Crossover of spin glass characteristics as a function of field
in an NiMnSnAl alloy
Sandeep Agarwal,1 S. Banerjee,2 and P. K. Mukhopadhyay1,a)
1

LCMP, Department of Condensed Matter Physics and Material Sciences, S.N. Bose National Centre for Basic
Sciences, JD Block, Salt Lake, Kolkata 700098, India
2
Surface Physics Division, Saha Institute of Nuclear Physics, 1/AF, Bidhan Nagar, Kolkata 700064, India

The magnetic state in martensitic phase of Ni50Mn34Sn6Al10 shows interesting glassy behaviour. The
irreversibility was observed in d.c. magnetization measurement below martensitic transformation
temperature. Further measurements at lower temperature showed the presence of exchange bias field
in sample. H-T phase diagram of the irreversibility showed that the system was in Heisenberg like
spin glass state at low field, which changed its type when the external field was above the exchange
bias field. In order to determine the cause of cross over, a.c. susceptibility measurements were
performed in zero and d.c. biasing fields. This switching of glassy nature of the system is a novel
phenomenon.
I. INTRODUCTION

Ferromagnetic shape memory alloys (FSMA) of family
Ni-Mn-X (X ¼ Ga, Sn, Sb, and In) show many promising
physical properties such as large magnetic-field-induced strain,
magnetoresistance, and inverse magnetocaloric effects.1–4
The structural transformation coupled with magnetic order
gives rise to these properties. However, it was found that despite having all these interesting properties, these systems are
mostly too brittle for real world use. It was found that X ¼ Al
based systems have better ductility but the preparation of systems with desired property is difficult, also the transformation
temperatures are quite high. This system tends to grow into
B2 structure in austenitic phase, whereas for better FSMA
properties, the system must be in L21 structure.5 On the other
hand, Sn based system is more stable (tends to stay in L21
structure) so it can be easily produced in large scale.
Therefore, an alloy with intermediate composition is of interest because it is expected to retain much of useful properties
from both sides. We investigated one such system (nominally
Ni50Mn34Sn10Al6) and report here the findings. Further interest in this system comes from the fact that these NiMn based
Heusler alloys are known to display rich magnetic phases at
low temperatures.
In the low temperature, the Ni-Mn-Sn FSMA system,
within certain range of composition, shows exchange bias
effect, which indicates the presence of mixed magnetic phase
with ferromagnetic (FM) and antiferromagnetic (AFM)
interactions.6–9 This mixed interaction leads to frustration
that is observed as various types of glassy blocking in this
system. Generally, a.c. susceptibility measurements were
used to study various types of spin glass blocking in the NiMn-X systems.8–11 The dynamics of the glassy system can
also be analyzed by studying the magnetic field temperature
(H-T) phase diagram. The H-T diagram may not give a full
picture about the nature of spin glass present in a system, as
the usual experiments are hardly performed under
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thermodynamic equilibrium as pointed out in Ref. 12; nevertheless, it reflects what kind of dynamics is involved in the
freezing or defreezing process. Apart from that, there are, to
our knowledge, no study on the effect of d.c. magnetic field
on the spin glass freezing in FSMA alloy.
In the present work, we report on detailed study of the
magnetic property of the martensitic phase of an Ni-Mn-SnAl alloy system. The martensite phase shows frustration and
exchange bias effect. The dynamics of the system below and
above this exchange bias field were explored using a.c. susceptibility technique. The H-T phase diagram of the system
showed signature of Heisenberg spin glass in low field region
and deviated above the exchange bias field.
II. EXPERIMENTAL DETAILS

The polycrystalline sample was prepared by melting
high purity (better than 99.9%) constituent elements in an
arc furnace under flowing argon atmosphere. The sample
was turned and melted several times to insure homogeneity.
It was then sealed in an evacuated quartz tube and annealed
at 1273 K for 72 h, followed by quenching in ice water. The
X-ray diffraction (XRD) (Rigaku MiniFlexIITM) was performed on powdered sample using Cu Ka (k ¼ 0.154 nm)
radiation. The Differential Scanning Calorimeter (DSC)
measurement was performed during heating and cooling at
the rate of 10 K min1 using a Thermal Analysis Q-2000TM
instrument. Magnetization measurements were performed
using a Quantum Design SQUID magnetometer (MPMS
EverCoolTM model). AC susceptibility measurements were
performed in r.m.s. fields of 40 Oe in a home made setup of
mutual inductance bridge and in 3 Oe using the SQUID.
III. RESULTS AND DISCUSSION

In Figure 1(a), XRD pattern at 300 K is shown. The
Rietveld refinement shows the presence of single cubic phase
at room temperature having L21 structure with calculated lattice parameter as 0.593 nm, which is less than similar compositions Ni50Mn34Sn16 (0.599 nm) and the Ni50Mn34Sn10Ga6

alloys (0.594 nm).13 Since the fit is reasonably good in L21
structure and only even order reflections are present at high
angles, these imply that the disorder, which was brought about
by the chemical substitutions of Sn by Al, was only marginal
and did not bring into the system a significant amount of B2
phase. The fact that the L21 structure was preserved in this
system even after quenching from high temperature is in confirmation to the idea that substitution of bigger atoms in place
of Al and Mn would stabilize this structure against B2.14
Further information than this will need a neutron diffraction
experiment. The DSC plot, shown in Figure 1(b), confirms the
structural transitions. The characteristic transition temperatures, viz., martensite start (TMs), martensite finish (TMf), austenite start (TAs), and austenite finish (TAf), were determined
from exothermic (cooling) and endothermic (heating) peaks
to be 171 K, 158 K, 168 K, and 196 K, respectively. (These
temperatures were determined from the intersections of
straight lines extrapolated from both sides of the bends in the
curves. Indeed, this is the method used for determination of
all temperatures from the graphs.) There was a small kink at
326 K corresponding to Curie temperature, Tc. The TMf of the
present sample lies between those of Ni50Mn34Sn16 (Ref. 13)
(110 K) and Ni50Mn34Al16 (Ref. 15) (415 K). This is consistent with the argument that replacement of Sn with an element having smaller radius would increase the transition
temperature due to lattice compression, even though valance
electron concentration decreased.13
The Zero-field-cooled (ZFC), field-cooled (FC), and
field-heated (FH) thermo-magnetizations were performed

in external field of 500 Oe and are shown in Figure 2(a).
Following general trends for the L21 structure of Ni2MnX
family, it was found to be ferromagnetic, with Tc ¼ 331 K,
as determined from 1/v=  T plot (shown in inset in the in
Figure 2(a)), obtained from a.c. susceptibility measurement
done at 111 Hz. The temperatures for fall and rise of M
during cooling and heating coincided within 65 K of the
structural transformation temperatures determined from
DSC. It is known that in the stoichiometric Ni2MnX
alloy the Mn-Mn interaction is ferromagnetic, whereas in
off-stoichiometric Ni-Mn-X alloy, the excess Mn in X site
interacts with Mn in regular site antiferromagnetically. The
AFM interaction comes into play with martensitic transformation and enhanced as temperature is lowered.16 This
results in coexistence of both AFM and FM interactions in
martensite phase (MP), which explains the appearance
of irreversibility in ZFC and FC thermo-magnetization
curve.7,8 In order to ascertain the magnetic nature of MP at
low temperature, isothermal magnetic hysteresis (M-H)
measurements were performed at 5 K after ZFC as shown in
Figure 2(b) (inset shows only from 0.1 T to 0.1 T for
clarity). The ZFC M-H curve shows symmetric double
shifted loop which has been observed in off stoichiometric
Ni-Mn-Sn samples.9 The double shifted loop vanished
when M-H measurement was performed after ZFC at 30 K.
Double shifted loops are observed in a system that has
AFM-FM interface—when the sample is zero field cooled,
the AFM region gets divided into two types of regions

FIG. 1. (a) Room temperature XRD pattern along with the fitted pattern
and residue. (b) DSC curve as function of temperature. One of the straight
line intersections are shown, which was used to determine the transition
temperatures.

FIG. 2. (a) ZFC, FC, and FH at the field of 500 Oe as the function of temperature. The inset in 2 (a) shows inverse real v= at 111 Hz. (b) Full MH curve
measured after FC at 200 Oe and ZFC at different temperatures. The inset in
Fig. 2(b) shows the expanded region near zero field.

which are locally oriented in opposite direction. The AFM
regions pin various FM regions in opposite ways, resulting
in shift of one sub-loop towards the positive-field axis while
other sub-loop shifts towards the negative direction, giving
rise to double shifted loops.7,9 This interaction also leads to
shift in hysteresis loop along the field axis when sample is
field cooled and is known as Exchange Bias (EB) effect. In
order to confirm EB-effect, M-H was performed at 5 K after
FC at 200 Oe, in fields ranging from þ1 T to 1 T, which
are much above the saturation field. The sample shows
EB-effect in which M-H curve is asymmetric and loop
shifts both horizontally and vertically. The horizontal shift
(HE), which gives EB-field, is about 250 Oe. Here,
HE ¼ (H1 þ H2)/2, where H1 and H2 are the left and right
coercive fields, respectively. The vertical shift in the M-H
curve also implies that double shifted loop and EB arise
due to the presence of glassy magnetic phase.6
To further investigate this region, ZFC measurements
were performed under fields varying from 10 Oe to 2 kOe.
The value of T*, defined as the temperature when magnetization started to rise in ZFC as temperature increased, was measured by line intersection method as before. The value of T*
for each field was obtained, and the resultant H-T phase diagram is shown in Figure 3. As the field was increased, T* fell
rapidly until 300 Oe, above which change in T* was very
small. This seems to imply that the applied field matched the
locking internal field, above which the unlocked domains
could move in response to the applied field. Beyond this, the
M will now vary as a function of the difference between H
and the anisotropic field. This unlocking was also indicated by
the disappearance of the double shifted loop in hysteresis at
30 K.
This unpinning of the FM domains, along with the presence of AFM also means that just above T* the system
would behave like a spin glass in the canonical sense. The irreversible nature has also been studied using d.c. magnetization technique. The field dependent shift of T* is generally
described as H(T) / [1-T*(H)/T(0)]c, where T(0) is limiting
temperature at zero field. Here, the parameter c is to indicate
if the system is isotropic Ising like spin glass (c ¼ 3/2) or
Heisenberg like (c ¼ 1/2).17 The variation of c ¼ 3/2 and
c ¼ 1/2 reflect different dynamics occurring in the spin glass
system during freezing process. The transverse components
of the spin freeze along the c ¼ 1/2 and the longitudinal spin

FIG. 3. H-T phase diagram, T* is the freezing temperature at a given field.
The inset shows fitting to Heisenberg model, up to 300 Oe as a function of
reduced temperature.

component freeze along the c ¼ 3/2 line.12 We plotted in
Figure 3 the variation of H-T at this temperature range. It
can be seen that the initial fast variation of T* at low field
was stuck above about 300 Oe. In the inset, we show the fit
at lower field with the above equation, the fit was excellent
with c ¼ 1/2, implying that as the temperature increased the
transverse component of the spin glass relaxes first. Recent
study on the Ni-Mn-Co-In system showed that system froze
along c ¼ 3/2 line but in that case, the spin glass came from
Para-Spin glass transition,18 whereas in our case the spin
glass if present must be of reentrant spin glass nature given
that martensitic phase showed ferromagnetic characteristic
much above the T*. In addition, the sharp change was an indication that above the 300 Oe field, the barrier of the bias
field was overcome and it was no longer under thermal control, in line with our earlier discussion. To understand the
cause of breakdown of c ¼ 1/2 line in H-T phase diagram and
the exact nature of glassy phase, a.c. susceptibility measurement was performed next.
To study the relaxations in the spin glass phase, frequency dependent susceptibility measurements were performed in the range from 11 Hz to 1 kHz. The real (v/) and
imaginary (v//) parts of susceptibility are shown in Figures
4(a) and 4(b), respectively. As the frequency of measurement
increased, peaks in the v// curves were shifted to higher temperatures. The Tf was determined at the maximum of v//. The
shift of Tf (DTf) per decade of frequency change is parameterized as U ¼ DTf/(Tf Dlog f), where f is the measuring frequency19 and provide a criterion to distinguish spin glass
freezing and superparamagnetic blocking. It was experimentally found to be a small number, but nevertheless some distinct ranges could be found. While the range is below 0.01
for other magnetically dilute alloys, for alloys of Mn with

FIG. 4. Normalized frequency dependent (a) real (v/) and (b) imaginary (v//)
of a.c. susceptibility as a function of temperature in zero d.c. field. Figure (c)
shows experimental date fitted with dynamical scaling law for phase transition. Figs. (d) and (e) show v/ and v// at 700 Oe d.c. field and Figure (f)
shows shift of Tf with frequency at d.c. field of 700 Oe.

another transition metal, it comes to higher values, like
0.025,20 and for concentrated alloys and insulating glasses, it
can range up to 0.08. On the other hand, it can go up to 0.3
for superparamagnets. In our case, the fitting gives the value
of U as 0.094. This value is on the rather higher side, and
raises the suspicion on the system being on the borderline of
superparamagnet (SPM). This is even more possible, for it is
known that the high values can come from ferromagnetic
clustering.20 However, there are other checks for it. We tried
to fit the M-H loop at 30 K with Langevin function,11 but the
fit gave a unphysical negative value of susceptibility so that
we had to conclude that the SPM was unlikely. Next, the data
were fitted to the Arrhenius law,8 x ¼ x0exp(Ea/kBTf),
where x ¼ 2pf, Ea being the activation energy and x0 being
the characteristic frequency. The fitted parameters Ea and x0
were found to be 3000 K and 3  1013 s1, respectively.
These unphysical values imply that the system was in the
spin glass kind of state. To obtain characteristic time scale of
activation near Tf, we analyzed the result using s ¼ s* (Tf/T0
 1)z , as a standard theory of dynamical scaling near the
phase transition.21 The result is shown in Figure 4(c), where
s ¼ 1/f, T0 is freezing temperature as frequency and field tend
to zero, while z is dynamical exponent and s* is macroscopic relaxation time related to spin glass or cluster glass
phase. The values obtained for s* and z were 1.2  105 s
and 5.5, respectively. The value of z lies within 4–12 for
spin glass system, whereas s* is of the order of 1012–1014
s.12 Such a large value of s* coupled with the larger value of
U would imply a slow dynamics in the system, due to the
presence of a small internal retarding field, similar to the
reported previously in the context of an assembly of interacting particle system.21 This indicates that system is in cluster
spin glass state at this low temperature region.
To further study the nature of irreversibility and the
cause of the breakdown (at field > 300 Oe) in the H-T phase
diagram, we performed a.c. susceptibility measurements
with a d.c. bias field of 700 Oe (FC) in the SQUID magnetometer, and the results are shown in Figures 4(d) and 4(e).
In this case, the extent of responses of both v/ and v//
becomes less spread out than before. Additionally, we note a
striking feature that the peaks of v// were now lost in the
higher temperature side. It is now not possible to find Tf
from the peak, so we need to find it from the first fall of v//.
A plot of this temperature as a function of log(f), shown in
Figure 4(f), finds a linear dependence and fit to the Arrhenius
law gives Ea and x0 as 4430 K and 2.37  1020 s1, respectively, again unphysical values. The simple spin glass models therefore no longer described the system above the
region of breakdown region. We conjecture that under external field, the system turned over from one kind of irreversibility to another kind. This is a completely new finding for
the FSMA materials as far as our knowledge go.
IV. CONCLUSION

We made a new FSMA system with some desirable physical properties. We found that it had transition temperatures

significantly higher than Sn-only based systems and was more
stable in austenite phase than Al-only system. Additionally,
we investigated its interesting magnetic properties by various
magnetization and susceptibility measurements. We found
that while near room temperature it has para to ferromagnetic
transition, it shows ferro-spin glass properties after structural
transitions take place. It was also shown that the system shows
Heisenberg like spin glass nature that changes nature above
the exchange bias field. This is a novel switching behavior
that was not reported before.
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