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Abstract
Thin films of Ni52Mn35-xIn11+xSi2 were fabricated by magnetron sputtering on MgO (001)
single crystal substrates. Magnetization as function of temperature for Ni52Mn35In11Si2
exhibits features consistent with a magnetostructural transition (MST) from an austenitic
phase to a martensitic phase, similar to the bulk material. We observed that the martensitic
transformation is externally sensitive to small changes in chemical composition and
stoichiometry. It has been found that thin films of Ni52Mn34-xIn11+xSi2 with x=0 and 1 undergo
a temperature-induced MST or remain in a stable austenitic phase, respectively. Comparison
of magneto-optical transverse Kerr effect spectra obtained at 0.5-4.0 eV in the 35-300 K
temperature interval reveal insignificant differences between the martensitic and austenite
phases. We found that the field and temperature dependencies of the transverse Kerr effect
are quite different from the magnetization behavior, which is attributed to magnetic
inhomogeneity across the films. To elucidate the effects of magnetostructural phase
transitions on the electronic properties, we performed density functional calculations of the
magneto-optical Kerr effect.

I. Introduction
Heusler alloys exhibit a wide variety of magnetic, electrical, optical, and mechanical
properties that are important for fundamental research and promising for applications [1].
Some exhibit magnetostructural transitions (MST), i.e., the simultaneous transformation of
crystal structure and magnetic state that gives rise to a number of intriguing phenomena such
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as giant magnetocaloric effects [2, 3], large magnetoresistance, strong mechanical
deformations, magnetic shape memory effects, exchange bias, kinetic arrest, etc.[4-6]. NiMn-In-based Heusler alloys with nearly 15 at. % concentration of In are particularly
attractive because magnetostructural phase transitions occur near room temperature in these
systems which can be induced by external magnetic fields [4, 6]. In the bulk alloys, a hightemperature austenitic phase (AP) with a crystal cell of cubic symmetry transforms to a lowtemperature martensitic phase (MP) with a crystal cell of lower symmetry (with tetragonal
distortions). While in the AP phase, a second order phase transition from the paramagnetic
(PM) to ferromagnetic (FM) state occurs at a Curie temperature (TC) of about 280–300 K.
The onset of the MP emerges with the first order phase transition at TM = 250-280 K,
resulting in a low magnetization martensitic state, which in turn changes to a ferromagnetic
MP at T<TCM. However, antiferromagnetic correlations and inclusions of the AP in the
martensitic state exist down to very low temperatures (see [4, 7, 8] and references therein).
The magnetic ordering in the AP and MP strongly depend on composition [4, 6, 9],
and changes smaller than 1% may completely change the type of long-range magnetic order.
The vast majority of results on multifunctional properties of Ni-Mn-In-based Heusler alloys
have been observed in bulk polycrystalline samples. However, many applications (see for
example in [7, 10]) require the same properties in thin films. Moreover, thin film geometry
can significantly simplify the investigations of physical properties that depend on thickness,
such as Hall effects, and surface-sensitive effects such as optical and magneto-optical
phenomena. However, the fabrication of high-quality films with reproducible and robust
properties of bulk materials remains a technological challenge due to the extreme sensitivity
of the properties to slight departures from optimal compositions and the “clamping effect” of
substrates [11, 12]. Recently, quaternary Ni-Mn-In–Co [10] and ternary Ni-Mn-In [7, 13]
alloy thin films with well pronounced MSTs have been fabricated by DC magnetron
sputtering and laser-assisted molecular beam epitaxy methods, respectively. Such progress
presents an opportunity to study surface sensitive properties of materials owed to MSTs in
thin films, and to obtain better insight into the origins of the MST itself.
It is well known that magneto-optical (MO) spectra are extremely sensitive to minute
details of electronic structure and therefore can be used for both structural characterization
and for the investigation of the transformation of electronic and magnetic structures at phase
transitions [12, 14]. While it can be a very powerful tool for phase transition studies, to the
best of our knowledge MO spectroscopy has not been applied to investigate thin films
exhibiting MSTs.
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In this paper, we present experimental results on magnetic and magneto-optical
properties for Ni52Mn35-xIn11+xSi2 Heusler alloys thin films of different compositions: x = 0
and x = 1 which undergo a temperature-induced magnetostructural transition and remain in a
stable austenitic phase, respectively. We focused our study on quaternary Ni-Mn-In-Si
Heusler alloys due to its sharp dependence of the MCE properties with silicon concentration
and to perform magneto-optic studies using austenitic and martensitic phases of the films in
the wide temperature interval. [15]. We performed a comparative analysis of their properties,
supported by density functional theory calculations of the magneto-optical Kerr effect and
site-resolved density of states in the austenite and martensitic phases.

II. Experimental procedures
A. Preparation and measurements
Thin films samples Ni52Mn35-xIn11+xSi2 samples were fabricated by the simultaneous
magnetron sputtering from pure element (3N) targets on MgO (001) substrates. The sample
compositions were controlled through careful calibration of the deposition rates for each
sputtering gun. During the film deposition, the substrate temperature was held at 320o C. To
improve wettability, a 2nm seed layer of pure Ni was deposited prior to film synthesis. The
thicknesses of all of the films were ~75 nm. After deposition all samples were annealed in
vacuum at 650o C for one hour and then rapidly quenched. We used a small resistive heater
element which surrounds the substrate without direct contact, and the temperature was
measured with a pyrometer. Resulting compositions of the samples were determined by
energy-dispersive X-ray spectroscopy (EDX). The presence of a MP or AP in the samples
was determined through X-ray diffraction (XRD). Although we maintained the same
deposition conditions for all samples, inevitable target aging resulted in some composition
deviation, especially in the indium content. Two samples with slightly different compositions
due to the Mn/In ratio deviation were chosen for further extensive analysis: Ni52Mn34In12Si2
(x= 1) and Ni52Mn35In11Si2 (x= 0), which remains in AP at all temperatures and shows a
temperature-induced MST, respectively. Note that a small excess in the relative Ni content
was attributed to the presence of the Ni seed layer.
The magnetic properties were measured in the temperature interval from 5–400 K and
in magnetic fields up to 50 kOe using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer, and also with a vibrating sample magnetometer
(Lake Shore VSM) in magnetic fields up to 16 kOe. The measurements with the SQUID were
performed by an applying the magnetic field perpendicular to the thin film plane. MO
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measurements were carried out in the transverse Kerr effect (TKE) geometry. The sensitivity
of our measurements was estimated to be ≈ 10-5 [16]. An alternating magnetic field was
aligned parallel to the plane of thin films and perpendicular to the light plane of incidence.
The spectral, field, and temperature dependencies of the TKE were performed in the
energy range of incident light from 0.5 to 4.0 eV in magnetic fields up to 2.7 kOe, and in the
temperature range from 35 to 300K. The temperature dependencies of magnetization, M(T),
and the TKE parameter δ(T) MO response, were determined during heating after the samples
were cooled from 300K to 35K in zero magnetic field (ZFC) and during a field-cooling cycle
(FCC).
B. Computational details
In order to elucidate the effects of the phase transitions on the TKE, we performed
time-dependent density functional theory (DFT) calculations using a FP-LAPW method [17].
A local density approximation (LDA) with the Perdew-Wang exchange-correlation functional
in the parameterization of Ceperley-Alder was applied [18]. In order to analyze the effects of
the magnetic phase transformation and quantify the significance of the relative Mn/In
concentration on the electronic structure and TKE behavior, we considered Ni8Mn4+xIn4-x
(x=0, 1, 2) in ferromagnetic (FM) cubic and ferrimagnetic (FiM) tetragonal unit cells, i.e., 16
atoms in the unit cell. Lattice parameters were taken from the experimental data as a=5.5785
Å. We assumed the Ni atoms occupied the Wyckoff positions at (0, 0, 0) and Mn and In
atoms occupied positions at (1/4, 1/4, 1/4) in the cubic lattice. Mn sites in Ni2MnIn were
coordinated by nearest neighbors of Ni and In. The Mn-Mn interatomic distance is large and
the exchange coupling is ferromagnetic. Mn sites occupying In positions created shorter MnMn bonds that exhibited antiferromagnetic coupling. A 12×12×12 k-grid mesh was used to
sample the Brillouin zone in the cubic lattice, and 8×6×4 in the tetragonal distorted lattice.
The diagonal and off-diagonal matrix elements of the optical conductivity tensor were
calculated using linear-response time-dependent density functional theory (TDDFT) [17].
The transverse magneto-optical Kerr effect constitutes a variation of the reflected light
intensity due to the magnetization of a ferromagnetic sample and can be described as:
I P ~ rpp (1 + 2ℜ(

rpp (mag )
rpp

) m)

(1)

where m is the magnetization, rpp and rpp(mag) express the part of reflection coefficient that
does independent of and linear with the mx magnetization component, respectively [19]. For
p-polarized waves the TKE spectra effects can be written as:
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δ p = 2 sin(2ϕ )

A1
B
ε ' + 2 sin(2ϕ ) 2 1 3 ε xy''
3 xy
A + B1
A1 + B1
2
1

(2)

where ε xy' and ε xy'' are the off-diagonal components of the dielectric permittivity tensor, while
A and B depend on the diagonal component of permittivity tensor as follows:

(

)

A1 = ε 0'' 2ε 0' cos(ϕ ) 2 − 1 , B1 = (ε 0'' − ε 0' ) cos(ϕ ) 2 + ε 0' − sin(ϕ ) 2 ,
2

2

(3)

where φ is incidence angle of the light measured from the normal of the sample surface.
Since the components of the tensor in visible and near ultra-violet spectra are defined by
interband transitions, i.e., the density of states of valence and occupied states (together with
matrix elements of momentum operator) [17], a measurement of the MO spectra provides
valuable information about the distribution of electronic states of the Heusler alloys in a wide
range of energies and its transformation upon a magnetostructural transition.

III. RESULTS AND DISCUSSIONS
A. Structural and magnetic properties.
The XRD data are shown in Figure 1. While all of the peaks in the Ni53Mn33In12Si2
(x= 1) scans can be ascribed to the austenite cubic phase, an additional peak occurs in
Ni52Mn35In11Si2 (x= 0) at 2Ɵ = 46.4º, which can be attributed to the presence of the tetragonal
phase at ambient temperature.
Figure 2 shows the temperature dependencies of the ZFC and FC magnetization of the
samples obtained at H=250 Oe with the SQUID. Both samples demonstrate a sharp increase
in M(T) below 300 K with cooling. Negligible temperature hysteresis with a width within the
experimental error clearly indicates a second-order phase transition from a paramagnetic AP
to a ferromagnetic AP. The Curie temperature, determined by the slope of M(T), was found to
be ≈ 275 K and 285 K for samples with x= 0 and 1, respectively. Such a noticeable
sensitivity of Tc (about 10 K) on slight changes in In-concentration has also been reported for
the bulk Ni50Mn50-xInx system (see for example [8] and [20]). Further cooling reveals a
dramatic difference in magnetic behavior of the samples. The magnetization of the field –
cooled (FC) (H = 250 Oe) Ni52Mn34In12Si2 (Fig. 2a) demonstrates no additional phase
transitions, but does show a broad maximum at 140 K that weakens with further cooling.
When the temperature of the sample is lowered in the absence of external magnetic field
(ZFC), the observed magnetization decline is much more pronounced, and maximum of
magnetization curve occurs at 240 K, which can be explained by the effect of magnetic
anisotropy of the sample. In contrast, the M(T) of Ni52Mn35In11Si2 exhibits a clear hysteretic
5

behavior at 175-250 K (Fig. 2b), which is evidence of a first order phase transition, similar to
the MST observed in the bulk materials. In contrast to the bulk, the transition was not
accompanied by a sharp change in the magnetization, and the hysteresis occurs in a wider
temperature range. A strong exchange bias observed at 5 K (see inset of Fig. 2b compared to
the inset of Fig. 2a) suggests the presence of strong antiferromagnetic correlations in the
sample with x=0. Hence, summarizing the magnetic and XRD data, it is conceivable to
conclude that, while the sample with x= 1 remains in the austenite cubic phase in the entire
temperature range, both the crystalline and magnetic structures of sample with x= 0 are not
homogenous below 250 K and contains a mixture of MP and AP states. Such inhomogeneity
emphasizes the importance of the interfacial effects in thin films. It has been shown by
several research groups that the clamping effect of substrates on adjacent layers prevents the
latter from transforming to the martensitic phase [11, 12 and ref. therein]. However, our
experimental data cannot rule out the scenario where the MST proceeds directly from a
ferromagnetic austenitic to ferromagnetic martensitic phase without the phase with low
magnetization.
B. Magneto-optical analysis
In order to probe the effects of the structural transitions on the electronic structure, we
have performed a MO study of these samples. We note that the characteristic probing depth
of MO methods is λ/4πk (where k is the coefficient of absorption), which is about 20 - 30 nm
in the visible range and comparable with the film thickness. [22]). Our MO measurements
(Fig. 3) were found to be in good agreement with the magnetic data. Indeed, the hysteretic
behavior of the temperature dependence of the MO response was observed for sample with
x= 0 and spans from 280 K down to 150 K, and is not observed for sample with x= 1
(compare with Fig. 2 a, and b). For temperatures below 150 K, the MO response in the FC
regime decreases with temperature, while the magnetization, measured at the same field,
increases. This can be understood in the case where the magnetic anisotropy of the surface
layers, which are primarily responsible for the MO response, is larger than that of the layers
close to the substrate. This observation supports our earlier conclusions made from the
magnetic and XRD data. Similar results were previously observed in studies of other Heusler
alloys (e.g., Ni2MnGa [23]). The difference in magnetic anisotropy might be caused by
magnetic inhomogeneity across the film thickness.
From Figs. 3 we can also see that the TKE for Ni52Mn34In12Si2 in the AP is much
larger than that for sample Ni52Mn35In11Si2. Since the TKE signal depends linearly on the
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magnetic moment at the corresponding field, this confirms the presence of antiferromagnetic
short-range order in the sample with x= 0.
Previous MO investigations of bulk Ni-Mn-In samples [24, 25] demonstrated that the
MO spectra for the AP and MP are very similar. Here we found that this is also true for thin
films. Figure 4 demonstrates MO spectra of samples in martensitic and austenite phases and,
indeed, the overall profile and spectral positions of positive and negative peaks in the MO
spectra for the sample with x= 1 (which is in the AP) and the sample with x = 0 (which is
mostly in the MP below 150 K) are very similar (Fig. 4). As mentioned above, the amplitudes
of the MO responses for these samples are quite different due to antiferromagnetic
correlations in sample with x = 0, but the shape of the MO spectra profiles are very similar.
Small differences in the spectra below 1.5 eV may be attributed to the difference in
compositions of samples.
At low temperatures, the TKE of Ni52Mn35In11Si2 is almost constant after the
magnetization is saturated at fields H ≥ 2.7 kOe. It is interesting to note that the TKE
observed in Ni52Mn35In11Si2 is virtually identical for T= 35 K and 140 K (Fig. 4). This
behavior can be related to the co-existence of AP and MP in the wide temperature interval
with different magnetic structures [29].
The similarity of the TKE spectra in the austenite and martensitic phases is interesting
since it is believed (see for example [26]) that the MST is accompanied by noticeable
changes in electronic structure, particularly, a large difference in the density of states at the
Fermi level for the MP and AP. This is supported by a large change in resistivity of the bulk
systems at the MST. However, recent experiments on the Hall effect [8], specific heat [27],
and thermopower [28] form a more complicated view of the changes in electronic structure.
While these experiments give insight into the electronic structure at the Fermi level, the MO
transitions occur between occupied and unoccupied electronic states. Thus, the shapes of the
TKE spectra depend on the distribution of states across the wide energy range of occupied
and unoccupied states (as well as on the dependence of momentum matrix elements).
Therefore, keeping in mind that the MO experiments for thin films are more reliable than for
bulk samples due to the high-quality of the surfaces, our experiments support the hypothesis
of very limited modification in the electronic structure for the studied Ni-Mn-In-based
Heusler alloys between samples with or without a MST.
C. Numerical results for Transverse Kerr Effect
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In order to understand the sensitivity of the TKE on small composition and chemical
order variations, we calculated the dielectric tensor and optical conductivity in Ni8Mn4+xIn4-x
using time-dependent density functional theory (DFT) calculations implemented in the FPLAPW method. We focused our attention on the relative Mn/In content in the interval from
x=0 to 2. In accordance with previously reported results, where competition between
ferromagnetic and antiferromagnetic interactions has been theoretically determined for
NiMn-based Heusler compounds with the extra Mn [29, 30], Ni8Mn4In4 forms a perfect cubic
Heusler alloy and Mn sites are separated by a large distance (~4 Å). We found that the
exchange interactions between the Mn sites are ferromagnetic in this structure and the cubic
lattice has a lower energy compared to the tetragonal one. At x≠0, Mn atoms partially occupy
In sites, increasing the degree of chemical disorder and shortening the distance between Mn
at the substitution sites from the nearest Mn neighbors to ~ 2.9 Å. Our calculations confirm
that there is a structural instability in this case. While the FM cubic state is locally stable, the
ground state of the system shows significant structural distortions, where the Mn atoms in In
positions shift towards one of the original Mn sites in the local environment as shown in
Figure 5a. As a result of the reduced Mn-Mn distances the exchange interactions become
antiferromagnetic, causing ferrimagnetic ordering and a reduced magnetization, which is
supported by the direct calculations of exchange interactions in NiMnIn systems using
density functional theory calculations [31, 32] as well as Mossbauer measurements in Fe
doped systems [33]. However, the local magnetic moment on the Mn sites is nearly
unchanged in the FM and FiM configurations. Thus, Mn-Mn pairs with the short interatomic
distances do not contribute to the magnetization, and the overall value of the magnetization
reduces. In contrast, the Ni sites remain unchanged and have magnetic states that are similar
in both the FM and FiM states. Furthermore, due to the heredity of the FM AP and the FiM
MP states, there is also a heredity in electronic structures of these states. Figure 5b show the
DOS of the FM and FiM states of the Ni8Mn5In3 unit cell. The transformation from the FM to
FiM states causes a slight change in the shape of the peaks in the DOS. Particularly, the Mn
atoms that occupy In positions experience a narrowing and shift of the DOS peaks. However,
the overall shapes of partial the site-projected DOS does not change significantly, in
accordance with our experimental observation.
The calculated TKE spectra presented in Figure 6 show that there is overall agreement
between the TKE of the calculated and experimentally analyzed samples. The discrepancy
between calculated results and experimentally observed data below 1 eV is most likely due to
the fact that our first principles calculations consider only inter-band transition contributions
8

to the TKE. While at lower energies intra-band magneto-optical transitions become more
important, above 2 eV they do not play any role. Quantitative analysis of intra-band
transitions in thin films is very difficult and out of the scope of this paper A simple, classical
phenomenological Drude model is typically used to analyze the MOKE or TKE data.
However, results are very sensitive to the calculated plasma frequency and Lorenzian
broadening.
Since our sample in the martensitic phase contains a fraction of austenite phase (see
discussion above) a direct comparison is probably not worthwhile. We have calculated the
electronic structures of NiMnIn alloys in the tetragonal unit cell for three compositions of Mn
to model the effect of composition, as well as antiferromagnetic correlations in the system.
The TKE spectra for ferromagnetic systems of Ni8Mn4+xIn4-x show the largest (negative)
peaks at 2.7eV and 3.8eV. However, the relative strength of these peaks change with
concentration. The peak at 2.7eV is more prominent at x=0, i.e., at lower Mn concentration,
while the peak at 3.8eV becomes dominant at larger Mn content. The Mn concentration in
experimentally produced films is closest to Ni8Mn5In3 (i.e. for x=1).
It can be seen that the presence of antiferromagnetically arranged Mn sites in these
compounds modifies the TKE signals. The magnitude of the TKE signal decreases due to the
reduction in magnetization upon reversal of the local spin moments of the Mn sites. The
larger number of antiferromagnetically correlated spins, the larger the reduction of the signal.
For example, the reduction of magnetization in Ni8Mn6In2 is ~67% (from 22 μB to 7 μB) upon
reversal of Mn magnetic moments in the In positions, trailed by the reduction of the TKE
signal by the same factor. Similarly, the magnetization in Ni8Mn5In3 reduces by 38% in the
ferrimagnetic arrangement, and the TKE decreases by 30%. The experimental spectra for the
films have a maximum in the magnitude of the TKE at -2.6 eV and it decreases considerably
between the FM films with larger magnetization and films with lower magnetization due to
antiferromagnetic correlations.
Besides this expected reduction in the signal magnitude, there is also an increase in
the relative strength of the peak at 2.7 eV compared to the one near 3.8 eV. We find that the
calculated TKE peak at ~2.7 eV is largest both in the ferromagnetic cubic phase at lower Mn
content and in the ferrimagnetic systems. The experimental spectra show little variation in the
shape of the TKE spectra between the two films due to the similarity of two spectra and,
partly, due to the substantial mix of AP ferromagnetic phases in these films.

IV. Conclusions
9

Magnetron sputtering can be used to fabricate Ni-Mn-In-based Heusler alloy thin
films that exhibit martensitic transitions. The magnetic properties of the samples are highly
sensitive to composition and the details of fabrication. Evidence of martensitic transitions in
the magnetothermal behavior and magneto-optical response are quite different, indicating
thin film inhomogeneity in the thickness. Transverse magneto-optical spectra in the austenitic
and martensitic phases are similar, which is evidence of a hereditary connection between the
two phases and the similarity between their electronic structures. Density functional
calculations show limited differences in the densities of states and TKE of NiMnIn alloys in
the ferromagnetic states and state with a ferrimagnetic component.
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(C) and the tetragonal phase (T).

11

(a)
x=0
TC = 285 K

ZFC, H = 250 Oe
FCC, H = 250 Oe

1
M (emu)x10-3

M*10 3 (emu)

2

5 FC,
H=250 Oe
0

5K
-5
-2

-1

0
0

100

0

H (kOe)

1

2

200

300

T (K)

2.0

x=1
ZFC, H=250 Oe
FCC, H=250 Oe

1.5

TC = 275 K

1.0
M*103 (emu)

M*103 (emu)

(b)

0.5

FC,
H=250 Oe

2
0

5K

-2
-2

-1

0

1

2

H (kOe)

0.0

0

100

200

300

400

T (K)

Figure 2. Temperature dependent magnetization M(T) for Ni52Mn35-xIn11+xSi2 thin films with
x= 1 (a) and x= 0 (b). The inset shows M(H) curves for the samples and indicates the
presence of exchange bias in the sample with x= 0.
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x= 1 (a), which remains in the austenitic phase in a magnetic field of 2.7 kOe, and for the
sample with x= 0 (b) in magnetic fields of 300 Oe (in the ZFC and FC regimes) and 2.5 kOe
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