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A thickness dependent exchange bias in the low temperature martensitic state of
epitaxial Ni-Mn-Sn thin films is found. The effect can be retained down to very
small thicknesses. For a Ni50 Mn32 Sn18 thin film, which does not undergo a martensitic transformation, no exchange bias is observed. Our results suggest that a significant interplay between ferromagnetic and antiferromagnetic regions, which is
the origin for exchange bias, is only present in the martensite. The finding is supported by ab initio calculations showing that the antiferromagnetic order is stabiC 2013 Author(s). All article content, except where otherwise
lized in the phase. 
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4849795]

In 1956 Meiklejohn and Bean discovered exchange bias (EB) by studying Co particles embedded in their native antiferromagnetic oxide (CoO).1 Since then the EB itself and the materials
exhibiting this effect have been studied extensively in order to evaluate potential applications in
spin-electronic devices.2 The effect is characterized by a shift of the magnetic hysteresis loops for
coupled antiferromagnet-ferromagnet systems when it is cooled through the Néel temperature (TN )
of the antiferromagnet in presence of a magnetic field.1, 2 The origin of the shift is the unidirectional anisotropy generated by the coupling of ferromagnetic and antiferromagnetic subsystems at
their interface. Therefore, the EB is observed in many systems with antiferromagnet-ferromagnet
interfaces, such as spin glasses,3 nanoparticles4 and bilayers.5 Given the trend of miniaturization in
electronics, there is currently a focus on the EB effect in small-scale systems such as thin films.
Ferromagnetic shape memory alloys (FSMAs) form another interesting material class with high
potential for applications.6 One fascinating group of FSMAs are the Ni-Mn-X (X = Sn, In, Ga and
Sb) full Heusler alloys, that exhibit multifunctional properties such as magnetic-field induced strain
and a large magnetocaloric effect (MCE), both of which are associated with a first-order austenite
to martensite structural transition.7, 8 Detailed studies on the magnetic and structural properties of
bulk- and thin-film FSMAs have been reported in literature.9, 10 In particular, thin-films FSMAs are
actively studied for use as microactuators or as high-capacity cooling devices.11
In this paper we have studied in detail the EB effect in the FSMA system Ni-Mn-Sn. For
bulk and thick film Ni-Mn-Sn the appearance of EB in the martensitic phase of the system has
been reported earlier12, 13 with varying magnitudes for the hysteresis loop shift. Because such a
single-phase system possesses a significant EB it can potentially simplify the production process
of EB devices as compared to the conventional process involving a two-layer system. However, the
thickness of thin-films plays an important role for many effects and the magnetic properties.11 In
previous literature, the influence of the film thickness on EB in thin Ni-Mn-X (X = Sn, In and Sb)
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TABLE I. Lattice parameters a of five different Ni-Mn-Sn samples.

Sample A
Sample B
Sample C
Sample D
Sample E

Composition

Thickness d [nm]

Lattice parameter a [nm]

Ni52 Mn33.3 Sn14.7
Ni51.6 Mn32.9 Sn15.5
Ni51.6 Mn32.9 Sn15.5
Ni51.6 Mn32.9 Sn15.5
Ni50 Mn32 Sn18

30
50
100
200
100

0.598
0.599
0.599
0.599
0.600

systems has not yet been reported. Therefore, we have investigated the EB effect and its dependence
on the film thickness in the martensitic state of epitaxial Ni-Mn-Sn thin films. For this purpose, we
prepared five Ni-Mn-Sn films varying in composition and in film thickness (cf. Table I).
The thin films were deposited by DC co-sputtering from elemental targets on MgO(001) substrates. The base pressure in the vacuum chamber was typically better than pvac = 5 · 10−9 mbar and
the argon pressure during the sputter process was psputt = 2 · 10−3 mbar. The 3 in. sputter sources
were arranged in confocal sputter-up geometry. The inclination angle of the sources was α = 30◦ and
the target to substrate distance was dTarget = 21 cm. The Ni, Mn and Sn targets had a purity of 4N.
The deposition rate was r = 0.23 nm · s−1 and during the Ni-Mn-Sn deposition, the temperature of
the substrate was T = 600◦ C. We refer to samples A, B, C and D that were capped by an MgO layer
with a thickness of dMgO = 2 nm deposited by e-beam evaporation. The composition and thickness of
the films was determined by X-ray fluorescence (XRF) and X-ray reflectivity (XRR) measurements,
respectively. The crystal structure was identified by a Philips X’Pert Pro MPD diffractometer using
Cu-Kα radiation with λ = 0.15419 nm at room temperature. The magnetic data were measured using
a VSM (PPMS, Quantum Design) in a temperature range 10 K ≤ T ≤ 370 K and under in-plane
magnetic fields from μ0 H = 10 mT to μ0 H = 1 T. To determine the coercivity of the magnetic
hysteresis, the samples were re-measured using a SQUID magnetometer (MPMS, Quantum Design)
to avoid small artifact loop shifts originating from the VSM measurement technique.
The magnetization measurements for zero field cooling (ZFC) and field cooling (FC) were taken
in a magnetic field of μ0 H = 10 mT. For the ZFC curves, the samples were first cooled in zero field
from T = 350 K to T = 10 K and then heated up to 350 K in a field of μ0 H = 10 mT while recording
the data. The FC curves were measured while heating from T = 10 K up to T = 350 K in a field
of μ0 H = 10 mT after first cooling the samples in a magnetic field with 1 T ≤ μ0 H ≤ 5 T from
T = 350 K to T = 10 K.
The lattice parameters of Ni50.000 Mn34.375 Sn15.625 were calculated using density functional theory with the projector augmented-wave (PAW) method14 as implemented in the Vienna ab initio
simulation package (VASP).15 We used the generalized gradient approximation (GGA)16 to calculate
the total energies and forces. An energy cutoff of 400 eV is used to truncate the plane wave expansion
and a k-point grid of 10 × 10 × 10 is used for Brillouin zone sampling. The Methfessel-Paxton
scheme17 with a width of 0.15 eV is used for the force calculations.
To model the random alloy, we have used the concept of special quasirandom structures (SQS)
as proposed by Zunger et al.18 These are specially designed periodic structures that closely mimic the
correlation functions of the infinite random substitutional alloys with a limited number of atoms per
unit cell. More specifically we have used the Alloy Theoretic Automated Toolkit (ATAT) package19
to generate a 32-atom SQS of ternary Ni50 Mn34.375 Sn15.625 in which the extra Mn replacing the Sn
and mix randomly with the remaining Sn in one sublattice (here, Z sites for L21 X2 YZ).
The θ -2θ scans for both samples (Fig. 1) confirm that an austenitic Ni-Mn-Sn phase is the
dominating phase at room temperature.
The indexed austenitic state has a cubic L21 -type crystal structure with different lattice parameters as shown in Table I.
These results are in good agreement with our DFT calculations on Ni50.000 Mn34.375 Sn15.625 ,
where at T = 0 K we calculated a = 0.5972 nm for the lattice constant of the cubic austenite. It
was observed in experiments that the lattice parameter for the austenite hardly changes within the
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FIG. 1. XRD pattern of a dA = 30 nm (sample A) thick Ni52 Mn33.3 Sn14.7 film, Ni51.6 Mn32.9 Sn15.5 films with thicknesses
dB = 50 nm (sample B), dC = 100 nm (sample C), dD = 200 nm (sample D) and a dC = 100 nm thick Ni50 Mn32 Sn18 film
(sample E).

temperature interval from T = 240 K to T = 290 K.20 This provides a basis for the comparability
of our calculated lattice constant with the finite temperature experimental results. In all samples a
small amount of another phase (XRD peak at 2θ = 51◦ ) was present. The data are consistent with an
antiferromagnetic L10 NiMn phase.21 Due to 360◦ φ-scans of the (002) peak (not shown), the films
can be assumed to be epitaxial.
Figure 2 shows the temperature dependence of the magnetization of all five samples for cooling
and heating in a magnetic field of μ0 H = 10 mT.
The cooling curve of sample A shows a sharp increase of the magnetization with decreasing
temperature due to the magnetic transition of the austenitic state with TC,A = 302 K (Fig. 2(a)).
The magnetization reaches a maximum and decreases upon further cooling until a local minimum is
reached. At even lower temperatures the magnetization increases again. The origin of this behavior is
a structural transition from the austenite to the martensite state, which is superposed with a magnetic
transition in the martensite state. Below T = 110 K the magnetization is constant. Furthermore, the
heating and the cooling curves show a hysteresis between T = 135 K and T = 273 K, which can
be ascribed to a first-order structural transition. The maximum close to TC,A of the heating curve
does not reach the value obtained during cooling due to the fact that the magnetic transition of the
austenitic state (i.e. a decrease of magnetization at TC,A ) superposes the structural transition from
martensite to austenite. Samples B, C and D show a similar temperature dependent behavior of the
magnetization as sample A (Fig. 2(b)–2(d)). Sample B undergoes the paramagnetic to ferromagnetic
transition at TC,B = 308 K. The magnetization curves again show differences between the heating
and cooling curves due to the structural transition from austenite to martensite, which is associated
with hysteresis. In the case of samples C and D the structural transition can be better resolved.
During cooling, the alloys transform from paramagnetic austenite to ferromagnetic austenite (TC,C
= TC,D = 307 K), followed by a structural transition into a ferromagnetic martensite. Additionally
to the superposition of structural and magnetic transition, the shape of the hysteresis is influenced
by the grain size and the number of grain boundaries in the thin films. For similar Ni-Mn-Sn thin
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FIG. 2. Temperature dependence (cooling and heating) of the magnetization of a (a) dA = 30 nm (sample A), (b) dB
= 50 nm (sample B), (c) dC = 100 nm (sample C) and (d) dD = 200 nm thick (sample D) NiMnSn film under a magnetic
field of μ0 H = 10 mT. The inset of (c) shows the temperature dependent magnetization of sample E (dE = 100 nm).

films was shown that in thin films which showed just a slight signature of the phase transformation
(c.f. Fig. 2(a)), the transformation was hindered by a large number a grain boundaries.22 With
increasing film thickness the grain size increases and from a certain value for the grain size a
complete martensitic transformation can take place. This can be seen in a well-shaped hysteresis (c.f.
Fig. 2(d)). The magnetic behavior of sample E (inset of Fig. 2(c)) differs significantly. The curve
shows a magnetic transition from paramagnetic to ferromagnetic phase with TC,E = 316 K. Due
to the fact that there are no deviations between the magnetization while cooling and heating, we
conclude that sample E does not undergo a structural transition because of the enhanced Sn content
in comparison to the other samples.6
For a better understanding of the magnetic interaction in these alloys, we measured ZFC and
FC (μ0 HFC = 1 T) heating curves of the magnetization in a magnetic field of μ0 H = 10 mT (Fig. 3).
In the region of the martensitic state the ZFC and the FC curves of samples A-D differ significantly (Fig. 3(a)–3(d)). After ZFC of sample A and B the magnetization is nearly constant until T
= 50 K with increasing temperature (Fig. 3(a)). With further heating the magnetization increases.
The slope of the magnetization changes at T = 200 K for sample B. Heating above T = 270 K in the
case of sample A and above T = 250 K for sample B induces the magnetic transition from ferromagnetic to paramagnetic phase. In contrast, the magnetization of the FC heating curve decreases with
increasing temperature over the same range. In the case of sample A the slope of the magnetization
changes above T = 200 K. From approximately T = 300 K (sample A) and T = 255 K onwards both
curves lie on top of each other. For samples C and D, the structural transition can be resolved in the
magnetic measurements (Fig. 2(c) and 2(d)). It can be seen that a difference between ZFC and FC
curves occurs below the temperature at which the martensite to austenite transformation starts and
thereby the magnetization increases. After the samples start to transform into the austenitic state the
curves in both cases are coincident. Below the martensite start temperature the magnetization after
FC decreases while heating. The magnetization after ZFC is constant below T = 50 K. With further
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FIG. 3. Temperature dependent magnetization after ZFC and FC of Ni52 Mn33.3 Sn14.7 and Ni51.6 Mn32.9 Sn15.5 films with
(a) dA = 30 nm (sample A), (b) dB = 50 nm (sample B), (c) dC = 100 nm (sample C) and (d) dD = 200 nm (sample D)
under a magnetic field of μ0 H = 10 mT. The magnetization (measured under the same conditions) of the Ni50 Mn32 Sn18 (dE
= 100 nm) film (sample E) is shown as inset in (c).

heating the magnetization increases. The ZFC heating data of samples B-E below T = 20 K are
influenced by paramagnetic contamination of the substrate through Fe atoms.
We attribute the origin of difference between the two curves to the existence of different
magnetic phases during ZFC and FC. It was observed experimentally by neutron diffraction for Mnrich Ni-Mn-Sn alloys that the Mn atoms on regular Mn sites have ferromagnetic (FM) interactions
between each other and the Mn atoms that are occupying the Sn sites have antiferromagnetic (AFM)
interactions to the surrounding Mn atoms.23 The different interactions between the Mn atoms lead
to the assumption that two inhomogeneously distributed magnetic phases (AFM and FM) coexist.10
The cooling of the system leads to the pinning of the FM regions by neighboring AFM ones. As
a consequence after cooling in the absence of an external magnetic field the overall magnetization
averages to zero due to the AFM interactions. In the case of field cooling the system, the FM domains
become pinned in several directions, inter alia along the external field direction. The increase of the
magnetization after ZFC above approximately T = 50 K with increasing temperature indicates that
this pinning loses dominance. We interpret this temperature as the blocking temperature TB ; for T
> TB the EB effect vanishes.
To investigate the role of the minority NiMn (cf. x-ray scans Fig. 1), which could in principle
also yield AFM contributions, we additionally measured ZFC heating and FC heating curves for
sample E (Inset of Fig. 3(c)). Note that there is no structural transition present in this thin film. In
distinction to samples A-D, the magnetization curves after ZFC and FC of sample E do not show
any difference. Although there is an AFM minority phase embedded in the FM austenite of sample
E, there is no appearance of EB in this sample. This leads us to the conclusion that the martensitic
transition in samples A-D is needed for EB in this single-layer system and that the NiMn phase can
be excluded as a source of the EB effect.
To get a clearer picture on the role of the martensitic transition for the occurrence of EB
effect, we have also employed ab initio based computational methods. The motive is to understand

122112-6

Behler et al.

AIP Advances 3, 122112 (2013)

FIG. 4. Energy required to flip the spin of one extra Mn atom sitting on the Sn sub-lattice for the austenite and martensite
state in a Ni50 Mnx Sn50-x alloy.

the mechanism that suppresses EB in the austenite state. For such a study, we have chosen four
different compositions, which are Ni50 Mn28.125 Sn21.875 , Ni50 Mn31.25 Sn18.75 , Ni50 Mn34.375 Sn15.625
and Ni50 Mn37.5 Sn12.5 . In order to simulate the off-stoichiometric compositions, we have constructed
an SQS for each composition. As already discussed above, the extra Mn atoms sitting on the Sn
sub-lattice are in the ground-state arrangement antiferromagnetically coupled to the Mn atoms sitting
on the Mn sub-lattice, which is decisive for the EB. In order to estimate the stability of the AFM
configuration in presence of an external magnetic field, we have considered two different orientations
of the magnetic moments for the excess Mn atoms occupying the Sn sub-lattice: in the first case, we
have considered the ground-state AFM, whereas in the second case, the orientation between the Mn
atoms sitting on different sub-lattices is FM.
We have calculated the equilibrium lattice parameters for the cubic austenite state for all four
compositions and for the martensite state for those compositions at which the state is formed. In
our calculations a clear martensite state is only observed for the Ni50 Mn37.5 Sn12.5 composition,
which has a tetragonal structure with c/a = 1.29. The Ni50 Mn34.375 Sn15.625 composition is at the
edge of the stability region of the martensite state with slight tetragonal deformation (c/a = 1.01).
For those crystal structures, we have calculated the energy difference between the two different
magnetic configurations in both austenite and martensite states. It can be seen in Fig. 4 that the
energy required to flip the spin of one extra Mn atom sitting on the Sn sub-lattice never exceeds
60 meV for the austenite state at any composition. On the other hand, similar calculations for the
martensite state of Ni50 Mn37.5 Sn12.5 gives an energy difference of 193 meV, which is more than
three-fold the value of the austenite state. For Ni50 Mn34.375 Sn15.625 the energy difference to the
austenite is not that high due to the small tetragonal deformation in this case. These results suggest
that the martensitic transition stabilizes the AFM spin configuration for the extra Mn atoms sitting
on Sn sub-lattice. Since the energy required to change the magnetic configuration for the extra Mn
atoms on Sn sub-lattice from AFM to FM is rather low in the austenite state, the atoms will more
easily follow an external magnetic field. Hence, the exchange bias will be suppressed in this case.
In contrast to that, the required energy to change the magnetic configuration is much higher in the
martensite state. Therefore, an external magnetic field will mainly influence the FM regions, whereas
the AFM regions will remain unaffected. Hence, FM and AFM regions can coexist and couple in
the martensite state and thus an EB effect is observed.
To confirm the exchange bias effect we measured magnetization hysteresis loops at T = 10 K
after ZFC which are shown in Fig. 5.
The magnetic hysteresis loops of samples A, B, C and D are clearly shifted along the positive
magnetic field axis. The values of the EB field are calculated using HEB = |HC1 + HC2 |/2, where HC1
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TABLE II. Comparison of composition, thickness, EB field and coercivity of different Ni-Mn-Sn thin film samples.

Sample A
Sample B
Sample C
Sample D

Composition

d [nm]

μ0 HEB, ZFC [mT]

μ0 HC, ZFC [mT]

Ni52 Mn33.3 Sn14.7
Ni51.6 Mn32.9 Sn15.5
Ni51.6 Mn32.9 Sn15.5
Ni51.6 Mn32.9 Sn15.5

30
50
100
200

14
28.9
34.7
43.4

6.6
9.3
13.1
30.1

FIG. 5. Magnetization hysteresis loops of (a) a Ni52 Mn33.3 Sn14.7 thin films (dA = 30 nm), (b–d) Ni51.6 Mn32.9 Sn15.5 films
(dB = 50 nm, dC = 100 nm and dD = 200 nm) and (e) a Ni50 Mn32 Sn18 (dE = 100 nm) film measured at 10 K after ZFC
(VSM measurements). The insets show an enlarged view of the central region of the loops.

and HC2 are the magnetic fields at which the magnetization becomes zero (HC1 and HC2 are taken
from SQUID measurements, not shown). The EB fields for samples A-D are shown in Table II and
Fig. 6. HEB shows a dependence on the film thickness. While decreasing the thickness, the value of
the loop shift also decreases. However, a strong unidirectional anisotropy can be observed down to
very thin films. As expected, the hysteresis loop of sample E is not shifted due to the fact that in
this sample EB is not present. The hysteresis loops of samples A, B, C and D differ in their shape
from the one of sample E. In the case of samples A-D the magnetization hysteresis after ZFC has a
double-shifted shape, which is usually observed in EB systems.24 The double-shifted shape occurs
due to an imprint of FM domains into the AFM regions during ZFC. Above TB , the FM regions
align along different directions. During cooling through TB the imprint of these domains divides the
AFM regions also into two types with opposite directions of the axis of the AFM moments. Below
TB each of these regions couples in a different way to the ferromagnet during the hysteresis loop
which leads to a double-shifted shaped loop. In comparison, the hysteresis loop after ZFC of sample
E is a “normal” shaped one. Since EB does not exist in this sample, the AFM domains will not be
imprinted into the FM during cooling.
The values of the coercivity (Table II) are calculated using HC = (HC2 − HC1 )/2. The coercivity
of samples A-D also shows clear thickness dependence. With decreasing thickness, the coercivity
decreases.
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FIG. 6. Thickness dependence of the exchange bias field after ZFC.

FIG. 7. Temperature dependence after FC in μ0 H = 1 T of the exchange bias field HEB and coercivity HC for NiMnSn alloys
with different thicknesses.

Figure 7 shows the effect of temperature on the EB field HEB and the coercivity HC of samples
A-D after FC in μ0 H = 1 T.
The EB field HEB (Fig. 7(a)) of all samples decreases almost linearly with increasing temperature
until it disappears at TB = 50 K. The loop shifts at T = 10 K after FC are comparable with reported
values for Ni50 Mn36 Sn14 bulk (HEB = 17.5 mT).12 Smaller EB fields after FC at T = 10 K for films
samples, which was reported for a Ni49.8 Mn36.1 Sn13.9 thick film (d ≈ 1 μm, HEB = 4.1 mT),13 were
not found.
The coercivity HC (Fig. 7(b)) increases first with increasing temperature and reaches a maximum
close to TB in all cases. This peak is probably a result of the influence of the of the AFM anisotropy on
the coercivity.2 Usually in EB systems the AFM anisotropy decreases close to TB . Thereby rotating
FM spins are able to drag AFM spins irreversibly and the coercivity increases. For temperatures
above TB the coercivity decreases, because the AFM orientation is random and does not hinder the
FM rotation.25 The thickness dependence of the coercivity is not influenced whether the samples are
FC or ZFC. In contrast to this, the thickness dependence gets lost for the EB effect in the FC case.
To investigate the influence of higher HFC values on HEB and HC , we measured hysteresis loops
at T = 10 K after FC the samples in μ0 H = 2 T, 3 T, 4 T and 5 T. We determined that HEB and HC
remain constant, and are independent of HFC .
In conclusion, we observe EB in the martensitic state of a Ni52 Mn33.3 Sn14.7 thin film
with dA = 30 nm and in the martensitic state of Ni51.6 Mn32.9 Sn15.5 thin films with dB = 50 nm,
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dC = 100 nm and dD = 200 nm (cf. Table II). Due the very similar chemical compositions we treated
them as a thickness dependent film series, independent of their compositions. The EB behavior in
the low temperature martensitic state is attributed to the unidirectional anisotropy due to the coupling between FM and AFM interactions. With ab inito based computational methods we explain
qualitatively that the martensitic state is favorable for EB as compared to the austenitic state.
We found a thickness dependence of HEB after ZFC. The thickest measured sample shows a
loop shift of HEB, ZFC = 43.4 mT. This value decreases with decreasing thickness, but it is still
of comparable magnitude down to the thinnest sample. For HEB and HC we found in the samples
a strong dependence on temperature. The blocking temperatures are found to be TB = 50 K for
all thicknesses. The hysteresis loop of these Ni-Mn-Sn samples in the martensitic state show a
double shifted shape at T = 10 K after ZFC due to the existence of EB. To exclude the role of
the minority NiMn phase, we showed that there was no sign for EB behavior in a Ni50 Mn32 Sn18
(dE = 100 nm) sample without a martensitic transition. These experimental facts, together with
ab initio calculations, lead us to the conclusion that a martensitic transition is needed for EB in
Ni-Mn-Sn.
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