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Abstract
Highly oriented Cr-substituted Ni55Mn34Sn11 Heusler thin films having thickness ~ 400 nmwere deposited by Ultrahigh vacuum
dc magnetron sputtering on MgO (100) substrates. At room temperature, the films exhibit a mixture of dominant L21 cubic
austenite phase, as revealed by the intense (002) and (004) peaks, along with small fraction of the orthorhombic–martensitic
phase. Surface morphology of the thin films showed distribution of Cr-rich and Cr-deficit regions together with patterned and
aligned magnetic domains, thus bringing out the inherent room temperature ferromagnetism of the film. At temperatures above
the Curie temperature, TC ~ 321 K, the magnetic behaviour of the films is seen to follow the Curie law rather than the Curie–
Weiss law. Ferromagnetic to antiferromagnetic transition appears at TN ~ 247 K, which gives rise to exchange bias at low
temperatures due to the coexistence of the two magnetic orders. This phase coexistence also leads to the formation of a spin
glass state deep into the martensitic region. The film exhibits metal-like nature at high temperature and semiconductor-like
behaviour with the lowering of temperature. A reentrant metallic state is observed at T ≤ 38 K during cooling that persists up to ≤
62 K in warming cycle. The hysteresis in the ρ–T curve spread over a very wide temperature range confirms the magnetic phase
coexistence in the martensitic state in the present thin films. The magnetoresistance (MR) first increases (2.4% at 300 K andH =
50 kOe) with temperature andmaximizes to around ~ 3.25% at T = 150 K and then starts decreasing. Its value in the glassy state is
very small. This shows that a magnetic liquid like state is more conducive to larger MR.
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1 Introduction

In recent times, off-stoichiometric Ni–Mn–Sn Heusler com-
pounds exhibiting martensitic transformation (MT) have drawn
immense research interest due to their intrinsic multifunctional
properties like magnetoresistance (MR), magnetic shape mem-
ory effect (MSME), magnetocaloric effect (MCE), exchange
bias (EB), and spin glass (SG) behaviour [1–7]. Ever since

Sutou et al. [8] first reported MT, this family of compounds
has been centre of extensive investigations as their functional
properties offer great potential for applications in diverse areas
like spintronics, magnetic refrigeration technology, and mag-
netic actuation [5–7, 9, 10]. These compounds exhibit austenite
phase (AP) with cubic L21 structure at high temperature which
transforms to a modulated orthogonal or tetragonal martensite
phase (MP) with the lowering of temperature. The austenite
phase may be a pure paramagnetic (PM) phase or it can show
a mixed paramagnetic–ferromagnetic (PM–FM) phase around
the Curie temperature TC. In contrast, the modulated martensite
phase in general has coexistence of ferromagnetism and anti-
ferromagnetism (AFM) and hence the formation of a spin glass
state with the glass transition depending on the chemical com-
position [1–7, 11, 12].

In Ni–Mn–Sn full Heusler systems, the excess Mn atoms
occupy the Ni or Sn sites and the hybridization between the Ni
atoms and the Mn atoms on the Sn sites is an important driving
force for the occurrence of MT [13, 14]. A first-order
magnetocoupled structural phase transition in these compounds
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arises due to the strong coupling between the structural and
magnetic transitions. The functional properties of Ni–Mn–Sn
compounds can be tuned by varying the elemental composition
as the structural andmagnetic phase transitions in these systems
are strongly dependent on the e/a ratio (number of valence
electrons per atom in the unit cell) [15]. It has been reported
that the martensitic transition temperature (TM) increases
(decreases) with the increase (decrease) of the e/a ratio. Xuan
et al. studied various multifunctional properties of
Mn50Ni40Sn10 bulk alloys and found a maximum EB field of
910 Oe [16]. Chatterjee et al. observed a reentrant spin glass
state at low temperature in Ni2Mn1.36Sn0.64 alloy [12]. Santos
et al. found a highly ordered growth of columnar microcrystal-
line grains in Ni50Mn37Sn13 ribbons having cubic L21 austenite
phase at room temperature [17]. Zhang et al. studied the effect
of annealing on the magnetocaloric properties of Mn-rich
Ni43Mn46Sn11 ribbons and reported a large magnetic entropy
change (ΔSM) of 43.2 J/kg K in a field change of 5 T [18].
There are many studies on Ni–Mn–Sn Heusler alloys in their
bulk and ribbon forms [8, 10–12, 16–19]. However, for appli-
cations in the emerging nano- and microelectronic technologies
such as magnetic actuators, magnetic refrigeration, and mag-
netic shape memory devices, it is important to study the prop-
erties of Ni–Mn–Sn compounds in thin film form. Studies have
shown that the microstructure and martensitic transition behav-
iour changes significantly in thin films [20]. Besides the innate
stress involved during MT, in thin films, there is the added
strain due to lattice mismatch between the substrate and the
material to be deposited. These effects substantially influence
the MT behaviour, and a broader transition as well as a change
in the corresponding transformation temperatures have been
reported [21–23]. Substrate constraints, confinement of the nu-
cleus, and size scale effects on the mean free path of transition
dislocations are some of the reasons behind observed transfor-
mational changes in thin films [22, 23].

Vishnoi et al. while investigating polycrystalline Ni–Mn–
Sn films on Si substrates in the thickness range from 120 nm
up to 2.5 μm found a suppression of the MT below 410 nm
and an increase in the MT temperature with increasing film
thickness up to 1400 nm, above which there is a degradation
in the phase transformation due to the presence of disorder
[24]. In another study, Auge et al. showed that ultrathin (~
10 nm thick) films of Ni–Mn–Sn films showed martensitic
transformations but with a broader transformation range than
the bulk counterparts and also reported that close to the inter-
faces of the substrate, the aforementioned transformation was
considerably suppressed [20]. Dubowik et al. reported a max-
imum negative MR of ~ 22% at 110 K over the martensitic
transformation in epitaxial Ni50Mn35Sn15 thin films grown on
MgO substrates [25]. Behler et al. reported the presence of
thickness dependent exchange bias in the martensite state in
Ni–Mn–Sn (~ Ni50.000Mn34.375Sn15.625) epitaxial thin films
and emphasized upon the fact that a martensitic transition in

Ni–Mn–Sn thin films is a necessary condition for exchange
bias [26]. Compositional variation or substitution by fourth
element has been observed to bring about a change in the
austenite–martensitic (AM) transition behaviour as well as in
the magnetic properties of Ni–Mn–Sn Heusler compounds in
the bulk and ribbon forms [27–32]. The phase transformation
and magnetic properties in Heusler thin films are strongly
dependent upon on the various deposition parameters such
as composition, substrate temperature, gas pressure, and target
to substrate distance [24]. Machavarapu et al. reported a rela-
tively large exchange bias field of 139 Oe at 5 K in Ni–Co–
Mn–Sn thin films compared to the reported exchange bias
field of 41 Oe at 2 K in Ni–Mn–Sn films [33, 34]. 'Co' sub-
stitution in Ni–Mn–Sn films was studied by Modak et al., and
they reported more than 3.8-fold increase in the magnetic
entropy change and 8.9-fold increase in refrigeration capacity
and shift of TC towards higher temperature due to Co substi-
tution [35]. Golub et al. studied the magnetic properties of
Ni46Mn36.8Sn11.4Co5.8 epitaxial film by ferromagnetic reso-
nance to understand the magnetic interactions of the twinned
martensite phase [36].

The properties of full Heusler Ni–Mn–Sn compounds are
extremely sensitive to the compositional variation. Although
the austenite phase of Ni–Mn–Sn full Heuslers exhibits L21
structure, but the structure of the martensitic phase is depen-
dent on the Sn concentration. Krenke et al. [37] showed that in
Ni50Mn50−xSnx (x varies from 5 to 25) bulk alloys, the mar-
tensitic phase structure varies as 10M, 14M, or L10 with the
increase of Sn concentration. They emphasized on the pres-
ence of FM interactions in the M-phase for the occurrence of
the MSME for the alloys with x = 13 and 15. They also de-
rived the e/a dependence of theMT, and reported that for e/a >
8.1, the Ni50Mn50−xSnx system is in the martensitic state at
room temperature. The Curie temperature of both the A-
phase and M-phase decreases with the increase of the e/a
value; however, the decrease of the TCM of the M-phase is
more rapid than that of the TCA of the austenite phase and
TCM is expected to disappear for e/a = 8.2, i.e. x = 10 [37].
Tao et al. [38] studied the Ni50−xMn41+xSn9 (x = 0–19) alloys
from Ni-rich to Mn-rich composition. They observed the oc-
currence of MT only in the Mn-rich alloys with 11 ≤ x ≤ 17
and no γ phase till x = 17. The magnetization change across
MT was largest for the composition Ni37Mn54Sn9 (ΔM =
44 Am2/kg). Aydogdu et al. [39] investigated the composi-
tional variation of Sn content on the magnetostructural behav-
iour of Ni50Mn40−xSn10+x (x = 0, 1, 2, 3) alloys and found that
the MT temperature as well as saturation magnetization de-
creases with the increase of Sn content. Sokolovskiy et al. [40]
investigated the influence of chemical and structural disorder
in Ni-rich Ni–Mn–Sn alloys using ab initio calculations and
was able to explain the observed variation of the Curie tem-
perature of the FM region by intermixing of the Mn and Sn in
their sublattices. Recently, Kundu and Ghosh [41] have
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reported the effect of different parameters like site occupancy,
composition, and magnetic structure on the martensitic transi-
tion of Mn2Ni1+xSn1−x alloys where they showed the crucial
role of the 4d site occupancies in the inverse Heusler systems.
FM interactions between Mn at (¼,¼,¼) sites and Mn at the
Sn sites stabilize the austenite phase. However, due to the
decrease of the interatomic distances under structural distor-
tion of the MT, there arise AFM exchange interactions be-
tween them that strengthen the competing Jahn–Teller effect
and result in stabilizing the martensite phase. The Ni atoms at
the Sn site weaken the covalent bonding between the Mn, Ni,
and Sn atoms in their original sites and thus aid in the de-
stabilization of the austenite phase. This study brings forth
the delicate balance of Ni and Mn atoms at the 4d sites (i.e.
the Sn sites) or in the other words the importance of the Ni–
Mn hybridisation in the stability of the martensite phase. This
study was able to explain to an extent the discrepancies be-
tween the experimental observations that reported the stability
of the austenite phase down to very low temperature and the
earlier DFT calculations which predicted a stable martensite
phase at low temperatures in Mn-rich Ni–Mn–Sn systems
[41].

Very limited studies are available on the Cr substitution at
Ni/Mn sites in the Ni–Mn–Sn/Mn–Ni–Sn compounds.
Pandey et al. [27, 28] observed a large inverse magnetocaloric
effect (~ 35 J/kg K) and giant magnetoresistance (~ 67%) in
Ni45Mn43CrSn11 bulk alloys along with a shift of 30 K in the
MT temperature with the application of hydrostatic pressure
of 0.95 GPa. Czaja et al. [42] studied the effect of Cr substi-
tution on the magnetocaloric effect in Ni–Mn–Sn alloys and
found that though higher amount of ‘Cr’ gives a broader tem-
perature window for the magnetic entropy change; the refrig-
erant capacity is much smaller than the alloy with lower Cr
concentration. Recently, we have also observed an enhance-
ment in the ferromagnetism in Cr-substituted Mn48+xCr3
−xNi39Sn11 (x = 0, 1) ribbons and brought forth the crucial role
played by the amount of Cr substitution and critical Mn/Cr
ratio which overall affected the magnetic and electrical trans-
port properties in these alloys [43]. Despite these studies on
bulk compounds, there is hardly any study on the Cr substitu-
tion at Ni/Mn sites in Ni–Mn–Sn thin films. Since the
clamping effect of the substrate and the associated degree of
strain provide additional degree of freedom to tune the mag-
netic and transport properties, therefore thin films naturally
attain added importance. In view of this, we have attempted
to optimize the conditions for the growth of Cr substituted Ni–
Mn–Sn thin films on MgO (100) substrates (lattice parameter
4.216 Å). In the present work, we report our studies on the
growth of Cr-substituted Ni–Mn–Sn thin films on (100)-ori-
ented MgO substrate and its structural, magnetic, and
magnetotransport properties. To reduce the substrate-induced
strain, MgO (100) substrate which has low lattice mismatch
with Ni–Mn–Sn system was chosen with the growth

relationship between the film and the substrate that is film
(110)//MgO (100).

2 Experimental

High-quality Ni–Mn–Cr–Sn thin films (thicknesses ~ 400 nm)
were deposited on the single crystal MgO (100) substrates
from commercial ~ 2-in.-diameter target by ultrahigh vacuum
(UHV) dc magnetron sputtering having load lock facility (The
UHV chamber is made in India and assembled with magnetic
guns from Angstrom Sciences, Turbo-molecular pump from
Pfeiffer and DC power supply from MAG Puls.). Before de-
position of the films, the deposition chamber was cleaned by
attaining a vacuum of up to ~ 10−9 mbar and then flushed
twice by 6 N pure Ar. Prior to deposition, the MgO substrates
were cut in size of 3 × 5 mm2 and ultrasonically cleaned in
acetone, isopropyl alcohol, and finally in doubled distilled
water couple of times to remove any surface contamination.
As the traces of impurities, particularly oxygen is detrimental
to the structure and magnetoelectrical properties of Ni–Mn–
Cr–Sn thin films so the MgO substrates were first placed in
load lock chamber at ~ 200 °C for 6 h at a base vacuum of ~
5 × 10−6 mbar. After that, the MgO substrates were transferred
to the deposition chamber (base vacuum of ~ 5 × 10−9 mbar)
and left for a couple of hours. The substrates were heated from
room temperature to 500 °C in 1 h and kept at 500 °C for 2 h to
prepare the surface for growth of Ni–Mn–Cr–Sn thin films.

To obtain the optimum deposition condition, we tried
many rounds of thin film deposition by varying the depo-
sition temperature and gas pressure. For a low gas pres-
sure of ~ 7 × 10−3 mbar, the optimum temperature was
found to be 800 °C for obtaining a good crystalline Ni–
Mn–Cr–Sn film. So the Ni–Mn–Cr–Sn thin films were
deposited on MgO substrate at 40 W dc power at a dy-
namic 6 N pure Argon gas pressure of ~ 7 × 10−3 mbar at
~ 20 sccm flow rate. To have uniform deposition, the sub-
strate holder was rotated at 10 rpm. After deposition, the
films were kept at 800 °C for 1 h and were then trans-
ferred to load lock chamber and kept there for couple of
hours before taking them out for further characterization.
The thickness was calculated by making steps and mea-
suring step height through AFM' (Atomic Force
Microscopy) and stylus profilometer. The as-synthesized
Ni–Mn–Cr–Sn thin films were subjected to structural and
microstructural characterization through high-resolution
X-ray diffraction, field electron scanning electron micros-
copy, energy-dispersive X-ray spectroscopy (EDS), and
atomic/magnetic force microscopy. Magnetic characteriza-
tion was done by SQUID magnetometer (MPME-XL,
Quantum Design), and magnetotransport was measured
by a physical property measurement system (PPMS,
Cryogenics).
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3 Results and Discussion

In the present case, the film thickness is found to be ~ 400 nm.
EDS measurements on the Ni–Mn–Cr–Sn films show that all
the films have nearly even distribution of Cr-rich and Cr-
deficient regions. A typical FESEM (field emission scanning
electron microscope) micrograph depicting the representative
surface morphology of the film is shown in Fig. 1. The film
surface consists of the continuous surface having layered
growth, which is frequently interrupted by surface pits. The
EDS of the pits appearing in the surface reveals an average
composition of Ni50Mn32Cr7Sn11. In contrast, the rest of the
film has an average composition Ni51Mn33Cr5Sn11. This
clearly outlines the fact that there is only slight variation in
the chemical composition of the pits and the rest of the film
and keeping in view the accuracy of EDS the film can be
regarded as chemically homogeneous. However, Sn has better
chemical homogeneity as compared to the rest of the
constituents.

It must be pointed out here that the substitution of Mn ions
at Sn sites enhances AFM order due to the reduced Mn–Mn
distances along the [110] direction and result in a noncollinear
spin structures, which in turn can pin the FM domains in
different configurations and hence give rise to the difference
between the magnetizations measured under different proto-
cols [37]. In view of this, the chemical inhomogeneity ob-
served in the present case may not have any drastic bearing
on the magnetic properties of the films.

The structural aspects of the film are elucidated by the
high-resolution X-ray diffraction (HRXRD) measurements
as shown in Fig. 2. The film shows very intense peaks corre-
sponding to the (002) and (004) planes of the L21 cubic phase.

Absence of any other peak belonging to the cubic phase con-
firms a highly textured growth in [001] direction. The films
grow with the planar relation MgO (100)|| Ni–Mn–Cr–Sn
(110). Thus, the (hh0) planes of the film are parallel to the (h
0 0) plane of MgO. Three other peaks which belong to the
orthorhombic phase, with much smaller intensity than the
(00 l) reflections of the L21 phase, are also seen. The presence
of these small peaks shows that the martensitic phase could be
present in small quantity even at room temperature. The
pseudo-Voigt approximation for fitting the diffraction peaks
yields the half width at full maximum (FWHM) of the (002)
and (004) L21 reflections as 0.689° ± 0.007° and 0.777° ±
0.015°, respectively. In the inset is shown the rocking curve
of the (004) diffraction peak of the L21 phase. Employing the

Fig. 1 FESEM picture showing
the surface morphology of Ni–
Mn–Cr–Sn thin film. The thin
arrowsmark the dominant layered
type surface having average
composition Ni51Mn33Cr5Sn11.
The thick arrows mark the pit like
features which have chemical
composition of Ni50Mn32Cr7Sn11
and interrupt the continuous layer
growth

Fig. 2 The HRXRD ω/2θ scan of the Ni–Mn–Cr–Sn film on MgO (001)
substrate. The peaks marked by the subscript ‘o’ represent to the
orthorhombic phase while the (002) and (004) peaks belong to the L21
cubic phase. The inset shows the rocking curve of the (004) peak



pseudo-Voigt approximation for fitting, the FWHM of this
rocking curve is found to be 0.559° ± 0.001°. The FWHM
values corresponding to the rocking curve show the good
crystalline quality of the thin film. The out-of-plane lattice
constant is determined from the HRXRD spectrum of Fig. 2
using the Bragg equation. The lattice constant of the film is
found to be 5.9691 Å ± 0.0012 Å. These values are slightly
smaller than the one obtained for bulk Ni50Mn35Sn15
(5.995 Å) [37]. The slightly lower value of the unit cell pa-
rameter could possibly be due to substrate-induced effects like
local epitaxial growth and substrate-induced stress.

Further topographical analysis is done by AFM' (atomic
force microscopy) and MFM (magnetic force microscopy)
measurements (Fig. 3). As seen in Fig. 3 (main frame), the
topography of the film has average surface roughness ~
40 nm, which is about ~ 10% of the thickness of the film.
As pointed out in discussion of the FESEM results, one major
source contributing to the roughness is the formation of pits in
the film surface (the darker regions in Figs. 1 and 3), which
has slight deviation in the chemical composition also. The
inset of Fig. 3 shows the MFM image of the film surface.
TheMFM clearly shows very ordered magnetic domain struc-
ture, as evidenced by the presence of well aligned domain
stripes (marked by arrow). The centres of the two successive
stripes are separated by ~ 1.8 μm. The comparison of the

FESEM and AFM' topographs as well as the magnetic struc-
ture in the MFM image demonstrates that formation of pits is
barely able to affect the magnetic order in the film, which
remains in a well-ordered FM state at room temperature. The
absence of any sharp contrast in the regular surface and the
pits in the MFM image also suggests that they possess nearly
similar magnetic behaviour, e.g. nearly identical FM Curie
temperature.

Detailed magnetic characterization was done by tempera-
ture and magnetic field–dependent magnetization (M-T and
M-H) measurements. During the M-T measurements, the
magnetic field (H = 100 Oe) was applied parallel to the film
surface along the longer dimension of the film. The M-T mea-
sured under ZFC (zero-field cooled) and FCW (field cooled
warming) protocols is plotted in Fig. 4. The ferromagnetic
transition temperature (Curie temperature TC) was determined
from the H/M-T plot shown in the inset of Fig. 4. In the
temperature range 355 K < T < 400 K, H/M follows the
Curie law (χ∼ C

TÞ (the blue line shows the Curie law fit to
the experimental data), and in a shorter temperature range
322 K < T < 340 K, it obeys the Curie–Weiss law (χ ¼ CW

T−Tc
Þ

(the navy blue curve). This anomalous magnetization behav-
iour, viz., deviation from the Curie–Weiss law in the higher
temperature regime is really intriguing and could be due to the
complex interplay between the sublattice magnetic orderings.

Fig. 3 (Main frame) AFM' image
showing the topography of the
Ni–Mn–Cr–Sn film on MgO
(001) substrate. (Inset) The MFM
image portraying the magnetic
ordering in these films. Near
identical colour contrast between
the regular surface and pits therein
is suggestive of nearly similar FM
characteristics of the two regions
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The Curie temperature obtained from the best Curie–Weiss fit
(R2 = 0.996) is TC = 321 K. The PM–FM transition is quite
sharp and magnetic moment peaks around T ~ 247 K and then
starts decreasing, first slowly, and then rapidly at T < 200 K.
The decrease in magnetization is due to the onset of the AFM
ordering around the peak, which corresponds to the Neel tem-
perature TN ~ 247 K. In the lower temperature region, the
magnetization (at 10 K of ≈ 38 and ≈ 86 emu/cm3, respective-
ly) for the ZFC and FCW curves clearly pronounces the exis-
tence of a mixed state comprising of FM andAFMorders. The
mixed state has a weak reentrant FM order as shown by slight
increase in the FCW magnetization below 50 K (marked by
blue arrow). Another interesting feature is the divergence of
ZFC and FCW M-T curves which appears at T ~ 290 K but
becomes prominent in the lower temperature region, where
the AFM–FM coexistence dominates. This is clearly sugges-
tive of the existence of a glassy state.

To extract more information regarding the magnetic order-
ing in the different temperature regimes, we measured the
magnetic field–dependent magnetization (M-H) at several
temperatures at T < TC. Some of the representative M-H
curves taken at different temperatures are shown in Fig. 5.
None of the M-H loops exhibit any saturation up to 600 Oe,
but the maximum moment is observed just above TN. It is
observed that the M-H loop at 10 K narrows down at low
fields and then slightly widens and closes. Such behaviour is
due to the presence of much larger AFM fraction than FM
fraction. Consequently, the EB is considerably lowered.

The different parameters of the M-H loops have
been extracted and analysed in detail. The remanent magneti-

zation ð M r ¼ M r1−M r2
2 ; whereMr1 andMr2 are the positive and

negative remanence respectively) is plotted in Fig. 6. As the

temperature is lowered below TC, the M-H loops open up. Mr

peaks around 200K− 150K, i.e. at temperaturesmuch belowTN.
The coercivity (HC ¼ H c1−H c2

2 , where HC1 and HC2 are the
positive and negative cycle coercivity) is seen to increase till
about T ~ 50 K and then decreases. The variation of the pos-
itive and negative coercivity (HC1 and HC2) and the coercivity
(HC) is plotted in Fig. 7. From Fig. 7a, it is clear that on
lowering the temperature, both scale linearly but asymmetri-
cally till T ~ 50 K and then the both turn negative in the lower
temperature region. The asymmetry in the values of HC1 and
HC2 and their negative values at T = 10 K clearly shows the
presence of exchange bias (EB) effect in the film. The EB is
prevalent throughout the temperature region T < TC but is
more pronounced at lower temperatures. This clearly confirms
the presence of AFM clusters at all T < TC. This agree well
with the structural data as unravelled by the XRD. Fig 7b

shows the temperature dependence of the coercivity HC ¼
H c1−Hc2

2 and a linear fit to the experimental data. The best linear
fit of the type HC =H0 +HCTT yields H0 = 153 ± 6 Oe and
temperature coefficient HCT = −0.47 ± 0.03 Oe/K.

Exchange bias is a characteristic of heterostructures/
heterointerfaces (either artificial or natural) comprising of
AFM and FM faces, wherein the exchange coupling between
them produces a stable FM behaviour with high degree of
anisotropy which may be unidirectional or uniaxial. In EB
systems, the hysteresis loop associated with the FM/AFM
heterostructure is generally centred about a nonzero magnetic
field. The shift in HC is attributed to large anisotropy associ-
ated with AFM and a weaker exchange energy coupling be-
tween the FM and AFM, and its magnitude is equal to the
effective field associated with the interlayer exchange. The

EB field defined as HEB ¼ HC1þHC2
2 is given in terms of the

saturation magnetization (MS), the thickness (dF) of the FM,
and J the interlayer exchange constant by [44]

HEB ¼ HC1 þ HC2

2
¼ −

J
MSd F

:

As seen in the M-H loops, the MS decreases with the low-
ering of the temperature and hence higher value of HEB. The
temperature dependence of the EB field is plotted in Fig. 8.
The magnitude of the EB field is the highest at T << TN and its
decreases sharply as the temperature approaches ~ 100 K. In
general, the EB and the associated field are known to decrease
with the increase in temperature; however, in case of Heusler
alloys, it is not well investigated and understood. In view of
the above expression, it appears that one of the factors respon-
sible for decrease in the HEB is due to the decrease in the AFM
phase fraction contribution to the FM/AFM interfaces. This
leads to (i) the weakening of the exchange coupling between
the FM and AFM phases [44], (ii) increase in the MS (as
indicated by the M-H loops in Fig. 5), and (iii) increase in

3300 J Supercond Nov Magn (2019) 32:3295–3304

Fig. 4 (Main frame) ZFC and FCW magnetization measured at H =
100 Oe. The inset shows the Curie and Curie–Weiss law fits to the
H/M-T data. For details see the text
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Fig. 5 Magnetic field–dependent magnetization (M-H) measured at different temperatures. For details of analysis, see the text

Fig. 6 a Temperature dependence
of positive and negative
remanence and b temperature-
dependent average remanence
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the thickness of the FM layers. All these factors lead to de-
crease in HEB. Although, not exactly similar, but our results
closely resemble that of Nayak et al. in case of bulk Mn2PtIn
[45].

The HEB–T data has been fitted with empirical relation
HEB =HEB0 + ζeβT. HEB0 is the EB field at temperature ap-
proaching infinity (high temperature); the coefficient ζ could
be related to the exchange coupling. The best fitting (R2 =
0.99964) parameters are found to be HEB0 = − 3.68 ±
0.18 Oe, ζ = − 83.43 ± 1.05 Oe, and β = − 0.042 ± 0.001.
Here we would like to point out that the origin of EB effect
is also attributed to the glassy state [46], which is also an
outcome of the FM and AFM interaction.

We have carried electrical transport studies to figure out the
consequences of the changes in the magnetic phase profile on
the charge transport and hence the nature of conduction in the
f i lm . We have a l s o mea s u r e d t h e i s o t h e rma l

magnetoresistance at several temperatures throughout the
temperature range. The temperature-dependent resistivity (ρ–
T) measured during cooling and warming is plotted in Fig. 9.
The ρ–T follows metallic temperature dependence between
350 K and 240 K, and then it reverses the trend and shows a
semiconductor like behaviour as T is lowered below TAMs ≈
219 K. A peak is seen in the ρ–T curve at TAMf ≈ 40 K, which
is followed by a reentrant weak metallic behaviour at T <
36 K. In the beginning of the warming cycle, the resistivity
rises reversibly and peaks at TMAs ≈ 62 K. As the temperature
is raised further up the resistivity shows a semiconductor like
behaviour and changes slope at TMAf ≈ 248 K. At T > TMAf,
the ρ–T curve remains metallic up to 350 K. Here the temper-
ature TAMs ≈ 219 K marks the beginning of the martensitic
transition which finishes at TAMf ≈ 40 K in the cooling cycle.

Fig. 7 a Temperature dependence
of the positive and negative
coercivity, HC1 and HC2, and b
temperature dependence of HC

and a linear fit to it using eq.HC =
H0 +HCTT

Fig. 9 Temperature dependence of resistivity measured during the
cooling and warming cycle. Various transitions as discussed in the text
are marked by arrow

Fig. 8 Temperature dependence of the exchange bias field (HEB). The
experimental data is best fitted (blue solid line) by an empirical expression
of the type HEB =HEB0 + ζeβT



Clearly, the reverse martensite to austenite transition begins at
TMAs ≈ 62 K and finishes at TMAf ≈ 248 K. The reentrant me-
tallic behaviour in the lower temperature regime is possible
due to reentrant FM order. The hysteretic region in the ρ–T
curve marks the regions which are dominated by the martens-
itic phase which appears to have a mixed magnetic profile
with coexisting AFM and FM clusters.

The magnetic field dependence of resistivity (ρ–H) was
measured at several temperatures in the temperature range
10 K ≤ T ≤ 300 K, and some representative normalized ρ–H

plots are shown in Fig. 10. The normalized resistivity ( ρ Hð Þ
ρ H¼0ð Þ )

has been plotted to highlight the comparative behaviour. At
300 K, where the electronic phase is by dominated austenite-
FM with small fraction of the martensite phase (as evidenced
by the XRD but not reflected in the M-T and ρ–T measure-
ments), the resistivity shows a linear ρ~H dependence without
any hysteresis between the field increasing/decreasing cycles.
The maximum magnetoresistance is MR ~ 2.46% at H =
50 kOe. At 240 K, the ρ–H behaviour becomes hysteretic
and MR slightly increases to ~ 2.59%. The ρ–H hysteresis
widens with a concomitant increase in the MR as the temper-
ature is lowered further and at 150 K MR ~ 3.25%. As the
temperature is lowered further down, the ρ–H hysteresis
squeezes considerably and the MR decreases. For example,
at T = 50 K and 10 K, the hysteresis gets successively
narrower and MR ~ 1.54% and 1.14%, respectively. The ρ–
H measurements show that MR peaks in the regions just be-
low the TN, that is, in the region where the FM and AFM

phases coexist most delicately. While in the glassy regime,
the MR is the lowest. Thus, the ρ–H data brings out that a
magnetic liquid like state is conducive to the higher MR. Here
we would like to mention that the magnitude of the MR is
lower than reported values in case of Ni–Mn–Sn bulk samples
of nearly similar composition [47] and but higher than other
Heusler alloys like Fe2CoSi [48]. In fact MR, though small in
the present, thin films is comparable to the values obtained in
case of the best of epitaxial thin films of Heusler alloys [49].

4 Conclusions

The structural, magnetic, and electrical properties of Cr-
substituted Ni55Mn34Sn11 Heusler thin films having thick-
ness~ 400nmwere studied.These filmsweregrownonMgO
(100) single crystal substrates by dcmagnetron sputtering in
anUHVchamber having load lock facility.The films showed
Cr-rich and Cr-deficit regions dispersed all over the surface.
Intense peaks corresponding to (002) and (004) planes of the
L21 cubic phase confirm highly oriented growth in the [001]
direction. However, some small intensity peaks correspond-
ing to the orthorhombic phase signature the presence of a
small fraction of the martensitic phase even at room temper-
ature. The calculated out-of-plane lattice parameter is ~
5.9691 Å ± 0.0012 Å. Room temperature MFM studies re-
veal thepresence of aligned strippedmagnetic domains in the
films and brings out their FM character. The Curie tempera-
ture of the austenite phase is observed atTC~ 321Kand in the
higher temperature regime, i.e. for T > 350 K, the magnetic
nature of the films deviate from the Curie–Weiss behaviour.
Divergence of the ZFC/FCW curves and the decrease of
magnetization at T < 290 K together with the presence of
remanent magnetization at low temperatures suggest the co-
existence of antiferromagnetic/ferromagnetic phases and
spin glass state. The presence of exchange bias behaviour
in the lower temperature region is confirmed by the asym-
metrical coercivities. The value of HEB peaks at T << TN and
then decreases as the temperature rises. This agreeswell with
the standard equation HEB ¼ − J

MSd F
[44]. The austenite to

martensite transformation starts at TAMs ≈ 219Kand finishes
at TAMf ≈ 40 K, whereas the reverse martensitic transforma-
tion occurs at TMAs ≈ 62 K and finishes at TMAf ≈ 248 K. The
metallic behaviour of the films changes to semiconducting
nature with the lowering of temperature. It is interesting to
note the occurrence of aweak reentrantmetallic behaviour in
the region exhibiting reentrant FM at T < 36 K (during
cooling) andup toT~ 62K (duringwarming). Themaximum
MR values of ≈ 3.25% and ≈ 2.59% for H = 50 kOe in the
present films are observed at 150 K and 240 K respectively,
i.e. at T < TN region, where there is a delicate coexistence of
AFM and FM phases.
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Fig. 10 Magnetic field (H) dependence of resistivity measured during
warming cycle at several temperatures (isothermal magnetoresistance).
Here for the sake of clarity in comparison the normalized resistivity is

given by ρnormalized ¼ ρ H¼0ð Þ
ρ Hð Þ

has been plotted
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