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Exchange bias in bulk Mn rich Ni-Mn-Sn Heusler alloys
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(Received 19 September 2007; accepted 4 October 2007; published online 11 December 2007)

An experimental study on the exchange bias properties of bulk polycrystalline NisgMnsy_,Sn,
Heusler alloys has been performed. Martensitic transformations have been observed in the alloys for
some critical Sn concentrations. The alloys, while in their respective martensitic phases, are found
to exhibit exchange bias effect. Shifts in hysteresis loops of up to 225 Oe were observed in the
50 kOe field cooled samples. The observed exchange bias behavior in NisyMns,_,Sn, is attributed
to the coexistence of antiferromagnetic and ferromagnetic exchange interactions in the system.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2818016]

INTRODUCTION

The exchange bias (EB) phenomenon is usually de-
scribed as the shift of the magnetic hysteresis loop of a ma-
terial from the origin when it is cooled in the presence of an
applied magnetic field. Since its discovery in 1956," exten-
sive research has been conducted on this subject, both ex-
perimentally and theoretically, which resulted in the observa-
tion of EB properties in many magnetic materials.””'" The
discovery of such materials opened new doors of technologi-
cal applications that resulted in the outcome of technological
devices including permanent magnets,g’lO magnetic recording
media,9 sensors, read heads, and many others.® The observa-
tion of EB effect is usually attributed to the ferromagnetic
(FM)-antiferromagnetic (AFM) interfaces present in an EB
material. The phenomenon is generally observed in small
oxide coated particles, inhomogeneous materials, and thin
films.*’

EB properties are also found to exist in certain bulk
systems,u’13 but such observations are very rare, and there-
fore from both scientific and application points of view bulk
materials exhibiting EB properties are of intense interest.

In recent years, Mn rich NisoMns,_, Y, (Y=Sb, Sn, and
In) Heusler alloy systems have revealed tremendous poten-
tial from application point of view. For some critical range of
Y concentration these alloy systems are found to undergo
martensitic phase transformation from a high temperature cu-
bic phase (austenite) to a low temperature orthorhombic
phase (martensite). Since it was reported by Sutou et al.,"
quite a few experimental work on this system, which re-
vealed many of its promising properties, including large
magnetic entropy changes, and giant magnetoresistence,
have been reported.lsf18 Detailed studies on the magnetic
and structural properties of these systems have also been
reported.lg’20 Recently, observation of EB in a bulk Ni-
Mn-Sb based Heusler alloy system was reported.21

In this work, we report the observation of EB in the bulk
polycrystalline NisyMns,_,Sn, Heusler alloy system. A de-
tailed systematic study on the EB properties of this system
has been performed.

YAuthor to whom correspondence should be addressed. Electronic mail:
mkhan@siu.edu.
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EXPERIMENTAL TECHNIQUE

A conventional arc melting method was used to fabricate
approximately 5 g polycrystalline buttons of NisoMns,_ Sn,
(10=x=<17). The weight loss of the resulting alloy, after
melting, was found to be less than 0.2%. To homogenize the
samples, they were wrapped in a Ta foil and annealed in
vacuum for 24 h at 850 °C, and slowly cooled down to room
temperature.

Room temperature x-ray diffraction measurements were
performed using a minimaterials analyzer (MMA) x-ray dif-
fractometer made by GBC Scientific Equipment, Inc. The
diffractometer employed Cu K« radiation and Bragg-
Brentano geometry.

Magnetization measurements were done using a super-
conducting quantum interference device (SQUID) magneto-
meter made by Quantum Design, Inc. The measurements
were performed in a temperature range of 5—400 K and in
magnetic fields up to 5 T. For zero field cooled (ZFC) mea-
surements, the samples were cooled down from 380 to 5 K
in zero magnetic field. For field cooled (FC) measurements,
the samples were cooled down to 5 K from 380 K in applied
magnetic fields ranging from 0.01 to 5 T.

RESULTS AND DISCUSSION

Room temperature x-ray diffraction (XRD) patterns of
all the NisoMns,_,Sn, samples suggest that the samples are of
single phase and possess cubic L2, (14<x=<17) and ortho-
rhombic (11=<x=<13) structures. In Fig. 1 the ZFC and FC
magnetization as a function of temperature curves [M(T)], of
NisoMnso_,Sn, (11 <x=<17), measured in a 100 Oe field, are
shown. Figure 1(a) shows a magnetic transition in the ZFC
curve of the alloy with x=11 at around 75 K. Since the EB
effect vanishes below this temperature, we refer to this tran-
sition temperature as the conventional exchange bias block-
ing temperature, Tp. However, for further confirmation of
this temperature being the blocking temperature, the mag-
netic structures of the NisyMns,_,Sn, system need to be de-
termined. With further increase of temperature, a ferromag-
netic transition was observed at around 155 K. This
temperature is defined as TCM and represents the ferromag-
netic Curie temperature of the martensitic phase.'c)’20 In the
alloy with x=12, Tp~=~135 K and TCM is observed near

© 2007 American Institute of Physics
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195 K. Up to this temperature, the only transition observed
in the FC curve of the alloy with x=12 is the ferromagnetic
transition at TCM . Below 185 K the ZFC and FC curves split
indicating irreversible behavior.

With further increased temperature, an
antiferromagnetic-type transition was observed in both ZFC
and FC curves near 365 K [see the inset of Fig. 1(b)]. This
transition appears more clearly in the M(T) curves of the
alloys with x=13 at around 315 K [see Fig. 1(c)]. This tran-
sition temperature represents the martensitic transition tem-
perature TM.12 Below this martensitic transformation tem-
perature, the alloy with x=13 exhibits similar behavior to
that of the alloy with x=12. The martensitic transformation
becomes more clear in the alloy with x=14, as shown in Fig.
1(d). At near 328 K a ferromagnetic transition is observed in
the alloy with x=14. This transition temperature is the ferro-
magnetic Curie temperature, TCA, of the austenitic phase.

The martensitic transformation is observed for x= 16 and no
martensitic transformation is observed in the alloy with x
=17. It is noticeable in Fig. 1 that, in the alloys with x=<13,
the ZFC and FC M(T) curves show irreversible (splitting
between ZFC and FC curves) behavior below T M , and for
the alloys with 14=<x=16, the irreversible behavior is ob-
served below Ty,. ZFC and FC M(T) curves of the alloy with
x=17 show irreversible behavior below TCA. The splitting of
the ZFC and FC M(T) curves can be explained by the coex-
istence of ferromagnetic and antiferromagnetic interactions
in the NisoMns,_,Sn, system.19’20 The antiferromagnetic in-
teraction arises from the antiferromagnetic coupling between
Mn atoms in the Mn sites, and the Mn atoms that occupied
the Sn sites.

Due to the presence of mixed magnetic regions, cooling
under the influence of a magnetic field produces a magnetic
domain structure that is different than the domain structure

L (b)

—® FCH=5T
—O—ZFC

]

M [emu/g]

FIG. 2. (Color online) Zero field and 5 T field cooled
magnetization curves as a function of field for
NisoMns,_Sn, obtained at 5 K.
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FIG. 3. (Color online) (a) Exchange bias field (Hg) and (b) coercive field
(H¢) as a function of temperature of NisyMnsy_,Sn,.

formed when the system is zero field cooled. Figure 2 shows
the ZFC and FC hysteresis loops of NisgMns,_,Sn, (x
=13,14,16,17) from -0.2 to 0.2 T. The actual measure-
ments were done from —2 to 2 T. For clear visualization of
the loop shift, only the loop from —0.2 to 0.2 T is shown.
Figure 2 shows that the FC curves of the NisyMnsy_ Sn,
alloys for 12 <x= 16 shift from the origin, exhibiting the EB
effect. This observation of the EB also suggests the coexist-
ence of antiferromagnetic and ferromagnetic coupling in the
system. The double-shifted loops observed in the ZFC curves
of the alloys with 12<x= 16 also show the existence of such
coupling. Such double-shifted loops are usually observed in
certain EB materials with AFM and FM layers.zzf28 During
the zero field cooling process of the EB materials showing
such loops, the FM layer forms a special striped-type domain
structure.”* Because of the uniaxial anisotropy of the FM
layer, the magnetization in each striped domain becomes
aligned in either of the two directions that are equally pre-
ferred, thus resulting in double-shifted hysteresis loops when
cooled in the presence of zero magnetic field. The double
shifted loops in the NisuMns,_, Sn, system most probably
arise from a striped domain-type structure formed by the FM
regions of the system. The double-shifted loops observed in
the NisoMnsy_,Sn, system could also be explained by
exchange-spring effects.”® The AFM regions form a continu-
ous matrix such as a structure in which the FM regions get
embedded in the form of clusters. This structure results in
significant interfacial exchange that leads to the alignment of
the FM spins by the AFM spins. In such a situation, the AFM
matrix plays the role of a hard magnetic phase aligning the
soft FM clusters. The cluster spin orientation is set either up
or down and thus results in a double-shifted loop. Detail of
this phenomenon is explained in Ref. 28.

Although some coexistence of FM and AFM interactions
is also present in the alloy with x=17, as deduced from the
splitting of the ZFC and FC M(T) curves [see inset of Fig.
1(f)], no EB effect was observed in the alloy. This could
mean that the antiferromagnetic coupling in the austenitic
phase is too weak to give rise to such an effect. Figures 3(a)
and 3(b) show the EB field (Hy) as a function of temperature
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FIG. 4. (Color online) Field cooled 2 and 5T hysteresis loops of
NisoMns,_,Sn, (x=11). Inset (a) represents the 2 and 5 T hysteresis loops in
the lower field region, (b) Hy as a function of temperature, and (c) H. as a
function of temperature of NisyMns,_Sn, (x=11).

and the coercive field (H.) as a function of temperature of
NisoMns_,Sn,, respectively. In each alloy, Hr was found to
decrease as the temperature approached Ty, while the coer-
civity first increases and then decreases as Hjy diminishes.
The EB effect was also observed in the alloy with x=11.
However, the EB properties were found to be different when
measurements were done in 2 and 5 T loops (see Fig. 4). The
2 T loops show larger hysteresis and corresponding larger
Hy and H (see insets of Fig. 4). Highest Hy values of
225 Oe (2 T loop) and 183 Oe (5 T loop) were observed in
the alloy with x=11. This dependence of exchange bias prop-
erties on the field strength of the alloy with x=11 could be
due to minor-loop effects, which means that the sample was
not properly saturated at a 2 T field. It was found that Hg in
the NisoMns,_,Sn, system is inversely proportional to the
saturation moment, which is a typical behavior of EB phe-
nomena. As shown in Fig. 5, Hg decreases as the Sn concen-
tration (x) and corresponding magnetization at 5 K increase.
The decrease of Hy with increasing Sn concentration could
be due to the increase of the size of the FM interface in the
NisoMnso_,Sn, system.
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FIG. 5. (Color online) Exchange bias field (Hy) as a function of magneti-
zation at 5 T and Sn concentration of NisyMnsy_ Sn,.
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CONCLUSION

In summary, exchange bias behavior has been observed
in bulk polycrystalline NisyMns,_ Sn, Heusler alloys. Shifts
in the hysteresis loops of the samples occurred when the
samples were cooled down to 5 K in an applied magnetic
field of 5 T. The observed EB phenomena in NisyMns,_,Sn,
are attributed AFM-FM interfaces within the system that re-
sults from the coexistence of AFM and FM exchange inter-
actions.
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