the 

target. The magnetic effect (R), which is proportional to the net spin moment spin , is 

expressed as  

,spinBA

BA







II

II
R

                                                      

                              (3) 

where I
A
 and I

B
 are the integrated Compton intensities of scattered photons for the 

magnetization being parallel and antiparallel to k, respectively. The ratio R corresponds 

to the ratio of magnetic to charge intensities. 

Regarding spin momentum densities of Heusler alloys, Zukowski et al [19] have reported 

the experimental MCP of Cu-Mn-Al system. Deb and Sakurai [20] have also computed 

the MCPs of Cu2MnAl using FP-LAPW method within local spin density approximation 

(LSDA) and GGA. The experimental MCPs of Co2FeGa and Ni2MnSn were also studied 

by Deb et al [21, 22], in which they have shown the negative spin polarization of the 

conduction electrons. Recently, Ahuja et al [23] have reported the MCS study of Ni and 
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Mn-rich Ni-Mn-Ga alloys and the data have been discussed in terms of the Mn 3d and Ni 

3d delocalized spin moments. 

In this paper, we report the MCPs of Ni2MnIn and Ni2Mn1.4In0.6 at different temperatures 

(10, 175 and 300 K) using circularly polarized synchrotron radiations at SPring8, Japan 

[18]. For the computation of electronic and magnetic properties, we have also employed 

FP-LAPW and spin polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) schemes. 

The aim of present measurements is multifold, namely (a) to measure the first ever 

temperature dependent spin momentum density of Ni-Mn-In system (b) to check the 

magnetic transitions in a wide range (10-300 K) of temperature (c) to check the role of 

Mn 3d electrons in formation of total spin moments (d) to compare and analyze the data 

in terms of band structure calculations using FP-LAPW and SPR-KKR schemes and (e) 

to compare the results of MCP and band structure calculations with the existing 

controversial magnetization data. 

2. Experiment 

Bulk polycrystalline ingot of nominal compositions Ni2MnIn and Ni2Mn1.4In0.6 were 

prepared by arc melting technique using appropriate quantities of Ni, Mn and In in an 

argon atmosphere. After ensuring the homogeneity, these were annealed at 750
o
C for 48 

hours in evacuated sealed quartz tube and subsequently quenched in ice-cold water. The 

composition of the Ni2MnIn and Ni2Mn1.4In0.6 specimen were determined by energy 

dispersive analysis of x-rays (EDAX) using scanning electron microscope. EDAX has 

been performed by estimating the intensities of Ni-, Mn- and In- K characteristic lines 

(5.9-9.2 keV), which were well separated and have small background. On averaging over 

several measurements (eight different spots on the specimen), the sample compositions 
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turned out to be Ni2.02Mn1.05In0.92 and Ni2.03Mn1.35In0.64. The powder X-ray diffraction 

patterns of Ni2MnIn and Ni2Mn1.4In0.6 are shown in figures 1 (a-b). We fitted both the 

XRD patterns with both Rietveld and Le Bail fitting procedures [24, 25]. The Ni2MnIn 

shows cubic L21 structure at room temperature (RT) with lattice parameter a= 6.0537 Å. 

The non-stoichiometric specimen Ni2Mn1.4In0.6 can be indexed also by L21 phase, along 

with a small amount of martensite phase with tetragonal structure (about 13%, as 

estimated by Rietveld fitting). There is no possibility of CsCl-type phase in any of the  

present samples since if we use CsCl type (B2) cubic structure with smaller lattice 

parameter a≈ 3 Å to fit the XRD patterns, the peaks situated at angles 2=  25.61°
 
(1 1 1), 

50.23° (1 1 3) and 67.81° (3 1 3) cannot be indexed. These peaks are associated with the 

L21 structure. The Le Bail fitting as well as the indexing are shown in figures 1 (a-b). The 

(1 1 1) and (1 1 3) peaks are also shown in inset of figure 1 (a) in an expanded scale. 

From fitting of the XRD data this is clear that both samples have ordered L21 structure in 

the cubic phase.  

For Ni2Mn1.4In0.6 at RT, the peaks corresponding to the small amount of the tetragonal 

martensitic phase are indicated by ‘T’ in the figure 1 (a). The tetragonal phase at RT can 

be due to fact that the martensitic transition temperature of this sample is close to RT 

(270 K) [26]. Since the sample has not been annealed after grinding it into powder, the 

residual stress induced by the grinding process can induce martensitic phase at 

temperature higher than the martensitic transition temperature. Such stress induced 

tetragonal phase has recently been observed in the RT XRD of Mn2NiGa [27].  

The temperature dependent MCP measurements on both the polycrystalline samples have 

been carried out in the reflection geometry using the magnetic Compton spectrometer at 
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the high energy inelastic scattering beam line BL08W at SPring-8 (Super photon ring 8 

GeV), Japan [16, 18]. During the measurements, the peak brightness of elliptical 

multipole wiggler was 1.378 x 10
17 

phs
-1

 mrad
-2 

mm
-2 

per 0.1 % bandwidth with a critical 

energy 42.6 keV. The incident X-rays of energy 182.2 keV with elliptically polarized 

component (Pc=0.55) were selected using a Johann-type Si (620) monochromator. The 

beam size at the sample position was limited to 0.8 mm (h) x 0.8 mm (w). The resolution 

(Gaussian, full width at half maximum) of the spectrometer was 0.40 a.u. The energy 

dispersive detection system, which was used to analyze the Compton spectra, consisted of 

ten Ge elements with individual spectroscopy amplifiers, analog to digital converters and 

multi-channel analyzers. The Ge crystals (each 100 mm
2
 cross-section) were circularly 

arranged around a hole (11 mm diameter) to collect the scattered photons. The distances 

between detector-sample and monochromator-sample were 1 and 13.1 m, respectively. A 

super-conducting magnet was used to apply the magnetic field in the sample in the 

sequence of ABBAABBA……….. where A and B represent the relative direction of the 

magnetic field and the scattering vector [A being parallel and B antiparallel]. A switching 

time of 1 s and a dwell time of 60 s were used to ensure good signal averaging. The back-

scattered raw MCP data were corrected for the energy dependence of the detector 

efficiency, absorption and the relativistic cross-section corrections. The correction for the 

multiple scattering was neglected, as the spin dependent multiple scattering is always 

very small [18, 23]. The data were then converted from energy to momentum scale. 

Finally, the Compton profiles were normalized to spin moment per formula unit. The 

normalization of the experimental magnetic Compton profiles was determined using the 
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R (defined in Eq. 3) of standard Fe sample. The total unknown spin moment of Ni-Mn-In 

samples ( Sμ ) was calculated from the relation  

S S
S Fe

Fe Fe
,

A R
μ μ

A R

 
  

 
                                 

                                                                               
(4) 

where A is the number of electrons taking part in Compton scattering. The magnetic 

moment of Fe ( Fe ) was taken as 2.16 B. In the chosen momentum range –10 to +10 

a.u., SA (the integral of free atom Compton profile) was equal to 118.48 and 110.79 

electrons for Ni2MnIn and Ni2Mn1.4In0.6, respectively. The A
Fe

 was equal to 24.32 

electrons. To measure the R
Fe

, a separate MCP run on the Fe sample was attempted. The 

R
Fe

 was found to be 0.019694.  

To check the TC and other magnetic transitions, a systematic temperature dependent 

magnetization M-T in low external field (H = 0.01 T) was also measured in the 

temperature range 5K ≤ T ≤ 350K using a SQUID magnetometer. Prior to the 

measurements, the sample was zero-field cooled (ZFC) from 350 to 5K. At this point the 

magnetic field was applied and the magnetization was recorded for field heated (FH) and 

field cooled (FC) cycles.  

3. Theory 

To perform the band structure calculations, we have used FP-LAPW method as embodied 

in the Wien2k [28]. In this method, there are no shape approximations to the charge 

density or potential. Unlike pure Muffin-tin (MT) approximation, the choice of MT radii 

in full-potential calculations (where one looks at minimum charge density between two 

adjacent atoms) is not critical. The FP-LAPW is among the most accurate methods for 

performing electronic structure calculations for crystals. It is based on the DFT for the 
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treatment of exchange and correlation. In our calculations, the exchange-correlation 

potential was treated within LSDA (Perdew and Wang [29]) and the latest prescription of 

GGA as suggested by Wu and Cohen [30]. The muffin-tin radius (RMT) used in the 

computation was 2.47, 2.47 and 2.40 a.u. for Ni, Mn and In, respectively. The value of 

RMTKmax for Ni2MnIn was taken to be 9 (Kmax is the maximum modulus of the reciprocal 

lattice vectors). The maximum radial expansion lmax was set to 10. The Brillouin zone 

integration was performed with 256 k (20x20x20) points in the irreducible wedge of the 

Brillouin zone (IBZ). In a separate calculation, we have seen that the incorporation of 

more k point in the IBZ does not affect the results of electronic or magnetic properties. 

The cutoff for the charge density was Gmax=14. To ensure accuracy in convergence, the 

total energy of the crystal was converged to 0.01 mRy (default value). The optimized 

lattice constant (a= 6.0625 Å), which corresponds to the lowest total energy, was used in 

the present computations.  

In case of Ni2Mn1.4In0.6, we have computed the electronic structure using a super cell of 

dimension 2x2x2 leading to 32 atoms in the super cell. For the sake of clarity, Mn atoms 

at Mn sublattice are denoted by Mn(I). In the present computations for Ni2Mn1.375In0.625 

(hereafter referred as Ni2Mn1.4In0.6), three In atoms in the super cell were replaced by Mn 

atoms which are named as Mn(II) in the forthcoming discussion. For sufficient accuracy 

within super cell computations, other governing parameters RMTKmax, lmax, Gmax and 

number of k points in the IBZ were set to 7, 10, 12 and 102, respectively.   

The electronic properties and magnetic moments for both the Ni-Mn-In alloys were also 

computed self-consistently by means of the SPR-KKR method within the coherent 

potential approximation (CPA) [31]. The scheme is based on KKR Green’s function 
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formalism, which makes use of multiple-scattering theory. This means that the electronic 

structure is not represented by means of Bloch wave functions and eigen energies but the 

electronic Green’s function. In the present calculations, the lmax (the angular momentum 

expansion for the major component of the wave function) was restricted to 2. For self-

consistent field cycles, 834 k points were generated by k-mesh of {22, 22, 22}. To 

achieve the convergence, in our KKR calculations, we have used BROYDEN2 scheme 

(an iterative quasi-Newton method to solve the system of non-linear equations) with the 

exchange-correlation potential of Vosko-Wilk-Nusair (VWN) [32]. In order to achieve 

faster convergence, the SCF mixing parameter was set to 0.20. Since Wien2k and SPR-

KKR codes do not facilitates the similar exchange and correlation, we have chosen 

different prescriptions in the FP-LAPW and SPR-KKR calculations as mentioned in 

theoretical part. Our experience guides us that the total value of spin moment computed 

using different schemes of exchange and correlation may differ up to 0.05 B/f.u.  

4. Results and discussion 

The spin projected energy bands and DOS resulting from the FP-LAPW (LSDA) 

calculations of Ni-Mn-In are shown in figures 2-5. In case of Ni2MnIn (figure 2), it is 

seen that the valence bands disperse between 0 and –10 eV (shown here upto –3 eV 

only).  In both the minority- and majority-spin bands, it is observed that the energy bands 

cross the Fermi level (EF) along various symmetry directions prohibiting the half-metallic 

like character of Ni2MnIn. At Γ  point, the majority-spin bands show large energy 

separation in comparison to minority-spin bands that are nearly flat close to EF and are 

related to Ni 3d-Mn 3d hybridized states. In figure 3, we have presented the total and 

partial spin-resolved DOS. An individual contribution of 3d states (eg and t2g) is also 
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highlighted in the DOS curves. In the majority-spin DOS, Mn 3d states show the 

maximum contributions in the vicinity of –1 and –3 eV, while Ni 3d states have 

maximum contribution between −1 and −2 eV. It is also found that in case of majority-

spin valence states; the 3d bands of Ni and Mn atoms overlap with each other and are 

mostly occupied. In contrary, for the minority-spin states, the main contribution arises 

from the Ni 3d states, while the Mn 3d states have hardly any contribution. The minority-

spin Mn 3d states appear above EF with the peak around 1.5 eV. Thus, while the 

unoccupied states are dominated by Mn 3d minority-spin states, the occupied part have 

larger contribution from both majority and minority Ni 3d hybridized with majority-spin 

Mn 3d states. This is the reason for large local moment in Mn that is the characteristic of 

Heusler alloys. On the contrary, the net magnetic moment on Ni atoms is small that is 

understandable in terms of cancellation of spin dependent DOS in minority- and 

majority-spins.  

The electron states obtained from the SPR-KKR are similar to FP-LAPW, except some 

fine structures and small shifts in the bands. Worth mentioning is the position of the Mn 

3d minority-spin peak in the unoccupied DOS: it appears at 0.5 eV in KKR, in contrast to 

FP-LAPW where it appears at 1.5 eV. Experimentally, Mn 3d peak in the unoccupied 

DOS from inverse photoemission spectroscopy for a related compound Ni2MnGa has 

been reported at 2 eV [33]. Thus, FP-LAPW provides a better description of the 

unoccupied states compared to SPR-KKR.  

In case of Ni2Mn1.4In0.6 (figure 4), the number of bands is 8 times than that of Ni2MnIn 

because of large size of unit cell. Unlike Ni2MnIn, several bands cross the EF level in all 

the branches. The spaghetti of bands between –0.5 to –4.0 eV are related to hybridization 
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between Mn 3d–Ni 3d states. A small contribution of In (5s and 5p) states are seen from 

the majority- and minority-spin bands. In figure 5, from the majority-spin DOS, it is seen 

that Mn(I) and Mn(II) are coupled antiferromagnetically, canceling each other 

contribution. Due to these cancellation effects, the resultant moment at Mn site and hence 

the total spin moment is reduced. Using FP-LAPW calculations, the calculated magnetic 

moments at individual sites with multiplicity of the atoms are presented in table 1. As 

seen in DOS curves also, the magnetic moments at Mn(I) and Mn(II) sites are opposite in 

direction. It shows that the coupling between Mn magnetic moments is altered from 

ferromagnetic alignment when Mn atoms occupy the In site in non-stoichiometric 

Ni2Mn1.4In0.6 alloy.      

The theoretical spin moments computed by us using different exchange and correlation 

schemes of FP-LAPW and SPR-KKR methods (table 2) are found to be in reasonable 

agreement with the available data [3-6, 9, 12]. It is worth mentioning that the LSDA is 

based on slowly varying spin densities. In comparison to LSDA, GGA tend to improve 

total energies, energy barriers and structural differences, etc. It also corrects or some 

times overcorrect the LSDA prescriptions. On the other hand the CPA (KKR-CPA) 

which treats the disordered effects within the frame work of MT Hamiltonian provides 

charge and spin-self consistent parameters, electronic structure and properties of 

complicated materials possessing many atoms in unit cell. A comparison with the 

experimental data is discussed at later stage.  

In figure 6 (a) the standard BZ for L21 structure labeled with high symmetry points is 

presented. The Fermi surfaces (FS) due to majority- and minority-spin electrons for 

Ni2MnIn are shown in figures 6 (b-i). The FS drawn in figure 6 (b) are due to 31
st
 band in 
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majority-spin (marked in figure 2a) within the energy range –0.66 to 4.89 eV. It 

reproduces a rounded octahedron around Γ  point due to holes. The 32
nd

 and 33
rd

 bands 

also contribute in almost same energy range (–0.57 to 4.88 eV). The hole like FS (figure 

6c) arising due to 32
nd

 band have eight branches which are in touch with the hexagonal 

faces of BZ around L points. The FS due to 33
rd

 band have star like hole structure (figure 

6d) around the K points which cover the square surfaces of BZ. Figure 6 (e) shows the 

complete mapping of FS from majority-spin bands. The FS formed by minority-spin 

bands are shown in figures 6 (f-h). The 26
th

 band (–1.30 to 0.08 eV) leads to a small 

octahedron (hole) at Γ  point as shown in figure 6 (f). The next minority-spin band (27
th

 

band) in the energy range –0.60-0.41 eV gives cone like structures combining at Γ  point. 

More over, the open side of cones touches at the hexagonal surface of the BZ around L 

point. The FS shown in figures 6 (d) and 6 (h), which are due to part of 3d electrons of 

Ni, are almost similar. Therefore, contribution of Ni 3d states in the magnetic properties 

of Ni2MnIn is very small. Total FS due to minority-spin structures is shown in figure 6 

(i). The different shapes of majority- and minority-spin FS (figures 6 e, i) also support the 

origin of the magnetization in Ni2MnIn.     

The variation of the magnetic effect R with temperature (at 2.5 T field) and our SQUID 

based low field (0.01 T) magnetization data are shown in figures 7 (a-b). Our limited data 

depicts a significant decrease in R at room temperature which is consistent with the TC 

(314 K for Ni2MnIn and 306 K for Ni2Mn1.4In0.6). Magnetization data of Ni2Mn1.4In0.6 at 

low field clearly show magnetic transitions (austenitic/martensitic) below 250 K. It is 

worth noting that the magnetic Compton scattering experiment are performed at high 

field (at saturated magnetization), therefore the transitions seen in low field may not be 
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visible during high field measurements, as seen in figure 7 b also. As is known, the 

magnetic Compton scattering is sensitive to the spin moments arising from the 

superposition of contribution from different unpaired electrons. MCP provides magnetic 

moment at different local sites by splitting the  zmag pJ  into its individual components 

[16, 18, 23]. To incorporate the individual magnetic contribution of the Mn 3d, Ni 3d and 

diffuse (s, p-like itinerant) electrons, we have fixed the contribution of Ni 3d electrons 

because the free atom profiles [34] of Mn 3d and Ni 3d at experimental resolution of 0.4 

a.u. are not easily differentiable. The Ni local moment was kept fixed at the theoretical 

value obtained from present FP-LAPW data. As functions of temperature, the Ni 

moments have been changed proportional to the experimentally determined total 

magnetic moment. The variation of Ni moment at different temperatures is estimated 

with a simple model assuming that the contribution of Ni moment in formation of total 

spin moment is small and remains almost same. This is partly supported by values of Ni 

moments at different compositions, collated in table 1. Therefore, to a good 

approximation, the variation in Ni spin moment, is going to small with respect to 

temperature also. This model was also used in our earlier work on Ni-Mn-Ga system 

[23]. To separate out the MCP contribution of Ni, we have taken the spherical average of 

LSDA based magnetic Compton profile of Ni [35]. For the diffuse electrons, the 

parabolic Compton profile can be given by J(pz) = a0 pz
2
 +a1 for pz < pF and 0 for pz ≥ pF  

where constants a0 and a1 are the functions of number of free electrons and Fermi 

momentum (pF). Our experience in the analysis of MCPs guides us that in such 

measurements the central dip (volcano structure) in the MCP can be fairly well 

approximated by an inverted parabola corresponding to diffuse components [23]. In the 
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present work, to model the contribution of the diffuse component (Mn 4s and In 5s, 5p), 

we have constructed equivalent Gaussian profile of full width at half maximum (FWHM) 

of 1.33 and 1.30 a.u., which corresponds to the respective FWHM of free electron 

Compton profile of the specimens Ni2MnIn and Ni2Mn1.4In0.6. All these profiles have 

been convoluted by a Gaussian FWHM of 0.4 a.u. to incorporate the effect of 

instrumental smearing.  

Figures 8 (a)-(b) show the MCPs of both the Ni-Mn-In alloys for different temperatures 

10, 175 and 300 K, splitted into individual components to yield the partial profile whose 

sum was the best fit to the data. In figures 9 (a-b), the temperature dependent spin 

moments derived from the area under curve of individual profiles at different 

temperatures (figure 8) are shown.  

From figure 9 (a) it is evident that at the saturation field 2.5 T, the contribution of Mn 3d 

in Ni2MnIn decreases with increasing the temperature. At all the temperatures, the Mn 3d 

contribution dominates in the formation of total spin moments. The diffuse contribution 

is anti-ferromagnetically coupled to Mn 3d and Ni contributions. Directly from the MCP 

data, we find the total spin moment to be 3.86B, while the Mn moment is 3.6 B at the 

lowest possible temperature 10 K and 2.5 T. The total spin moment is in very good 

agreement with the saturation moment obtained from our SQUID magnetization data 

(3.85B). Other SQUID based magnetization data [14, 15] are also closer to our MCP 

data. When compared with theoretical calculations, we find that Mn local moment 

obtained from MCP data is in very good agreement with the FP-LAPW (GGA) result of 

3.59B, while FP-LAPW (LSDA) value is slightly smaller (3.50B). The Mn moment 

obtained from SPR-KKR is even smaller (3.42B). Thus, FP-LAPW (GGA) gives the 
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best agreement with experimental data. However, the total spin moment 4.19 B from FP-

LAPW (GGA) is higher than that obtained from the MCP data (3.86B). Our FP-LAPW 

data are in very good agreement with the previous magnetization (SQUID) reported by 

Krenke et al [14] and Kanomata et al [15]. The reason for lower total moment compared 

to theory (FP-LAPW) could be related to presence of excess Mn, the actual composition 

of the specimen being Ni2.02Mn1.05In0.92. The spin moment of the excess Mn atoms can be 

antiferromagnetically aligned with the spin moments of the existing Mn atoms as 

discussed later.  

In figure 9 (b), we present the MCP data at 10, 175, 300 K and our temperature 

dependent (1 T field) magnetization data for Ni2Mn1.4In0.6. It is seen that our 

experimental value of total spin moment 3.10 B/f.u. (at 10 K and 2.5 T field) is in close 

agreement with the ferrimagnetic SPR-KKR calculations. Our limited MCP data is also 

in good agreement with our SQUID data. The peculiar feature in our SQUID 

magnetization in the temperature range 200-300 K is due to martensitic transformation 

which remains even after application of high magnetic field. The present FP-LAPW 

(LSDA/GGA) calculations (2.65/2.62 B/f.u.) for ferrimagnetic solution underestimate 

the total spin moment in comparison to MCP data (3.10 B/f.u.). The total spin moment 

derived from the SPR-KKR data (3.21 B/f.u.) is found to be closer to the MCP data. The 

overall contribution of Mn (3d) electrons in Ni2Mn1.4In0.6 is less than that of Ni2MnIn and 

also decreases with increasing the temperature. This happens because the spin moments 

of the excess Mn atoms are antiferromagnetically aligned with the spin moments of the 

existing Mn (as seen in table 1). This mechanism, which also explains the lower value of 

total spin moment in Ni2.02Mn1.05In0.92, has indeed been suggested for non-stoichiometric 
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Ni-Mn-In to explain its inverse magnetocaloric behavior [36]. For a related compound 

with excess Mn (NiMn2Ga or Mn2NiGa), it has been shown theoretically that the two Mn 

atoms are oppositely aligned leading to a ferrimagnetic ground state [37, 38]. The present 

MCP measurements and band structure calculations on non-stoichiometric composition 

confirm this explanation. A reasonable agreement between our magnetization and MCP 

data predict that the orbital moment in Ni-Mn-In system is very small, since MCP data 

only provides the contribution from the spin moments. 

It is very interesting to note that the total spin moments derived from our Compton 

profile data, present magnetization curve and both the band structure calculations (FP-

LAPW and SPR-KKR) are in reasonable agreement (figure 9b). On the contrary, in 

figure 9 (b), the total spin moment found in our Ni2Mn1.4In0.6 (actual composition 

Ni2.03Mn1.35In0.64) sample lies between the data reported by Kanomata et al [15] (1.41 

B/f.u.) for Ni2Mn1.4In0.6 and by Krenke et al [14] (5.51 B/f.u.) for Ni2Mn1.34In0.66. The 

controversial values of spin moments may due to thermal history of specimens, as also 

reported in case of Ni-Mn-Ga system [33]. Krenke et al [14] have annealed their sample 

at 800°C for 2 h and then quenched it in ice water, while the Kanomata et al [15] have 

annealed the sample at 850°C for 3 days and quenched in water. In our case, as 

mentioned earlier, the subsequent homogenization of the ingot material was carried out 

by annealing the sample at 750°C for 48 h. Moreover, to check the large changes in 

magnetization due to thermal aspects during preparation, we have calculated the 

difference in total-energy between the ferro- and ferri-states using FP-LPAW (GGA) 

calculations. It is seen that the energy difference between ferro- and ferri-solutions is very 

small (0.0024 Ry) and the ferri-solution is actually lower in energy. In case of 
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ferromagnetic Ni2Mn1.4In0.6, the total spin moment from the FP-LAPW calculations was 

found to be 6.20 B/f.u. which is close to the value (5.51 B/f.u.) reported by Krenke et al 

[14]. Therefore, non-stoichiometric Ni-Mn-In can have ferri- or ferro-state which is 

expected to depend upon the sample preparation history, extent of antisite disorder, etc. 

Difference between the spin moments derived from the present MCP or magnetization 

data and those from the available magnetization data [14, 15] may also be partly due to 

the slightly different compositions of the specimens used in three different measurements. 

 

4. Conclusions 

The temperature dependent MCPs of Ni2MnIn and Ni2Mn1.4In0.6 have been presented in 

this paper. MCPs have been analyzed in terms of its Mn 3d and diffuse contributions. The 

present experimental data on Ni2MnIn show that at low temperature (10 K) there is a 

large spin moment (3.60 B) at the Mn site, which is in good agreement with the FP-

LAPW band structure calculation. Spin polarized density of states show hybridization 

between the majority-spin Ni 3d and Mn 3d states, while the minority-spin Ni 3d and Mn 

3d states are separated by about 4 eV. The minority-spin Mn 3d states appear above the 

Fermi level giving rise to large local moment on Mn. In KKR calculations, incorporation 

of fully relativistic description reproduces smaller value of total spin moment in 

comparison to FP-LAPW calculations which may be attributed to its CPA mechanism. 

Our MCP data for Ni2Mn1.4In0.6 (at 10 K) are found to be in reasonable agreement with 

our SPR-KKR calculations and our magnetization data. Good agreement between the 

MCP and magnetization total moment shows that the orbital moment contribution is 

small in Ni-Mn-In system. Significant differences between earlier magnetization data 
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(reported by Krenke et al and Kanomata et al) and our data (MCP and magnetization) 

may be due to thermal history of sample preparation and also slight variation of Mn in the 

nominal Ni2Mn1.4In0.6 composition. Spin polarized neutron scattering studies, which are 

also used in determining the change in distribution of magnetic electrons, may also be 

helpful for comparison with the present theoretical and experimental investigations.   
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Figure captions: 

 

Figure 1: (Color online) Powder X-ray diffraction pattern (dots) along with Le Bail fitting 

(red line) of (a) Ni2Mn1.4In0.6 and (b) Ni2MnIn recorded at room temperature. For 

Ni2Mn1.4In0.6, the blue ticks represent the Bragg reflections of the L21 phase and the green 

ticks (and ´T´) for tetragonal phase. The inset show the exclusively L21 peaks for 

Ni2Mn1.4In0.6 in an expanded scale.  

 

Figure 2: (Color online) The band structures of Ni2MnIn using FP-LAPW (LSDA) 

scheme. The left and the right hand side panels show (a) majority- and (b) minority- spin 

bands, respectively. In the majority-spin 31
st
 [T1u, A2], 32

nd
 [T1u, B2] and 33

rd
 [T1u, B1] 

bands are marked, while in minority-spin the 26
th

 [T2g, B2], 27
th

 [T2g, B2] and 28
th

 [T2g, 

B1] bands are labeled. The irreducible representations at  and K points, respectively, for 

the marked bands are shown in the square brackets. 

 

Figure 3: (Color online) Spin-projected (↑, ↓) total and partial density of states of 

Ni2MnIn using FP-LAPW (LSDA) scheme. 

 

Figure 4: (Color online) Same as figure 2 except the sample, which is Ni2Mn1.4In0.6. For 

the sake of clarity the energy bands around the EF region are shown in the insets. 

 

Figure 5: (Color online) Same as figure 3 except the sample, which is Ni2Mn1.4In0.6.  

Mn(I) and Mn(II) correspond to Mn atoms at Mn sublattice and Mn atom at In site in 

supercell, respectively. 

 

Figure 6: (Color online) (a) The standard BZ for L21 structure with high symmetry 

directions. FP-LAPW majority-spin (↑) based Fermi surface of Ni2MnIn arising from (b) 

31
st
 [T1u, A2] (c) 32

nd
 [T1u, B2] and (d) 33

rd
 [T1u, B1] bands. In (e) total mapping (b+c+d) 

is shown. Figures f, g and h correspond to 26
th

 [T2g, B2], 27
th

 [T2g, B2] and 28
th

 [T2g, B1] 

minority-spin (↓) bands. In square brackets, the irreducible representations at  and K 

points are shown. Part (i) shows complete mapping from all minority-spin surfaces 

(f+g+h). 

 

Figure 7: Variation of magnetization with temperature [M-T] under zero field cooled 

(ZFC), field cooled (FC) and field heated (FH) cycles, measured using SQUID 

magnetometer at 0.01 T for (a) Ni2MnIn and (b) Ni2Mn1.4In0.6. In the inset, variation of 

magnetic effect R (at 2.5 T) as defined in Eq. 3 is shown for 10, 175 and 300 K. Solid 

lines are drawn only to guide the eyes. The order of error is smaller than the size of 

symbols used. 

  

Figure 8: Spin polarized momentum distribution of (a) Ni2MnIn and (b) Ni2Mn1.4In0.6 at 

fixed 2.5 T field and different temperatures decomposed into the Mn 3d, Ni (magnetic, 

fixed) and diffuse components. The total fit curve (fitted) is shown as a solid line through 

the data points. Statistical error in MCP data is within the size of symbols used. 
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Figure 9: (Color online) Temperature dependent magnetic moments determined by the 

line shape analysis of the magnetic Compton profiles of (a) Ni2MnIn and (b) 

Ni2Mn1.4In0.6 measured at 2.5 T field. The solid lines connecting MCP spin moments are 

drawn only to guide the eyes.  Our SQUID data (at 1T saturation field) for Ni2Mn1.4In0.6 

is also shown in figure b.  The error at Mn site is within the size of symbols used. The 

spin moment per formula unit  B  is equal to the area under the component curves as 

shown in figure 8. The value of magnetization (SQUID) data at 5K as reported by Krenke 

et al and Konamata et al are also depicted.   
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Figure 1  
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Figure 2 

                        (a) Majority-spin                                             (b) Minority-spin 
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Figure 3 
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Figure 4 

                      (a) Majority-spin                                                  (b) Minority-spin 
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Figure 5 
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(e) b+c+d 
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Figure 7 
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Table 1: Local spin magnetic moments and average local spin moments for each atom 

type for Ni2MnIn and Ni2Mn1.4In0.6 calculated using FP-LAPW calculations. Multiplicity 

of different atomic sites is also given. All moments are given in B. In both the 

compositions the RMT was kept as 2.47, 2.47 and 2.40 a.u. for Ni, Mn and In, 

respectively. 

 

Definition Constituent 

atom 

Multiplicity Local 

moment for 

inequivalent 

atoms  

Average 

local 

moment 

for each 

atom 

type  

Average 

moment 

for each 

atom 

type/ f.u. 

Total 

moment  

B/fu. 

(i) Ni2MnIn 

(ferromagnetic) 
Ni 2 0.32 0.32 0.64 4.10 

 Mn 1 3.50 3.50 3.50 

In 1 -0.04 –0.04 –0.04 

Interstitial    0.001 

(ii) Ni2Mn1.4In0.6 

    (ferrimagnetic) 

Ni1 8 0.33 0.29 0.57 2.65 

 Ni2 8 0.24 

Mn(I)1 4 3.56 3.58 3.58 

Mn(I)2 2 3.59 

Mn(I)3 2 3.62 

In1 4 -0.03 –0.03 –0.018 

In2 1 -0.03 

Mn(II)1 1 -3.70 –3.70 –1.48 

Mn(II)2 2 -3.70 

Interstitial    0.01 
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Table 2: The spin magnetic moments of Ni2MnIn and Ni2Mn1.4In0.6 using FP-LAPW and 

SPR-KKR schemes along with the available theoretical data.  

 

 Magnetic moment (in B/f.u.) Salient aspects of 

calculation 
2xNi site Mn site In site Total 

(i) Ni2MnIn      

Present work 

(a) FP-LAPW (LSDA) 

     FP-LAPW (GGA) 

 

0.64 

0.64 

 

3.50 

3.59 

  

−0.04 

−0.04 

 

4.10 

4.19 

WIEN2K, RMT 

(a.u.): Ni=2.47, 

Mn=2.47, 

In=2.40 

(b) SPR-KKR with  

     CPA (VWN) 

0.60 3.42 −0.08 3.94 Green function 

method with 

touching MT 

spheres  

Available data 

(a) LMTO
a 
[3] 

 

− 

 

3.43 

 

− 

 

3.91 

ASA
f
, von Barth 

Hedin, RMT  not 

mentioned 

(b) LASTO
b 

[4] − 3.51 − 4.09 LDA, Slater type 

orbital, RMT  not 

mentioned 

(c) LSD-PP
c 
[5] − − − 4.31 Troullier martins 

PP, Cutoff radii for 

PP (a.u.): Ni=2.2, 

Mn=2.0, In=3.0 

(d) ASW
d 
[6] 0.56 3.72 −0.07 4.21 ASA

f
, GGA, radii 

of all spheres equal 

(e) DFT-GGA (VASP 

code) [9] 

− − − 4.22 Kinetic energy 

cutoff 337.3 eV 

(f) FP-LAPW (GGA) [12] 0.70 3.44 −0.02 4.12 WIEN2K, RMT not 

mentioned 

(ii) Ni2Mn1.4In0.6      

Present work 

(a) FP-LAPW (LSDA) 

     FP-LAPW (GGA) 

 

0.57 

0.55 

 

2.10 

2.10 

 

-0.02 

-0.03 

 

2.65 

2.62 

WIEN2K, RMT 

(a.u.): Ni=2.47, 

Mn=2.47, 

In=2.40 

(b) SPR-KKR with  

     CPA (VWN)
e
 

0.66 2.49 -0.02 3.13 Green function 

method with 

touching MT 

spheres 
 
aLMTO: Linear combination of muffin-tin orbitals 
bLASTO: Linearized augmented Slater  type orbitals 
cLSD-PP: Local spin density with pseudopotential approach 
dASW: Augmented spherical wave 
eVWN: Vosko-Wilk-Nusair 
fASA: Atomic sphere approximation 


