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Large exchange bias in Mn-Ni-Sn Heusler alloys: Role of cluster spin glass state
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We report a combined experimental and theoretical study of the exchange bias (EB), structural and magnetic
properties of manganese-rich MnsoNig; 54,Sngs_, (x = 0,0.75, and 1) Heusler alloys. All these alloys crystallize
in a tetragonal structure at room temperature. Ab initio simulation using density functional theory (DFT) on
off-stoichiometric MnsoNisn 18755078125 alloy (very close to the actual composition) predicts the tetragonal
structure with the ferrimagnetic arrangement as the ground state, in good agreement with the experimental
results. These alloys are found to exhibit a large exchange bias at low temperatures, with a maximum EB field of
7.1 kOe at2 K for x = 1, which is significantly larger than that reported for any Mn-Ni-based Heusler systems.
Frequency dependence of spin freezing temperature obeying the scaling law confirms the presence of a cluster
spin glass (CSG)-like state in these alloys. The latter is also confirmed from the memory and aging effect studies
in zero-field cooling and field-cooled protocols for these alloys. The large EB is attributed to the strong exchange
coupling between the CSG clusters embedded in an otherwise ferrimagnetic matrix. The exchange mechanism
behind the large EB effect is discussed in the light of varying bond lengths between different magnetic pairs, and
hence the magnetic coupling, due to the large tetragonal distortion. The present experimental findings are found

to be in good agreement with the DFT results.
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I. INTRODUCTION

Generally, the exchange bias (EB) effect is observed
in materials having different kinds of interfaces such as
ferromagnetic (FM)/antiferromagnetic (AFM), spin glass
(SG)/FM, SG/ferrimagnetic (FI), or FM/FI [1-4]. EB is man-
ifested by the shifting of the magnetic hysteresis (M-H)
loop with respect to the magnetic field axis, when mate-
rial is field-cooled to low temperatures, from well above the
critical transition temperatures of AFM/FM phases; this is
termed conventional EB [1,5]. EB has attracted much atten-
tion due to its potential applications such as in spintronics,
magnetic data storage, and sensing devices [6,7]. In addition
to its application potential, the origin of the EB effect is
still a subject of fundamental interest and debate. In the last
few decades, nickel-rich Ni-Mn-Z (Z = Ga, Sb, Sn, and In)
Heusler alloys have attracted a great deal of attention because
of their multifunctional properties such as shape memory
effect, large magnetocaloric effect, giant magnetoresistance,
exchange bias, etc., most of which are attributed to their first-
order magnetostructural (i.e., martensitic) transition, which
occurs from a high-temperature austenite phase to a low-
temperature martensite phase [8—11]. In these alloys, the
magnetic state of the austenite phase is usually ferromagnetic
in nature, whereas that of the martensite phase is generally
found to be complex and often has coexisting AFM, FI, reen-
trant SG, or cluster SG (CSG), depending upon the interplay
between the different kinds of exchange interactions present
in the material [12-16]. It has been seen that the magnetic
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properties of these Ni-Mn-based Heusler alloys can be eas-
ily tuned by simply changing the composition, and thereby
the exchange interactions, which are strongly sensitive to the
Mn-Mn interatomic distances. As magnetic properties of these
alloys are mainly governed by the manganese magnetic mo-
ments, Mn-Mn AFM/FM exchange interactions are expected
to be stronger in the manganese-rich (Mn ~ 50 at.%) Mn-Ni-
Z alloys than in nickel-rich (Ni ~ 50 at.%) Ni-Mn-Z alloys.
In the last few years, particularly some manganese-rich—based
tetragonally distorted Heusler alloys have attracted immense
attention in the research community due to the existence of
compensated FI behavior, noncolinear magnetism, high or-
dering temperatures, high spin polarization, etc., owing to
the large magnetocrystalline anisotropy created by the tetrag-
onal distortion, which is a requirement of modern storage
technologies such as in spin-transfer torque magneto resistive
random access memory (STT-MRRAM) [17,18]. Therefore, it
is interesting to explore some new tetragonal manganese-rich
Heusler alloys from fundamental as well as application points
of view, such as in high-density magnetic recording media and
STT-MRRAM devices.

Conventional EB has been studied in many off-
stoichiometric Ni-Mn-Z Heusler alloys. For example, in
Ni-Mn-Sn alloys, an EB field (Hgp) of 377 Oe was observed
[19], whereas the NisoMnjsy,Sbos_, and NisoMnso—,In,
Heusler alloys have been found to show Hgp values of 248
Oe and 120 Oe, respectively [11,20]. In contrast to nickel-
rich alloys, Ma et al. [21] have reported a larger Hgp of
1170 Oe in manganese-rich Mn;Ni; Sng 4, and an Hgp of
16 mT has been observed in Mn,PtIn [22]. To date, only a
few Mn-Ni—based Heusler alloys along with large tetragonal
distortion have been explored for their exchange bias
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properties. In one of our previous works [23], we reported
a maximum EB field of 3.5 kOe in similar Mn-Ni-based
Heusler alloys. In the current work, however, we report a
giant EB effect in manganese-rich MnsgNiy; 54,Sng5_, al-
loys for x =0, 0.75, and 1. It is worth noting that these
compounds are often sensitive to small changes in their com-
positions (as demonstrated in various earlier reports [24]).
This is precisely being utilized to achieve such a high EB
field in the present set of off-stoichiometric Mn-Ni alloys.
Understanding the fundamental origin behind such enhanced
EB is crucial. Heusler alloys have a special advantage be-
cause of their reasonably large magnetocrystalline anisotropy,
mediated by tetragonal distortion. In order to understand the
microscopic origin behind this enhanced EB field, we have
performed first-principles simulations to study the structure,
ground-state magnetic ordering, and the exchange mechanism
for the measured alloys. A unique ferrimagnetic ordering
turns out to be, energetically, the most favorable state, with
two manganese atoms (on two different sublattices) coupled
antiferromagnetically, while the manganese and nickel atoms
coupled ferromagnetically in the stoichiometric Mn,NiSn al-
loy. In the off-stoichiometric MnsoNiaj 54,Sngs—, alloy, the
bond lengths between each pair decreases due to strong tetrag-
onal distortion, making the AFM coupling much stronger.
Interestingly, this decrease in bond lengths causes Mn-Ni pairs
to align antiferromagnetically, while other Mn-Mn pairs retain
their alignment—a plausible reason for the enhanced EB.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of MnsgNigjs1,Sngs—, (x =0,
0.75, and 1) were prepared by the arc-melting method in the
presence of a highly pure argon atmosphere, and were subse-
quently annealed at 1073 K for 70 h, followed by quenching
in liquid nitrogen. The energy dispersive x-ray (EDX)
spectroscopy (along with scanning electron microscopy)
measurements showed the actual compositions of present al-
loys such as Mnyg 53Nis.02Sng.45, Mnsg 14Nis2.135n7.73, and
MH49.34Ni43V22SI17'44 for x = O, 075, and 1, respectively.
Structural analysis was performed by collecting the room-
temperature (RT) X-ray diffraction (XRD) patterns using the
PANalytical X’pert PRO diffractometer. The data are shown in
Supplemental Material Fig. S1 [25]. The Le Bail refinement
using FullProf suite confirms that all the alloys possess a
tetragonal structure at RT with a change in lattice parameters
(as mentioned in the first para of XRD section of Supple-
mental Material [25]). The c/a ratio is found to increase
with an increase in nickel content (x), which indicates the
increase in the tetragonal distortion in the alloys. This in-
dicates that the occurrence of the martensitic transition is
expected to be above RT in these alloys. DC magnetization
as a function of temperature (M-T'), magnetic field (M vs. H),
and frequency-dependent AC susceptibility () measurements
was performed using a superconducting quantum interference
device magnetometer.

Computational details

First-principles calculations were performed using the
Vienna Ab initio Simulation Package within the projected
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FIG. 1. ZFC and FCC M-T curves for (a) x =0, (b) x = 0.75,
and (¢) x = 1 of MnsoNiy4; 5,,Sng5_, alloys.

augmented wave formalism with an energy cutoff of 350 eV.
Generalized-gradient approximation by Perdew-Burke-
Ernzerhof was used to describe the exchange and correlation.
Total energy (force) is converged up to 107°eV/cell
(0.01 eV/ A). First, we simulated a conventional unit cell (16
atoms) of a Mn,;NiSn (stoichiometric) Heusler alloy using
the I'-centered K-mesh of 8 x 8 x 8 points for Brillouin
zone (BZ) integration. After that, a 2 x 2 x 2 supercell
(128 atoms) of the conventional cell was used to simulate
MnsNigp, 187551078125 (close to the actual alloy composition),
where 6 x 6 x 6 K-mesh is used for BZ integration.

III. RESULTS AND DISCUSSION

Figure 1 shows zero-field cooling (ZFC) and field-cooled
cooling (FCC) magnetization vs. temperature (M-T) curves
for MnsoNig; 54,Sngs—, (x = 0,0.75, and 1) alloys, measured
in a 1 kOe field. For x =0, a sudden jump in magnetiza-
tion is observed at around 356 K, which corresponds to the
martensite start temperature (M), and attains minimum mag-
netization at 345 K, which corresponds to the martensite finish
temperature (My). Below M, with lowering the temperature,
the ZFC and FCC curves start to split at around 120 K, and a
peak was observed at 78 K (marked as 7p) in the ZFC M-T
curve. With a further decrease in temperature, the splitting
becomes more pronounced, which indicates the coexistence
of magnetically inhomogeneous phases such as AFM/FM or
spin glass/FM or FI in the martensite phase of these alloys.
[13,14,18,22]. However, it can be seen that with the increase
in x, the martensitic transition temperature increases, as for
x =0.75, My and M are 391 and 381 K, respectively, while
no martensitic transition is observed for composition x = 1 up
to 400 K (our instrument measurement limit). This increase
in martensitic transition temperature is attributed to the in-
crease in the valence electron concentration (e/a ratio) with
x; as forx =0, e/a = 7.99, while it becomes 8.05 for x = 1,
which matches well with the trend observed in other Ni-Mn-Z
Heusler alloys [16,26]. Relatively low magnetization values
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FIG. 2. Temperature dependence of the real part of AC suscep-
tibility (x’) at different frequencies for (a) x = 0, (b) x = 0.75, and
(c) x = 1. Insets show the variation of Int with In[(T;—Ts¢)/Tsc]. The
solid line represents the linear fit to the scaling law.

observed in the present alloys suggest ferrimagnetic ordering,
as also seen in some other manganese-rich Heusler alloys
[18,22]. The broadness of the transition is indicative of the
slow relaxation of magnetic moments, as generally observed
in SG systems [27,28].

In order to investigate the nature of the complex magnetic
ground state of these alloys, AC susceptibility measurements
have been performed at different frequencies. Figure 2 shows
the real part of AC susceptibility as a function of temperature
(x'—T), recorded at different frequencies (f) ranging from
10 to 995 Hz. For x = 0 [Fig. 2(a)], a peak is observed in
x'—T curves at around 105 K at 10 Hz, which is found to shift
to higher temperatures with increasing frequency, indicating
the presence of the SG state [27,28]. This peak is defined as
the spin freezing temperature (7y). However, Ty is found to
decrease with an increase in x, as Ty becomes 86 K at 10 Hz
for x = 1. The decrease in T, with x is in agreement with
the trend observed for the peak in DC M-T curves (Fig. 1).
The shift of 7; with frequency in x'-T' curves (known as the
Mydosh parameter) is quantified using the relation [29]

8Ty = ATy /(TyAlogw),

where ATy is maximum change in 7y, and w is the angular
frequency of the AC excitation. Estimated values of ATy are
0.035, 0.030, and 0.032 for x = 0, 0.75, and 1, respectively,
which are comparable to those reported for many CSG sys-
tems, and much smaller than the typical value of around 0.1
for the superparamagnetic (SPM) state [28-31]. In order to
investigate the CSG state further, present results have been
analyzed using the dynamic scaling law

T =1Tr/Tsc— 1),

where 1y, Tsg, 2, and v are microscopic relaxation time, spin
glass transition temperature, dynamical critical exponent, and
spin correlation length exponent, respectively [30,31]. Plots
between In t and In[(Ty—Tss)/Tsc] for each composition are
shown in the insets of Fig. 2. The Tgs values are found to be

96 K, 84 K, and 78 K for x = 0, 0.75, and 1, respectively,
from the fitted curves. The obtained values of 7 are 1.02 x
107" (zv = 9.1), 5.09 x 107! (zv = 8.9), and 3.09 x 10~
(zv = 8.6) for x =0, 0.75, and 1, respectively. These fitted
parameters match well with those reported for other CSG
systems, such as 7y ~ 10712 (zv = 9.7) for Ni-Co-Mn-Sn,
70 ~ 107" (zv = 7.3) in CeNigs5Cugs, 70 ~ 1072 (zv = 8)
in core-shell NiO nanoparticles, and 75 ~ 107'° (zv = 10.3)
for Lag 95519 05sC003 [28,32-34]. These larger values of 1o,
unlike the ones observed in canonical SG systems, indicate the
slower dynamics of SG clusters, which may be due to the fact
that the dominant interactions are among clusters, rather than
among individual spin magnetic moments. The collected AC
susceptibility data have also been fitted to the Neel-Arrhenius
law, which holds for noninteracting SPM-type clusters:

T = 10 exp(Eq/kpTy),

where E, is the anisotropy energy barrier and kg is the
Boltzmann constant [31]. The fitted curves are shown in Sup-
plemental Material Fig. S2 [25]. The value of E, is found to
be on the order of ~1072 J, and unphysically small values
of 7o ~ 1078 s, 1073* s and 10~ s are obtained for x = 0,
0.75, and 1, respectively, which rules out any possibility of an
SPM-like state in these alloys.

To shed more light onto the presence of the CSG-like
state and to understand the dynamics of SG clusters, the
memory and aging effect (i.e., the characteristics of a SG)
related experiments have also been carried out in ZFC and
field-cooled (FC) protocols. For the memory effect, with the
ZFC stop-and-wait protocol, the sample was first cooled to 5
K in the absence of field, and then M-T curves were recorded
in the presence of 500 Oe (the reference curve). Subsequently,
the stop-and-wait procedure was applied, in which the sam-
ple was initially cooled to an intermediate stop temperature
(< Ty as typically 50 K and 60 K are taken for x = 0 and 1,
respectively), and then waited there for 10* s, before cooling
to 5 K. Subsequently, M-T curves were again recorded in the
presence of the same field, called the stop-and-wait curve.
Figure 3(a) and (b) shows the reference and stop-and-wait
M-T curves, and insets show the temperature dependence of
the magnetization difference between the stop-and-wait and
the reference M-T curves. It can be seen from the figure that
significant magnetization dips were observed at 50 K and 60 K
for x = 0 and 1, respectively, which confirm the presence of
a memory effect in these alloys, revealing the existence of the
CSG state [35,36].

Furthermore, for the aging effect with the ZFC aging pro-
tocol, the sample was cooled in the absence of field to an
intermediate stop temperature [such as a typical case of 60 K
(i.e., below T;) for x = 1], and waited there for a period
of time (#,,). Subsequently, magnetization was recorded as a
function of time (¢) in presence of 500 Oe [37]. The M-t
curves reordered with this protocol for different time durations
such as ¢, = 500 s, 3000 s, and 8000 s for x = 1 are shown in
Supplemental Fig. S3 [25], and shows a strong magnetization
dependence on t, and confirms the presence of an aging
effect in these alloys. It is to be noted that magnetization
does not saturate even after 2.2 h (measurement time), which
is attributed to the fact that in the CSG state, moments are
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FIG. 3. Memory effect: Temperature dependence of ZFC magnetization, with and without the stop-and-wait protocol, measured at 500 Oe
for (a) x = 0 and (b) x = 1. Insets show the temperature dependence of difference between magnetization of stop-and-wait and reference M-T

curves.

randomly frozen along their anisotropy axes, and it takes a
long time to align them along the field direction. The same
measurement was repeated with the FC aging protocol, in
which the sample was first cooled from 300 K to 60 K in
the presence of 500 Oe, followed by waiting there for a time
period of #,,, then magnetization was recorded as a function of
time by switching off the field. FC aging protocol M-t curves
for x = 1, recorded for #,, = 3000 s and 8000 s, are shown in
inset of Supplemental Material Fig. S3 [25]. A strong depen-
dence of waiting time on the magnetization with the FC aging
protocol again confirms the slow dynamics of CSG clusters,
unlike in canonical SG. According to the Fisher and Huse
droplet model, a CSG state remains unperturbed at an interme-
diate stop temperature (below Ty) for time period 1, followed
by its quenching from the temperature above Ty [38,39]. At
that intermediate stop temperature, spin configuration gets re-
arranged within the clusters via a slow process, which leads to
an increase in cluster domain size and results in a reduction of
domain wall energy. This explains the mechanism responsible
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FIG. 4. Magnetic hysteresis loops measured at 2 K after FC at
10 kOe. Variation of Hgp as a function of temperature for the studied
alloys.

for the dependence of CSG-phase collective magnetization
dynamics on waiting time, which causes aging. Therefore,
the memory and aging measurements strongly confirm the
CSG-like state at low temperatures in the present alloys.

Generally, it is seen that the magnetic frustration leads to
the EB effect. Therefore, to study the EB effect in present
alloys, we have recorded the magnetic hysteresis (M-H) loops
at 2 K in the field range of +20 kOe, after field cooling at
10 kOe, and the data are shown in Fig. 4 (in the range of
+12 kOe for better clarity). It can be seen in Fig. 4 that all
magnetic hysteresis (M-H) loops shift toward the negative
field axis, which confirms the presence of EB. The values
of the Hgp and the coercive field (H¢) were calculated by
using formulae Hgp = —(H + Hg)/2 and He = |H, — Hg|/2,
respectively, where H; and Hy are the left and right cutoff
fields, respectively. The estimated values are listed in Table 1.
With the increase of x, both Hgp and Hc increase, as Hgg
is around 1.9 kOe for x = 0, and increase to 7.1 kOe for
x = 1. The observed maximum value of EB in the present
alloys have not been reported so far in any other Mn-Ni—
based Heusler alloys, and also were found to be significantly
larger than reported for many other systems in the literature
[11,15,19,21,22]. To verify the EB effect further, magnetic
hysteresis (M-H) loops were also recorded at 2 K in the same
field range after FC at —10 kOe, and a typical case forx = 1 is
shown in Supplemental Material Fig. S4 [25]. The magnetic
hysteresis (M-H) loop gets shifted toward the positive field
direction, with a nearly similar value of Hfp, obtained for FC
at +10 kOe.

TABLE I. The estimated values of Hgp and H¢ for various x of
MnsoNiyy 51, Sng 5, alloys.

Composition (x) Hgp(kOe) Hc(kOe)
0 1.9 0.6
0.75 43 1.3
1 7.1 2.5
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TABLE II. The calculated lattice parameter (ap), total magnetic moment (f4y), atom-projected moments (u;), and relative energies
(A Ero) of nonmagnetic (NM), ferromagnetic (FM), and ferrimagnetic (FI) states of the stoichiometric Mn,NiSn Heusler alloy. FI is taken as

the reference state with energy 0 eV/f.u.

Mot MMnl MMnIl N Msn AEToa
Magnetic Config. ap (A) (ug fu.™h (g) (g) (B) (8) eV fu.™h Ref.
NM 5.93 4.61 Present work
FM 6.03 15.60 3.06 0.45 0.44 -0.05 1.38
FI 6.13 2.76 3.76 -2.95 -0.11 -0.01 0
FI (exptl) 2.48 4.49 -2.01 38
FI (expt2) 6.02 2.95 39
FI (theory) 6.149 0.55 3.69 -3.29 0.12 0.03 40

The origin of magnetic clusters comprising the CSG phase
in these alloys may be attributed to the presence of chemical
and/or structural inhomogeneities. The latter may include the
atomic disorder (i.e., occupancies of different sites in the
lattice) and compositional disorder at the local level. Gener-
ally, in the manganese-rich Mn-Ni-Z Heusler alloys, excess
manganese atoms have been observed to occupy both Z and
nickel sites, which couple antiferromagnetically with the reg-
ular manganese atoms [21]. Apart from that, the martensitic
transition also leads to the shrinking of crystallographic axes
due to the twining of martensite variants, which results in
the further decrease of the Mn-Mn distance, thereby lead-
ing to the enhanced AFM coupling in these alloys. We have
also estimated the nearest neighbor distances between regular
manganese and manganese atoms at tin and nickel sites using
lattice parameters (discussed in the first para of XRD section
of Supplemental Material [25]), which indicates the presence
of AFM coupling between them, due to a distance of less
than 3 A. In fact, with the increase in x, these distances are
found to decrease further due to the increase in tetragonal
distortion (c/a ratio), which suggests the further enhancement
of AFM coupling, and results in large exchange anisotropy
at the interfaces. This may be due to the larger atomic radii
of tin compared to nickel atoms. Thus, due to the random
distribution of excess manganese atoms at tin and nickel sites
in the present alloys, it is expected that disordered Mn-Mn
clusters have been formed in the martensite phase. They are
maintained up to low temperatures, and freeze below Ty,
which gives rise to the CSG state. Therefore, the CSG phase

(i.e., comprised of Mn-Mn disordered clusters) embedded in
a FI matrix is expected to give rise to the strong exchange
anisotropy at CSG/FI interfaces, resulting in a giant exchange
bias in these alloys.

The effect of temperature on EB is also studied for these al-
loys. For that, magnetic hysteresis (M-H ) loops were recorded
at different temperatures, after FC at 10 kOe (data not shown).
The variation of estimated Hgp as a function of temperature
is shown in the inset of Fig. 4. Hgp is found to decrease
monotonically with the increase in temperature and vanishes
at around 60 K, 70 K, and 80 K for x =0, 0.75, and 1, re-
spectively, which are defined as the EB blocking temperatures
(Tp), at which Hgp vanishes. It can be seen that Ty increases
with increasing x for these alloys, which also indicates the
increase in exchange anisotropy with x. These alloys show
reasonably large EB values up to 50 K. At low temperatures,
interactions among the CSG clusters are strong enough to
overcome the thermal energy, while with an increase in tem-
perature, the interactions between them decrease due to the
increase in thermal fluctuations, which leads to a weakening
of exchange anisotropy. This results in a decrease of Hgg, and
the observed trend matches well with other reported Heusler
systems [18,21,22].

To complement the experimental results, we first theo-
retically calculated the ground-state properties of the sto-
ichiometric Mn,NiSn alloy. The inverse Heusler structure
(Hg,CuTi type, space group F4-3m) with different mag-
netic configurations is used to relax Mn,;NiSn fully. In this
structure, the energetically most favorable Wykoff positions
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FIG. 5. Spin-resolved band structure for (a) spin up, (c) spin down, and (b) DOS [spin up (left) and spin down (right)] for the stoichiometric

Mn,NiSn Heusler alloy in a FI configuration.
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TABLE III. The calculated lattice parameters (ay, by, co), total magnetic moment (141, ), average atom projected moments (i;), and relative
energies (AEr,) of nonmagnetic, ferromagnetic, and ferrimagnetic state of off-stoichiometric MnsoNig; 13755107 8125 alloy.

do buo o Mot MMl MMnll AN Msn AEToal
Mag. Config. (A) (A) (A) (up fu.™h (s) (g) (s) (B) eV fu™
NM 10.24 10.24 13.91 3.44
FM 11.78 10.82 12.79 21.62 3.33 2.93 0.36 -0.17 2.12
FI 10.38 10.38 14.81 0.94 3.03 -3.10 0.04 0.05 0

of different atoms are as follows: Mn; at 4b(0.5, 0.5, 0.5),
Mny at 4¢(0.25,0.25,0.25), tin at 4a(0,0,0) and nickel
at 4d(0.75,0.75,0.75). Simulated relative energies, relaxed
lattice parameters (ap), total and atom-projected mag-
netic moments for nonmagnetic (NM), ferromagnetic, and
ferrimagnetic ordering are listed in Table II. Clearly, the fer-
rimagnetic ordering is energetically the most stable magnetic
configuration. Here, manganese atoms majorly contribute to
the net magnetization (i.e., 2.76 g f.u.~") of the alloy; how-
ever, the two manganese sites (Mn; and Mnyy) belonging to
different sublattices are oppositely aligned, which partially
compensates the moments and leads to the FI ordering. Our
simulated total magnetic moment (i) agrees fairly well with
the experimentally reported value by neutron diffraction (see
Table II) as well as with a few other simulated reports [40—42].
Figure 5 shows the spin-resolved band structure and density
of states (DOS) of the stoichiometric Mn,;NiSn alloy in the FI
states, which clearly confirms the metallic character. It can be
noticed from Fig. 5(b) that the DOS is split into bonding and
antibonding states in both the spin channels. The FI ground
state is also clearly evident from the exchange splitting be-
tween the two spin channels.

Next, we simulated a representative mixed-alloy com-
position (MnsoNigp.18755n78125) of our experimental off-
stoichiometric case using a 2 x 2 x 2 supercell. The structure
was fully relaxed in different magnetic configurations. Simu-
lated relative energies, relaxed lattice parameters (ag, by, cop),
along with the total and atom-projected magnetic moments
for the NM, FM, and FI states are listed in Table III. In
this case also, FI is found to be energetically the most fa-
vorable magnetic ordering, but with a tetragonal structural
distortion [ag = by = 10.38 A and ¢y = 14.81 A (ie., of
supercell), co/ag = 1.43). The tetragonal distortion arises due
to the off-stoichiometry, as also observed experimentally with
a c¢/a value of 1.35 for x = 1 composition. Figure 6 shows
the spin—resolved DOS for MH5QNi42'1g7SSI‘17'8125, which again
confirms the metallic character. The FI ground state is clearly
evident from the exchange splitting, as observed for the stoi-
chiometric Mn,NiSn alloy.

To understand the exchange mechanism and the associ-
ated EB better in the present alloys, we have calculated
the bond lengths between nearest neighbor manganese and
other constituent atoms for stoichiometric Mn,NiSn as well
as off-stoichiometric MnsgNigp 1875517 8125 alloys. These are
are listed in Table IV. As discussed earlier, in Mn-Ni-Sn—
based Heusler alloys, the exchange interactions between the
manganese moments are strongly influenced by the dis-
tance between them. If the interatomic distances are less
than 3 A, the coupling between them tends to be AFM.
From Table IV, one can notice that Mn;-Mny atoms are

the nearest neighbor pairs and the distance between them
is 2.657 A for Mn,NiSn, which decreases significantly to
2.467 A for MnsoNig.1875Sn7.8125. This suggests that AFM
coupling gets stronger in the off-stoichiometric alloys. In
fact, the interatomic distances between other pairs, Mn;-Sn
and Mnp-Ni, also decrease significantly in case of off-
stoichiometric alloys compared to Mn;NiSn, due to the
enhanced tetragonal distortion. This causes a change in the
magnetic coupling strength of FI in Mn;NiSn to FI in the
MnsoNig.1875Sn78125 alloy. However, manganese atoms at
their regular sites couple ferromagnetically. This suggests
that AFM coupling gets significantly enhanced in the off-
stoichiometric MnsNigp 1875517 8125 alloy, resulting in a large
exchange coupling at the CSG/FI interfaces and leads to the
giant EB. The calculated interatomic distances are in good
agreement with those estimated from the experimental lattice
parameters (see the first para of XRD section of Supplemental
Material [25]).

IV. CONCLUSION

In conclusion, manganese-rich MnsgNigj 54,Sngs—, (x =
0, 0.75, and 1) Heusler alloys were synthesized by arc melting
and found to possess a tetragonal structure at RT. DC magne-
tization measurements suggest that the martensitic transition
occurs above RT for all compositions, and shows a large
split between ZFC and FCC M-T curves at low temperatures.
Frequency-dependent AC susceptibility data obeying the scal-
ing law along with memory and aging effects under various

E (k)-E; (eV)

15 10
DOS (states eV! (fu.)))

FIG. 6. Spin-resolved density of states [spin up (left) and spin
down (right)] for the off-stoichiometric MnsoNiy; 1375517 8125 Heusler
alloy in a FI configuration.
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TABLE IV. Simulated bond lengths between different neigh-
boring pairs of atoms for stoichiometric Mn,NiSn and off-
stoichiometric MnsoNig; 18755078125 alloys.

Mn,NiSn MnsoNis.1875507 8125
Neighboring pairs Bond length (A) Bond length (A)
Mny-Ni 3.068 2.479
Mn;-Ni 2.657 2.597
Mny-Sn 2.657 2.763
Mn;-Sn 3.068 2.597
MI’IH—MHI 2.657 2.467

aging protocols confirm the cluster spin glass—like state at
low temperatures. The present alloys have been found to show
giant EB; a maximum Hgp of 7.1 kOe is observed for x = 1,
which is found to be significantly larger than that reported in
any other Mn-Ni-based Heusler systems. The present values
of EB are significantly larger than those reported in all previ-
ous studies, [19-22], including one of our earlier works [23],
in a similar Mn-Ni—based Heusler alloy. These compounds
are very sensitive to small changes in their compositions, as
demonstrated in the present work [24]. First-principles density
functional theory calculations were also carried out to verify
and support the experimental findings further. For the stoi-
chiometric Mn;NiSn alloy, an inverse Heusler structure with

FI ordering is found to be energetically most favorable. On
the other hand, the off-stoichiometric MnsoNiss 1875507 8125
alloy (a representative case) also shows a tetragonal struc-
tural distortion with FI ordering to be energetically most
stable, which is in good agreement with the experimental
results. The calculated nearest neighbor bond lengths be-
tween manganese atoms at different sites suggest significant
enhancement of AFM coupling in the off-stoichiometric al-
loys as a result of the enhanced tetragonal distortion. The
calculated spin-resolved DOS and band structure suggest
the metallic behavior for both the alloys. Strong exchange
coupling between the CSG clusters embedded in a strong
FI matrix is suggested to be responsible for the observed
giant EB in these alloys. Thus current work not only repre-
sents the feasibility of achieving large perpendicular magnetic
anisotropy along with the presence of a large exchange bias
in these types of Heusler alloys, but also is a motivation to
search for other Heusler alloys with even better properties for
potential data storage and other spintronic applications.
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