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annealing effects on martensitic
transformation and exchange bias behavior of
Ni–Mn–Sn free-standing alloy thin films

Zhenhua Wang, a Erjun Guo,a Changlong Tan,*a Xiaohua Tian,*a Wei Caib

and Jiachen Zhua

Low temperature annealing (<500 �C) is the key to realizing the novel functionalities of Ni–Mn–Sn alloy thin

film for applications in a micro-electro-mechanical systems (MEMS) drive. However, it is very difficult to

realize the low temperature annealing of Ni–Mn–Sn thin films, which is limited due to substrate

constraints. Herein we report the effects of low temperature annealing on the microstructure,

martensitic transformation and exchange bias (EB) behavior of Ni51Mn36Sn13 free-standing alloy thin

films. We find that low temperature annealing significantly increases the degree of ordering in the

austenite phase, leading to an increase in the martensitic transformation temperature (TM) and the Curie

temperature (TC) of the austenitic phase. More interestingly, a narrow thermal hysteresis and exchange

bias effects can be observed in the Ni51Mn36Sn13 free-standing alloy thin films; EB field (HE) and

coercivity (HC) increase with an increase in annealing temperature. When the annealing temperature of

free-standing films is 673 K, the maximum HE and HC are 31.10 Oe and 129.64 Oe, respectively. Our

work would enhance the material performance for low temperature annealing applications of Ni–Mn–Sn

thin films in MEMS.
1. Introduction

In recent years, Ni–Mn–Sn magnetic shape memory alloy thin
lms have attracted much attention, for applications such as in
magnetic refrigerants, actuators, sensors, MEMS, etc.1–5 As
mentioned in previous reports, the Ni–Mn–Sn alloy thin lms
formed by magnetron sputtering system at room temperature
are amorphous.6–8 The amorphous thin lms exhibit excellent
shape memory effect aer annealing, which makes them good
candidates as material for MEMS devices. Therefore, appro-
priate annealing for a short time is necessary. Some researchers
have studied the effects of substrate temperature and annealing
treatment on the microstructure, martensitic transformation
and magnetic properties of the Ni–Mn–Sn alloy thin lms
grown.9–14 The results show that Ni–Mn–Sn alloy thin lms were
deposited on crystal substrates at substrate temperature above
500 �C, and annealing temperature is usually higher than
550 �C. As we know, a relatively high temperature is good for
relieving accumulated strain energy, diminishing defects, and
enlarging grain size to get obvious martensitic transformation
and magnetic properties. However, the target composition and
ring, Harbin University of Science and
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74
properties of Ni–Mn–Sn alloy thin lms can be affected by high
temperature annealing. This might lead to different micro-
structure, martensitic transformation and magnetic properties
of Ni–Mn–Sn alloy thin lms. Meanwhile, for microsensors
technology, the temperature of some process has to be below
the melting point of 500 �C.15–17 Thus, low temperature
annealing (<500 �C) may be a key approach to improve the
applications of thin lms in MEMS.

Unfortunately, very few reports focused on low temperature
annealing effects on microstructure, martensitic trans-
formation and magnetic properties of Ni–Mn–Sn alloy thin
lms. The low temperature annealing effects of the Ni–Mn–Sn
thin lms are limited due to the substrate constraints. This
phenomenon occurs due to the elastic constraint set by the
substrate, because of the lattice mismatch between the lm and
substrate.18–21 When the thin lms are heated or annealed,
atoms need more energy to against with the internal stress
between the substrate and thin lms, through the grain
boundary and the height of the energy barrier corresponding to
the grain boundaries.22,23 Thus, we suggest that the Ni–Mn–Sn
free-standing alloy thin lm could be annealed at a low
temperature.24 Moreover, the MEMS applications of Ni–Mn–Sn
free-standing alloy thin lm, such as microcantilever beam and
micropumps are highlighted. Thus, the purpose of this study is
to investigate the effect of low temperature annealing on
martensitic transformation and magnetic properties of Ni–Mn–
Sn free-standing alloy thin lms. The results show that the low
This journal is © The Royal Society of Chemistry 2017
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temperature annealing not only signicantly increases the
degree of ordering in the austenite phase, but also increases
both TM and TC of the austenitic phase. More interestingly,
a narrow thermal hysteresis and EB effect of the Ni51Mn36Sn13

free-standing alloy thin lms is obtained, which makes them
potential candidates for microelectromechanical systems
(MEMS) applications.

2. Experimental

Fig. 1 shows a schematic of fabricating Ni–Mn–Sn free-standing
alloy thin lm. The photoresist thin lm was deposited on
silicon (100) substrate by spinning, and Ni–Mn–Sn thin lm was
deposited on photoresist/silicon substrate by dc magnetron
sputtering system using Ni50Mn37Sn13 (at%) sputtering target.
The lm was deposited on photoresist/silicon substrate under
Ar gas pressure of 1.5 � 10�3 mbar using a DC power supply
operating at 100 W for 2 hours, and the temperature of the
substrate was 60 �C. Subsequently, the photoresist thin lm was
removed with acetone. Thickness of the Ni–Mn–Sn free-
standing alloy thin lm was measured with scanning electron
microscope (SEM) and found to be 2.0 mm, the microstructure
was studied using atomic force microscopy, and the lm was
annealed at 373, 473, 573 and 673 K for 1 hour each. The
microstructure of the thin lm was examined by atomic force
microscopy, and the composition of the as-deposited lms in
austenite phase was determined by energy dispersive X-ray
analysis is found to be Ni51Mn36Sn13 (at%). The crystal struc-
ture at room temperature was determined by X-ray diffraction
(XRD, Cu Ka radiation). The temperature dependence of
magnetization M(T) of the lm was measured in an external
magnetic eld (H¼ 100 Oe), in the temperature range 5 K# T#

400 K using SQUID magnetometer (MPMS, Quantum Design)
under zero eld cooling (ZFC), eld cooling (FC) and eld
heating (FH) modes. The measurements in the ZFC mode were
Fig. 1 Schematic of Ni–Mn–Sn free standing alloy thin film.

This journal is © The Royal Society of Chemistry 2017
taken by rst cooling the lm from 400 K to 5 K in the absence
of the eld and applying an external eld of 100 Oe at low
temperatures. The data were collected up to 400 K. The lm was
cooled down once again to 5 K, now in the presence of a eld.
Data were recorded in the FC mode and subsequently the lm
was heated in the presence of the eld up to 400 K, and the
measurements were taken in the FH modes. The magnetization
hysteresis loops of the sample were measured at 5 K in a eld
ranging from 0.01 to 0.5T.

3. Results and discussion

Fig. 2 shows the XRD patterns of both the as-deposited and
annealed Ni–Mn–Sn free-standing alloy thin lms at room
temperature. It is clear that the pattern of the as-deposited
sample shows wide peaks with low intensities, and the as-
deposited thin lm displays a coexistence of amorphous, L21
cubic structure (austenite) as the A(220), A(222), A(422) peaks
and a four-layered orthorhombic (4O) structure (martensite) as
the 4O(023) peak.25 The appearance of coexistence of an amor-
phous structure, a cubic structure and a 4O structure may be
attributed to the partial crystallization of the as-deposited
sample during the sputtering process. As demonstrated by the
XRD prole, the patterns of annealed Ni–Mn–Sn free-standing
alloy thin lms can be indexed on the basis of a cubic single-
phase austenite phase (L21), and the lms exhibit nearly
single phase with no detectable secondary or impurity phases.26

Moreover, the relative intensity of all the peaks of annealed free-
standing alloy thin lms increases with increasing annealing
temperature, and the relative intensity of peaks A(220) and
A(422) enhances gradually, but that of the peak 4O(023)
reduces.

In order to conrm the inuence of annealing temperature
on the composition, the composition of the lms is determined
by energy dispersive X-ray analysis. Analysis of the spectra aer
RSC Adv., 2017, 7, 42866–42874 | 42867
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Fig. 2 XRD patterns of Ni–Mn–Sn free-standing alloy thin films in as-
deposited state and low temperature annealing at 373 K, 473 K, 573 K,
and 673 K for 1 hour, each.

Fig. 3 AFM images for the surface morphology of Ni–Mn–Sn free-
standing alloy thin films in as-deposited state and low temperature
annealing at 373 K, 473 K, 573 K, and 673 K.
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background subtraction and deconvolution of peaks conrm
that the samples annealed at different temperatures have the
same composition.

An analysis of the XRD pattern reveals that the lattice
parameters of the free-standing alloy thin lms in the as-
deposited state and at annealing temperatures of 373, 473,
573, and 673 K are 5.890, and 5.906, 5.910, 5.919 and 5.924 Å,
respectively. These values are close to those previously reported
(5.925–5.972, 6.0 Å).12,13,27 The summary of these lattice param-
eters and crystal structure is given in Table 1.

In order to further conrm the mean grain size in the lms,
the grain size of the Ni51Mn36Sn13 free-standing thin lms can
be determined by the Scherrer's formula:28

D ¼ kl/b cos q

where b is the FWHM of the peak, k is the constant, l is the
incident wavelength and q is the diffraction angle. Thus, the
grain size D of Ni51Mn36Sn13 free-standing thin lms can be
calculated, and the average values of the grain size are given in
Table 1.

According to Table 1, annealing temperatures from 373 to
673 K increase the grain size as a result of faster grain growth,
which results in the reduction of grain boundaries that favour
the formation of closed packed structure, leading to the devel-
opment of strong (220) plane texture, consistent with the results
Table 1 Values of lattice parameter and grain size for the as-deposite
standing alloy thin films

Annealing temperature (K)

Lattice parameter

a (Å) b (Å)

Sample A As-deposited 5.890 5.890
Sample B 373 5.906 5.906
Sample C 473 5.910 5.910
Sample D 573 5.919 5.919
Sample E 673 5.924 5.924

42868 | RSC Adv., 2017, 7, 42866–42874
of Fig. 2. However, the grain size and annealing temperature of
Ni51Mn36Sn13 free-standing thin lms are relatively small.13 The
reason is that the crystallization activation energy of free-
standing thin lms is relatively low, i.e., the thin lms could
still be crystallized, when the annealing temperature is below
500 �C. Furthermore, when the thin lms are not been
restrained by the substrate, the atoms do not need more energy
to against with the internal stress between the substrate and
thin lms, through the grain boundary and the height of the
energy barrier corresponding to the grain boundaries.
d thin films and different annealing temperatures of Ni–Mn–Sn free-

Grain size (nm)

c (Å) XRD along (220) peak Atomic force microscopy

5.890 3.2 15.8
5.906 4.1 21.9
5.910 4.3 29.5
5.919 7.2 45.3
5.924 8.9 53.5

This journal is © The Royal Society of Chemistry 2017
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Therefore, the Ni51Mn36Sn13 free-standing thin lms can be
annealed at low temperatures with a relatively small grain size.

In order to further conrm the grain size in Ni–Mn–Sn free-
standing alloy thin lms, atomic force microscopy was carried
out. Fig. 3 shows the surface morphology of the as-deposited
and annealed Ni–Mn–Sn free-standing alloy thin lms. It is
clear from the images that the grain size increases with an
Fig. 4 The temperature dependence of magnetization in the as-deposit
modes from 5 K–400 K with a fixed magnetic field of 100 Oe. (a) As-de
cooling curves where phase transition occurs.

This journal is © The Royal Society of Chemistry 2017
increase in the annealing temperature, which is in agreement
with the XRD results. The values of grain size are reported in
Table 1. An important point to be noted is that the overall grain
size shown by atomic force microscopy was much bigger than
that calculated by XRD, which is ascribed to the fact that atomic
force microscopy shows agglomeration of the grain size whereas
XRD gives an average mean grain size.13 Thus, the XRD and
ed and annealed Ni–Mn–Sn free-standing alloy thin films in FC and FH
posited, (b) 373 K, (c) 473 K, (d) 573 K and (e) 673 K. Inset heating and

RSC Adv., 2017, 7, 42866–42874 | 42869
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atomic force microscopy data can be in agreement with the
grain growth. This result indicates that the effect of annealing
on grain growth is obvious.

Fig. 4(a)–(e) shows the temperature dependence of magne-
tization in the as-deposited and annealed Ni–Mn–Sn free-
standing alloy thin lms in FC and FH modes from 5 K to 400
K with a xed magnetic eld of 100 Oe. As can be observed from
Fig. 4(a), the magnetization increases continuously with
a decrease in temperature from 260 to 160 K below which it
remains constant. It is clear that the signature of phase trans-
formation between martensite and austenite phase is not
observed in the as-deposited lm. The grain size of as-deposited
lms is only 3.2 nm. Moreover, the hysteresis between FC and
FH curves characteristic of rst-order phase transformation is
also not present as the FH curve retraces the FC curve, which
further conrms the absence of phase transformation. The
absence of phase transformation could be due to the very small
grain size in as-deposited lm causing large number of grain
boundary interfaces and associated excess free volume. Vishnoi
et al.13 indicate that the lm-on-Si substrate of Ni50Mn35Sn15

sputtering lm cannot develop the martensitic transformation,
when grain size of the lm is smaller than 4.6 nm. The large
number of grain boundaries, which act as potential barriers
separating the individual grains, limits such type of atomic
movements, impose constraints on the growth of the
martensite structure and conne the transformed volume
fraction in the nanocrystalline structure.

As observed from Fig. 4(b)–(e), all the low temperature
annealing of Ni–Mn–Sn free-standing alloy thin lms, upon
temperature variation, undergo a change of magnetization
typical for the rst order martensitic transition and at higher
temperatures a second order ferromagnetic–paramagnetic
transition at Curie temperature of austenite, both of which are
frequently observed in these systems. With the increase in
annealing temperature, both TM and TC of the austenitic phase
increase signicantly, the values of measurement of which were
reported in Table 2. Furthermore, the magnetization of
annealed lms increases with an increase in the annealing
temperature, as shown in the inset of Fig. 4(b)–(e). Evidently,
the low temperature annealing leads to an increase in the
degree of order of associated excess free volume, and the
number of grain boundary interfaces reduces gradually while
Table 2 Details of transformation temperatures obtained from
magnetization versus temperature curves of as-deposited Ni–Mn–Sn
free-standing alloy thin films and annealing temperatures ranging from
373 K to 673 K

Transition
temperatures (K)

Curie temperature
(K)

Hysteresis
width (K)Ms Mf As Af

Sample A — — — — — —
Sample B 104.9 53.9 57.2 108.1 127 3.2
Sample C 112.6 70.4 73.9 116.3 143 3.7
Sample D 183.4 123.5 129.1 190.1 210 6.7
Sample E 205.7 157.9 165.8 213.4 260 7.9

42870 | RSC Adv., 2017, 7, 42866–42874
the grain size of the annealed free-standing alloy thin lms
enhances. However, we found that the FC and FH curves,
characteristic of rst-order phase transformation, almost over-
lap each other, and the increase in magnetization is very low, as
shown in the inset of Fig. 4(b) and (c). This phenomenon could
be due to the nucleation and growth of crystallization process of
Ni–Mn–Sn free-standing alloy thin lm.29,30 When the annealing
temperature is below 473 K, the nucleation rate increases with
the progress of annealing temperature, and Ni–Mn–Sn free-
standing alloy thin lm is transformed gradually from amor-
phous to crystalline. The atoms have more energy to overcome
the activation energy barrier to nucleate at the beginning of the
crystallization, and the degree of lattice order of lms increases;
however, the grain growth rate is relatively slow. Thus, the
values of the grain size are relatively small, which are close to
the grain size of the as-deposited lm. Moreover, when the grain
size is less than 4.3 nm, large amount of grain boundaries will
promote the phase transformation since there are more defects,
and the phase transformation is easier to occur there.31,32 This
would facilitate the martensitic transformation and the reverse
transformation, resulting in a narrow thermal hysteresis, as
shown in inset of Fig. 4(b) and (c).

From Fig. 4(d) and (e), the TM and thermal hysteresis of
annealed lm increase with increase in annealing temperature.
When the annealing temperature is 573 K, the characteristic
temperatures of structural transition obtained from FC and FH
curves are Ms ¼ 183.4 K, Mf ¼ 123.5 K, As ¼ 129.1 K and Af ¼
190.1 K, where Ms and Mf are martensite start and nish
temperatures and As and Af are austenite start and nish
temperatures, respectively. In addition, it is evident that the
grain size of free-standing lm reaches 7.2 nm, and the thermal
hysteresis of transformation is 6.7 K. This phenomenon could
be due to the grain growth of Ni–Mn–Sn free-standing alloy thin
lms. It is well known that thermal hysteresis in martensitic
transformation originates from frictional energy in the inter-
facial movement during the shear process. When the grain size
of annealed lms increases with increase in annealing
temperature, martensitic transformation and reverse trans-
formation will increase the movement distance and energy
dissipation. Thus, the thermal hysteresis increases with
increase in grain size, which is consistent with Tian's result.33

Fig. 5(a)–(e) show the temperature dependence of magneti-
zation in ZFC and FC with 100 Oe applied eld to characterize
the magnetic transitions for Ni–Mn–Sn free-standing alloy thin
lms. From Fig. 5(a), the ZFC and FC curves split is not obvious
with further decrease in temperature. It could be due to larger
disorder in structure, which would affect the mobility of the
twin boundaries.34 However, with increase in annealing
temperature, the ZFC and FC curves split, showing irreversible
behaviour, and the splitting gets more enhanced with
a decrease in temperature, as shown in the inset of Fig. 5(b)–(e).
The splitting indicates the coexistence of antiferromagnetic
(AFM) and ferromagnetic (FM) state exchange interaction in the
lm as reported for Ni50Mn50�xSnx system.35,36 As we all know,
the AFM interaction in off-stoichiometric Ni–Mn–Sn is due to
the AFM coupling between Mn atoms in the Mn sites and excess
Mn atoms in the Sn sites.37,38 This could be conducive to the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Temperature dependent magnetization after ZFC and FC of the as-deposited and annealed Ni–Mn–Sn free-standing alloy thin films
under a magnetic field of 100 Oe. (a) As-deposited, (b) 373 K, (c) 473 K, (d) 573 K and (e) 673 K.
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formation of a closed packed structure, which leads to increase
in degree of AFM lattice order.

In order to conrm the occurrence of EB effect in our lm, we
measured magnetization hysteresis loops at T¼ 5 K and the low
eld range from �0.5 to 0.5T, shown in Fig. 6. The EB eld (HE)
and coercivity (HC) are calculated using HE ¼ �(H1 + H2)/2 and
HC¼ |H1�H2|/2, whereH1 andH2 are the le and right coercive
elds at which the magnetization equals to zero, respectively.
The values of HE and HC are reported in Table 3. It can be seen
that the EB properties were found to be different in the as-
deposited and low temperature annealed lms. Inset of
This journal is © The Royal Society of Chemistry 2017
Fig. 6(b)–(e) clearly shows the magnied view of loop shi
towards the negative eld axis and a more pronounced shi at 5
K. This provides evidence of the existence of EB effect in these
annealing lms. Furthermore, the values of HE and HC increase
with increase in annealing temperature. It can be explained by
the unidirectional anisotropy produced by the AFM–FM
coupling at the interface of two coupled phases.34,36 Increase in
annealing temperature from 373 to 673 K increases grain size as
a result of faster grain growth, which results in reduction of
grain boundaries that favour the formation of closed packed
structure, leading to an increase in the degree of AFM lattice
RSC Adv., 2017, 7, 42866–42874 | 42871
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Fig. 6 Magnetization hysteresis loops of Ni–Mn–Sn free-standing alloy thin films (a) as-deposited, (b) 373 K, (c) 473 K, (d) 573 K and (e) 673 K
measured at 5 K. The insets show an enlarged view of the central region of the loops.

Table 3 Detailed values of Hc and HE of the as-deposited Ni–Mn–Sn
free-standing alloy thin films and annealing temperatures ranging from
373 K to 673 K, measured at 5 K

Annealing
temperature (K)

Exchange bias
eld HE (Oe)

Coercivity
Hc (Oe)

Sample A As-deposited — 65.41
Sample B 373 1.10 66.21
Sample C 473 14.45 65.81
Sample D 573 27.40 102.41
Sample E 673 31.10 129.64
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order. The unidirectional anisotropy produced by the AFM
increases with an increase in low temperature annealing. When
the low cooling eld is constant, the intensity of the AFM–FM
coupling increases with increase in unidirectional anisotropy
produced by the AFM. However, we nd that the EB effect is not
observed in the as-deposited free-standing lms, as shown in
the inset of Fig. 6(a). This phenomenon could be due to the
absence of martensite. According to Fig. 4(a), there is no
martensite (which is the phase that exhibits EB) present in this
lm. The corresponding variations of HE and HC are shown in
Fig. 7. It is evident that bothHE andHC increase with increase in
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The variation of EB field (HE) and coercivity (HC) with
temperature.
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annealing temperature. When the annealed temperature of
free-standing lms is 673 K, the maximum HE and HC are 31.10
Oe and 129.64 Oe, respectively. The increase in HE and HC could
be attributed to the increase in AFM order with annealed
temperature. AFM–FM coupling increases with increase in
unidirectional anisotropy produced by the AFM.
4. Conclusions

In conclusion, we have observed the effects of low temperature
annealing on microstructure, martensitic transformation and
EB effect of Ni51Mn36Sn13 free-standing alloy thin lms. We
found that the as-deposited thin lm displays a coexistence of
amorphous and L21 cubic structure (austenite) structure.
Moreover, the martensite transformation and EB effect were not
observed in the as-deposited thin lm. For the low temperature
annealed lms, the patterns of annealed free-standing thin
lms could be indexed on the basis of a cubic single-phase
austenite phase (L21). The grain size, martensitic trans-
formation and exchange bias (EB) effect of free-standing thin
lms were signicantly affected by low temperature annealing.
With increase in annealing temperature, the grain size of free-
standing lms increased from 3.2 to 8.9 nm, and the TM of
free-standing lms were 104.9, 112.6, 183.4, 205.7 K. More
interestingly, we found that a narrow thermal hysteresis was
obtained in the Ni51Mn36Sn13 free-standing alloy thin lms,
which could be due to the grain size effect and order degree of
lms at annealing temperature. At an annealing temperature of
373 K, the thermal hysteresis of transformation was only 3.2 K.
Moreover, EB behaviour was observed in Ni51Mn36Sn13 free-
standing alloy thin lms, and we believe that this is attributed
to the unidirectional anisotropy, which arose due to the
coupling of AFM and FM interactions in the martensite phase of
the lm.
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B. Krumme, H. Wende, O. Yildirim, K. Potzger and
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