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In the present study, the martensitic transformation (MT) and magnetic properties exhibited by the Ni-Mn-Sn
Heusle-type magnetic shape memory alloys (MSMAs) doped with Zn have been investigated experimentally and
theoretically. The inverse magnetocaloric effect (MCE) in Nig;MnyoSn;3_,Zn, (x = 0, 1) was studied by direct
measurements of the adiabatic temperature change, AT,q4, in pulsed magnetic fields of 5, 10, and 20 T. The Zn
doping of the Ni-Mn-Sn alloy led to a striking enhancement of the value of ATy, e.g., from —2.5 for undoped to
—11 K for Zn-doped alloys under a magnetic field amplitude of 20 T. The first-principles calculations were used
to understand the origin of Zn-doping influence on MT, magnetic, and magnetocaloric properties. Particularly,
the crystal structure and magnetic ordering influenced by the site occupancy in the undoped and Zn-doped alloys
were analyzed. The results show that, whereas the usual transition metal elements with more valence electrons
tend to enter the Ni sites, Zn atom prefers to occupy the Sn sublattice. The underlying physics of the drastic
enhancement of MCE by Zn doping is discussed in terms of a partial disorder in the occupation sites of Zn

atoms.
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I. INTRODUCTION

The Ni-Mn-based Heusler alloy systems are of great in-
terest due to a wide variety of multifunctional properties that
they exhibit owing to the martensitic transformation (MT)
[1-3]. Particularly, magneto-, elasto-, and barocaloric effects
in these materials have been a subject of the recent intense
studies (see, e.g., [4—6] and references therein). As the result,
these materials proved to be very promising candidates for
application in the solid-state cooling systems (see [7]).

The Ni-Mn-based Heusler alloys exhibit a large magne-
tocaloric effect (MCE) due to the reversible magnetic-field-
induced MT accompanied by a huge change of the magneti-
zation. Generally, MCE can be characterized by the two main
parameters: the magnetic-field-induced isothermal entropy
change (ASis) and the temperature change under adiabatic
conditions of the applied magnetic field (AT,). ASiso is
commonly considered to be correlated with the total entropy
change AS;, accompanying the magnetic-field-induced first
order MT, although recent theoretical studies did not confirm
such a correlation directly [5]. AS; is commonly described as
a sum of the following contributions [8]:

AS[ = ASla[ + ASmag + ASel» (1)
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where ASiy, ASmag, and ASg are the entropy changes re-
lated to the lattice, magnetic, and electronic subsystems. One
should admit that Eq. (1) does not include a term related to
the field-induced lattice deformation during MT [5], which
is not important in the present work and can be disregarded.
It has been experimentally demonstrated that the electronic
contribution AS is negligibly small in Heusler alloys ex-
hibiting MT near room temperature [9]. During MT, the
superposition of ASy,,. < 0 and ASjy > 0is usually assumed.
Within this picture, the magnetic-field-induced reverse MT
is accompanied by the positive changes in lattice entropy
that dominates over the negative changes caused by the mag-
netic term leading to a negative adiabatic temperature change
(AT, < 0) termed an inverse MCE.

From the experimental point of view, the most studies on
the inverse MCE, known from the literature, were performed
by the calculations of ASj, from the measured magnetization
isotherms using the Maxwell equation [10]. On the other
hand, taking into account possible applications, the direct
measurement of AT, is the preferable and reliable technique
to characterize a magnetocaloric response. The problem is that
this method requires a homemade equipment, therefore the ex-
perimental data on AT, are still rather scarce in the literature.
It is also desirable to measure AT,y by using fast-sweeping
magnets. The existing pulse-field facilities have the typical
pulse lengths from 10 to 100 ms, which are close to the typical
operational frequencies (10 to 100 Hz) of magnetocaloric
cooling devices [11].
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It has to be noted that, unlike the slightly off-stoichiometric
prototype Ni;MnGa ferromagnetic shape memory alloys (FS-
MAs), the Ni-Mn-Z (Z = In, Sn, and Sb) alloys undergo
MT (and related functional properties) in the highly nonsto-
ichiometric Mn-rich composition form Ni;Mn,xZ; _, giving
rise to the new class of MCE materials, the metamagnetic
shape memory alloys (MetaMSMAs), which are character-
ized by the strong ferro-antiferromagnetic interactions be-
tween Mn atoms residing at different positions in the crystal
lattice [12].

The crystal structure of the stoichiometric X,YZ Heusler
alloys consist of four sublattice sites: A (0.25, 0.25, 0.25) and
B (0.75, 0.75, 0.75) which are occupied by X, C (0, 0, 0)
by Y, and D (0.5, 0.5, 0.5) by Z. In the nonstoichiometric
case, the extra Mn atoms (Mn2) are located on the Sn sites.
The magnetic moments of Mn2 atoms tend to be coupled
antiferromagnetically (AFM) with the regular Mn atoms in
the Mn sublattice (Mnl). The preferential Mnl and Mn2
magnetic coupling changes with different X (Ni, Co, Cu)
[13] and Z (In, Sn, Ga) [14-16] atoms. In some cases, the
dopant (Co substitution for Ni) can change the stable magnetic
configuration of the cubic phase [17]. Therefore, a change in
magnetization during the forward MT is due to the change of
the magnetic state (e.g., from FM to AFM) because MT is
accompanied by the strong enhancement of AFM interactions
resulting from the sharp decrease in the Mn-Mn distances
[14,18,19].

A way to significantly improve MCE in Ni-Mn-Z MetaMS-
MAs is to tailor the characteristics of MT and magnetic
properties by adding a fourth element via partial substitution
of Z, Ni, or Mn; this is being intensively investigated in
the literature. Incorporation of 3d transition metals (or other
elements) in such alloys causes a strong influence on the
electronic structure and the magnetic exchange interactions,
leading to a rich interplay between crystal structure, mag-
netism, and electron conductivity across MT [20]. For exam-
ple, an addition of Co and Cr to NiMn-based MetaMSMAs
was perceived as an effective method to improve the magnetic
properties [18]. It has to be noted that the site occupancy of the
host and alloying atoms in the lattice is one of the fundamental
issues towards understanding the alloying effect on the MCE
properties [21]. In this regard, the first-principles methods
should be ideal theoretical tools for the prediction of the
magnetic and structural stability upon considering different
site occupancy preferences and the magnetic configuration of
the dopants.

In the present work, we systematically investigated, ex-
perimentally and theoretically, an influence of Zn doping on
MT, magnetic and MCE properties exhibited by Ni-Mn-Sn
MetaMSMA. Such a study is missing in the literature [7],
which could be presumably explained by the difficulties of
the alloy fabrication by standard melting techniques due to
an easy vaporization of Zn. To avoid these difficulties, the
Nig7MnyoSni3_,Zn, (x = 0, 1) MetaMSMAs were prepared
by the mechanical alloying. The AT,y measurements under
pulsed magnetic fields demonstrated that the Zn doping led
to a multiple enhancement of the magnetocaloric response.
Moreover, the MCE dynamics, in a desirable frequency range
[22], was studied by checking the repeatability of MCE in a
cyclic magnetic field. We also present the results of the first-

principles calculations disclosing the equilibrium properties
of crystal structure and magnetic ordering as a function of
different site occupation of Zn. By comparing the results of
these calculations with the experimental data, the nature of the
improved magnetic properties and MCE of Zn-doped alloys
was clarified.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental methods

The Nig7MnyoSnj3_,Zn, (x = 0, 1) alloys were prepared
by the mechanical alloying and heat-treated at 1223 K for
16 h according to the procedure described elsewhere [23].
The x-ray diffraction (XRD) patterns were collected using
Cu Ko radiation (A = 1.542 A). The thermomagnetization,
M(T), measurements with the field-cooled-cooling (FCC), and
field-cooled-heating (FCH) protocols were performed using a
Quantum Design 9 T PPMS magnetometer under the applied
magnetic fields of 0.1 and 5 T. The magnetization curves M(H)
were recorded under magnetic fields up to 12 T using a vibra-
tion sample magnetometer (VSM) mounted in a Cryogenic
Ltd. platform. Direct measurements of AT,q have been done
under pulsed magnetic fields with amplitudes of 5, 10, and
20 T using a home-built experimental setup at the Dresden
High Magnetic Field Laboratory (HLD). The details of ex-
perimental setup and measuring procedures were described
elsewhere [24]. The temperature change of the sample was
monitored by a copper-constantan thermocouple glued be-
tween two plates of the alloy by a thermally conductive epoxy
to optimize the thermal contact and reduce the heat losses.
The total time for applying and removing pulse was 200 ms.
A short pulse duration provided nearly adiabatic conditions
and enabled investigation of the dynamics of MCE under
realistic conditions of a refrigerating device. Despite the high
field-sweep rate, the thermoelastic MT in MetaMSMAs is
supposed to be fast enough to follow the magnetic field since
the nucleation process and the phase boundaries movements
should occur rapidly [11].

B. Computational method

All computations were carried out using a plane-wave
based density functional theory (DFT) implemented in the
QUANTUM ESPRESSO package [25]. The projector augmented
wave (PAW) pseudopotentials were employed with the
following valence electron configurations: 4s>3d%4p° for Ni,
3p®4s%3d> for Mn, 55°4d'°5p? for Sn, and 4523d'°4p° for Zn.
All pseudopotentials were generated from PS library 0.3.1
employing the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation [26]. The nonstoichiometric compositions were
treated by using the supercell approach. The calculations were
done for the NigMngSn; and NijgMn»Sn3Zn; supercells con-
taining 16 and 32 atoms, respectively, that were produced by
VESTA [27]. The Broyden-Fletcher-Goldfard-Shanno (BFGS)
algorithm with a convergence criterion of 10> Ryd/Bohr was
carried out to optimize lattice parameter of 16-atom supercell
with L2, symmetry, and then repeating that in one direction
two times we obtained 32-atoms supercell. We also consid-
ered two magnetic configurations in the lattice relaxation. The
first one approximately corresponded to the Nig;MngoSnis
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FIG. 1. Temperature dependencies of the magnetization M(T) for
the Nig;MnyoSn;_,Zn, alloys with (a) x =0 and (b) x = 1. The
insets show M(H) curves at different temperatures around MT. H,
is the critical value of magnetic field of the martensite-austenite start
transformation at the selected temperature.

composition, and the second one to the Nig7;MnyoSnjpZn;. A
kinetic energy cutoff of 450 eV was used for the plane-wave
expansion. Test calculations with a larger number of K-points
and higher values of the kinetic energy cutoff gave essentially
the same results. The K-points for the 16 atoms supercell were
always 8 x 8 x 8, whereas the 8 x 8 x 4 grid of K-points
was used for the 32-atoms supercell.

III. RESULTS AND DISCUSSION

A. Transformation and magnetic properties

Figures 1(a) and 1(b) show the temperature dependencies
of the magnetization M(T) for the Nig;MnyoSni3_,Zn, (x =0
and 1) alloys under the applied field of 0.1 and 5 T, as typical
examples. The martensite and austenite start and finish tem-
peratures are denoted by My, M, A, and A 7, respectively. The
ferromagnetic (FM) transition in the austenitic phase takes

place at around 7 ~ 313 K and remains almost unchanged
for both x = 0 and 1 alloys. T* appears rather insensitive
to the changes in the Sn/Zn ratio. This observation suggests
that the FM order is almost fully defined by the positive
exchange interactions between the nearest neighbors of Mn
in the regular sites, i.e., Mn1-Mn1 and Mn1-Ni, which are the
same for both alloys [12,16].

Contrary to 7A, MT temperature strongly depends on Zn
doping, e.g., A; & 195 K for the Ni-Mn-Sn alloy and 260 K
for the Zn-doped one. Such a behavior can be related to
the increase of the valence electron concentration (e/a) (e.g.,
[28]). Also, a hybridization between Ni 3d and Mn 3d states
could contribute to the enhancement of the MT temperatures
[14,29-31]. In addition, with the decrease of Sn content,
the relative quantity of Sn atoms contributing to the p-d
hybridization between the main group element (Sn) and the
transition metal element (Mn or Ni) decreases. As a result of
all these factors, MT tends to occur at higher temperatures
[31,32].

Upon increasing the magnetic field from 0.1 to 5 T, the
austenitic phase is stabilized, and the MT temperature is lin-
early shifted to lower temperatures with the rates of —1.2 K/T
for the Zn-free and —1.6 K/T for the Zn-doped samples. Tak-
ing into account a small difference in the transformation en-
tropy change AS;, between these alloys, which can be inferred
from the enough long distances of M, from 7 in Fig. 1 (for
details, see [33]), the higher shift in Zn-doped alloy, according
to the Clausius-Clapeyron relationship, can be attributed to the
larger magnetization difference (AM) between the austenitic
and martensitic phases observed in this alloy. The larger AM
implies a higher Zeeman energy AM x H, consequently MT
in this case is easier to be induced by a magnetic field [3,34].
The large values of both the magnetic-field-induced shift of
MT and AM are prerequisites of a large MCE [8].

The insets to Fig. 1 depict the magnetization curves
recorded up to 12 T at the constant temperatures in the vicinity
of MT. Each M(H) measurement was performed according to
the following protocol: after field ramp, the sample was reset
in zero field to the austenitic phase by heating to 330 K, then
cooled down to 100 K to complete the transformation into the
martensitic phase, and, finally, heated up to the target temper-
ature. The insets to Fig. 1 demonstrate that the magnetization
gradually increases with magnetic field until the critical value
H, is reached [indicated, as an example, for the curve at 265 K
in the inset to Fig. 1(b)] then the metamagnetic-like hys-
teretic behavior proceeds, indicating a magnetic-field-induced
transformation of some volume fraction of the martensite into
the austenite. With increasing temperature, the critical field
to induce MT decreases and a larger fraction of martensite
transforms into the austenitic phase. By plotting a “H, versus
T” phase diagram for both alloys (not shown), we found that
the field-induced shift of the MT temperature is monotonously
nonlinear (almost linear till 5 T), where the slope dT /dH,,
ranges from about —1.0 to —4.3 K/T at 0 and 12 T, respec-
tively. The similar nonlinear temperature dependence of H,
at high magnetic fields, typically observed for NiMn-based
MetaMSMAs, has its origin in the phenomenon of thermal
transformation arrest [35].

Finally, it can be seen that the magnetization of Zn-doped
alloy is not saturated even at 12 T, which is attributed to a
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FIG. 2. Time dependencies of AT, (left axis) in the pulsed
magnetic field of 5 T for (a) undoped and (b) Zn-doped alloys
measured at different temperatures. The time dependencies of the
magnetic field changes are also plotted. The insets show temperature
dependencies of AT,y maximums and ASj, calculated from M(T)
curves at different magnetic fields.

higher contribution of the antiferromagnetic coupling in this
alloy [3].

B. Magnetocaloric effect

The values of AT,y under pulsed magnetic field of 5 T
(rising time was 35 ms), measured in the range of both MT
and ferromagnetic transition for the undoped and Zn-doped
samples are depicted in Fig. 2. The pulsed field tests were
conducted according to the same protocol as had been used
for the M(H) measurements, whereby the sample was always
in the complete martensitic state before heating it to the
temperature at which the field application is done.

Figure 2 shows that whereas AT, value, equal to about
+2 K at 5 T, for conventional MCE (produced by a spin
ordering during the paramagnetic—ferromagnetic transition in
austenite) does not depend of doping, this is not the case
for the inverse MCE (produced by MT). As follows from
Fig. 2, the maximum values of at the MT temperatures, equal

to -0.9 K at 195 K for undoped and —4.7 K at 270 K for
the Zn-doped samples, are obtained. A much larger value
of AT, can be considered as an outstanding improvement
of the inverse MCE response in the Zn-doped alloy. The
same conclusion follows from the magnetic-field-induced en-
tropy change ASis, estimated at different temperatures by a
standard Maxwell relationship using M(T) data at different
magnetic fields (not shown). The peak values of ASj;, were
obtained to be equal to 8.1 and 19.9 J/kg K for undoped and
Zn-doped samples, respectively.

Note that MT in the doped alloy occurs near room tem-
perature, which, in turn, is closer to TCA than MT in the
undoped one. With the MT temperatures approaching 74, i.e.,
decreasing (T — M), the contribution of the spin alignment
(negative entropy change) decreases promoting the enlarged
AT,;, what is observed in the Zn-doped alloy (see Sec. I
and [9,36,37]). This enlargement is also reinforced by the
higher value of AM between austenite and martensite and a
stronger magnetic-field-induced shift of MT temperature in
the Zn-doped alloy [38].

It is very interesting to point out that, contrary to the sit-
uation with conventional MCE, upon removing the magnetic
field around MT, the samples still continue to cool further for
some time instead of heating (Fig. 2). One obvious explana-
tion of this anomaly could be related to the limited thermal
conductivity and delay in the heat transfer from the sample to
the temperature gauge, but other possible mechanisms could
not be discarded as well. For example, as the magnetic field
is reduced, at the first moments, the magnetic entropy changes
related to the magnetic subsystem are dominant, leading to the
conventional MCE, i.e., cooling. During further reduction of
magnetic field the sample starts to transform into a martensite
phase, causing an increased contribution from the transforma-
tion entropy, whereby the sample starts to warm up. These two
processes can compensate, to some extent, each other causing
a slow relaxation of AT,q.

It is well known that the thermal hysteresis of MT is the
main issue influencing the cyclic behavior of the inverse MCE.
This is also clearly demonstrated by the results shown in
Fig. 3 . At the temperatures between A; and Ay (205 and
280 K for x = 0 and x = 1, respectively) the samples are
already partially transformed and the dependencies in Fig. 3
reflect that under a first pulse of the magnetic field, the alloys
transform into complete (in undoped alloy) or into incomplete
(in doped alloy) austenitic phase producing some AT,q4 effect.
The alloys keep the same state after field removal. Therefore,
upon applying a second pulse, they exhibit only positive
AT,q due to a conventional MCE related to the ferromagnetic
transition, as shown in Fig. 3.

The repeatability of the inverse MCE in three field-loading-
unloading cycles has been checked for x = 1 sample at
Ay = 265 K, when the sample is fully martensite. The inset
to Fig. 3(b) displays the results for AT,4(¢) at the three
subsequent pulses. It can be seen that subsequent magnetic
field pulses lead to a gradual decrease of the inverse MCE
due to a decrease of the volume fraction of the martensitic
phase in the sample before each pulse. The first pulse induces
a reverse MT, and the sample stays in the austenite phase.
By reducing the field in the first pulse, some volume fraction
of the sample remains in the austenite phase which does not
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FIG. 3. Time dependencies of AT,q under application of the first
and second pulses of the magnetic field of 5 T for (a) x = 0 sample at
205 K and for (b) x = 1 sample at 280 K. The inset shows AT,4(¢) for
the x = 1 alloy at 265 K under three subsequent pulses of magnetic
field of 5 T.

transform back to martensite. Thus, the entropy changes due
to the second and third pulses are becoming smaller and the
maximum temperature change of the sample decreases. Such
a poor cyclic behavior of AT, is due to a thermal hysteresis
of MT [39], which is estimated from Fig. 1 to be equal to
about 18 K. In the studied compound, a considerable MCE
value was obtained under the first pulse of magnetic field.
But to induce a repeatable MT and maintain large MCE value
in a cyclic regime, one needs the higher magnetic fields or a
combination of a magnetic field with an external mechanical
force [40].

The maximum values of negative AT,y (5 T) were observed
at 195 and 270 K for x = 0 and x = 1 samples, respectively,
see Fig. 2. So, these temperatures were selected for the
experiments with the high-intensity pulsed magnetic fields of
10 and 20 T. Figure 4 reveals that the undoped sample exhibits
AT,y=—1.8 K and -2.5 K for magnetic fields of 10 and 20 T,
respectively, whereas the Zn-doped sample shows much larger
values equal to —8.9 and —11 K for the same fields. This
striking difference should be understood, at least qualitatively,
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FIG. 4. Time dependence of AT, for (a) x = 0 and (b) x = 1
samples in the pulsed fields of 10 and 20 T.

by the theoretical considerations. In this sense, to provide the
theoretical guide and gain a deeper insight into the role of Zn
dopant in the transformation behavior, magnetism and inverse
MCE, we carried out ab initio computations described in the
next section.

C. Computations

We performed ab initio calculations by the supercell ap-
proach. Using relaxation of atomic positions in the fixed
unit cell volume equal to the ground state volume of
the cubic structure, the total energy dependencies as a
function of the tetragonality ratio E(c/a) were obtained.
Then, at the minimums of energies for selected values
of c/a, the full relaxation, which included the atomic
positions and unit cell lattice parameters, was carried
out.

Figure 5(a) represents a 16-atoms supercell of NigMngSn;
with the schematically shown magnetic moments, which are
coupled ferromagnetically (FM) when located in the Mnl-
Mnl and Ni-Mnl positions, whereas the antiferromagnetic
(AFM) interaction occurs between Mnl-Mn2. For the Zn-
doped alloy, the supercell of NijgMnj,Sns3Zn; alloy was
considered with 32 atoms [Fig. 5(b)]. In fact, for the doped
alloy, at first, we used a big supercell with 64 atoms which
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FIG. 5. (a) 16-atom supercell for NigMngSn, Heusler-type alloy with mixed FM and AFM configuration of the magnetic moments; (b) 32-
atom supercell of Nij;¢Mn;,Sn;Zn; alloy with the same magnetic configuration; magnetic moments are not shown to avoid overlapping. See

Sec. I for the meaning of Mn1 and M2.

also fits its content, but the unit cell with 32 atoms provided
almost the same results as bigger cell concerning the equilib-
rium lattice parameters and magnetic moments; therefore, the
supercell with 32 atoms finally was used, essentially reducing
computation time.

Table I presents the results of calculations of the lattice
constants of the martensite and austenite, c¢/a ratio and the
values of magnetic moments for the FM and the AFM con-
figurations together with the available experimental data. The
results show that the AFM configuration of the cubic phase is
more stable than FM for both undoped and Zn-doped alloys.
According to the simulations, in the cubic structure of both

undoped and Zn-doped alloys, the FM state is by 3.25 and
4.75 meV /atom less favorable than the AFM configuration.
Comparing these differences, one can deduce that the FM
interactions in the undoped sample are stronger than in the
Zn-doped sample. For more direct evidence of this issue, the
calculations of exchange parameters would be needed, which
is beyond the scope of this paper. Note that the computation
for some Ni-Mn-In and Ni-Co-Mn-Sn MetaMSMAs reveal
that the FM configurations are more energetically favorable
than AFM [14,41]. As already mentioned, the total magnetic
configuration in MetaMSMA:s is usually formed as a result of
the competition between of Mnl1-Mn2 AFM and Mnl1-Mnl

TABLE 1. Computed lattice parameters, total magnetization (also experimental), and partial magnetic moments for NigMngSn, and
Ni;Mn;,Sn;Zn; in the cubic and tetragonal phases. Different values of ¢/a and magnetic configurations have been considered.

Lattice M—crz(x)lt M;?;, MNi /»LM“I MMnZ MSn MZn

Alloy parameter (A)  (up/fu)  (up/fu)  (ug)  (up) (1p) () (1p)

NigMngSn, (FM) 5.983 6.47 - 0.54 3.48 3.52 —0.03 -
7.173

NigMneSny (FM)(¢c/a = 1.312) 6.44 - 0.59 3.40 3.49 —0.05 -
5.465

NigMngSn, (AFM) 5.963 1.91 - 0.13 3.40 -3.52 -0.03 -
7.069

NigMngSny (AFM)(c/a = 1.314) 1.62 1.98 0.07 3.16 -3.30 -0.05 -
5.379

Nij¢Mn;,Sn;3Zn; (FM) 5.929 6.50 - 0.59 342 3.49 -0.03 -0.03
7.159

Ni;¢Mn2Sn;3Zn (FM)(c/a = 1.327) 6.29 - 0.58 3.38 3.44 -0.05 -0.04
5.394

Ni;¢Mn,Sn;3Zn; (AFM) 5.909 1.98 - 0.18 3.31 -3.42 -0.03 -0.02
7.041

Ni;¢Mn;,Sn;3Zn; (AFM)(c/a = 1.319) 1.73 1.66 0.12 3.15 -3.28 —-0.05 -0.03
5.339
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and Ni-Mnl FM exchange interactions, which strongly de-
pend on lattice parameters, but also show a strong dependence
on the conduction electrons of a Z constituent in Ni-Mn-Z (Z
= In, Sn, ...) Heusler alloys [42,43].

Table I shows that the computed equilibrium lattice con-
stant for AFM cubic phase is equal to 5.963 A for undoped
and 5.909 A for Zn-doped alloys. A reduced value of the
lattice parameter in Zn-doped alloy is explained by the smaller
atomic radius of Zn (1.34 A) compared to Sn (1.40 A) [44]. It
is worth noting, that the computed lattice parameters are in a
reasonable agreement with the experimental ones (5.99 A and
5.97 A, respectively), that were measured by x-ray diffraction
in the present work (not shown).

The total and individual magnetic moments for AFM and
FM configurations were also calculated and they are listed in
Table L. It can be seen that the Ni magnetic moment per site
increases (from 0.13 to 0.18 wp), indicating a stronger FM
coupling with its neighboring atoms, whereas the magnetic
moment on both Mn1 and Mn2 decreases with Zn substitution
(cf. [45]). When the neighboring atoms are brought closer to
each other, the interaction between them passes through the
FM coupling with the maximum, after which FM is replaced
by the AFM coupling for the reduced Mn-Mn interatomic
distances [45]. An increase of the total moment is mainly
related to the effect of the Ni moment. The magnetic moment
of Ni shows a strong dependence on the Z element [34]. In
the Zn-doped alloy, with a reduction in the distance between
Ni and Mn, the FM coupling between them are becoming
stronger. This is in agreement with the calculated results for
the magnetic moment of Ni in Ni-Mn-Sn alloys [45]. The
magnetic moment per site in the Mnl sublattice decreases
(from 3.40 to 3.31 up), that may be due to the increased
hybridization of the electronic states of the Ni and Mn atoms
[46]. The magnetic moment of both Sn and Zn has a small
AFM contribution in both the FM or AFM total configura-
tions, which reflects the presence of Mn on the Sn sites. The
small moments can be considered as a result of polarization
of Sn and Zn atoms by the surrounding magnetically active
atoms from the other crystallographic sites [8,47].

The Zn substitution increases the total magnetic moments
from 1.91 pg/f.u. for the undoped alloy to 1.98 wg/f.u. for
the Zn doped one. The increase in the total magnetic moment
is in contrast with the experimental results. Such a discrepancy
invokes a discussion about the role of the site occupancy of
the alloying element which should affect both the electronic
and the crystal structures and, hence, the magnetic behavior
of the alloys. Generally, in X,YZ Heusler alloys, the site
preference of X and Y transition metal atoms depends on the
number of their valence electrons. Atoms with more valence
electrons prefer the A and B positions, whereas the atoms
with fewer valence electrons show a tendency to occupy the
C position (see Sec. I for the sites notations). The main
group element Z enters into the D site [48]. Based on the
so-called “valence electrons rule,” the dopants of the transition
metal elements with more valence electrons prefer entering
Ni sites (A and B positions), while atoms with fewer valence
electrons prefer entering the Mnl site (C position) [49-51].
Therefore, one of the possible arrangements is that the Zn
atoms occupy Ni or Mn sites, whereby driving some Ni or
Mn atoms to the Sn sites. So, the difference between the

calculated and experimental total magnetic moment in the
present work can be attributed to the aforementioned possible
occupations of Zn, as follows from the present first-principles
analysis.

The first-principles calculations, indeed, were suitable to
investigate an influence of the site occupancy of the doping
element. For this purpose, a supercell with 32 atoms with
the possibility of the occupation of Zn in different sites
was considered. The relative total energy differences, AE’,
between four different possibilities of the occupation sites
for Zn, compared to the state when Zn is located on Sn
site, in the AFM magnetic configurations, their cubic lattice
parameter and magnetic moment are listed in Table II . It has
to be emphasized that, according to calculations, the AFM
configuration was more stable than the FM one for all site
occupancies.

The results indicate that Zn in the Sn site has lower total
energy compared to Zn entering the Ni or Mnl site. This
result differs from other 3d metals like Co. For example, in
Co-doped alloys, regardless of the sublattice with the deficient
component, the occupation of Co in the Ni site has the
lowest energy among all possible configurations [21,51]. In
contrast, our calculations show that in an ideal case of the fully
equilibrium atomically ordered state of the Zn-doped alloy, Zn
atoms occupy the Sn sublattice, which is also reinforced by the
fact that Zn has entirely filled 3d shell [49]. On the other hand,
in a real material, which is out of global equilibrium, the Zn
and Mn atoms on the Sn sites could be randomly distributed,
moreover, Zn could occupy Ni and/or Mn sites, as well.

It is known that the atomic disorder in the Ni-Mn based
Heusler MetaMSMAs can affect the electronic structure and
the magnetic properties, as well as the MT temperature
[52-55]. The computational study of these alloys has indi-
cated that an additional degree of disorder between Mn and
Sn atoms influences the magnetic properties, so the total
magnetic moment can be reduced [15,56]. A similar situation
can be assumed to happen in the present work (see Table II).
A partial disorder due to the presence of Zn atoms on the
Ni and Mn sites alongside the regular Sn sites (B2 and
B32a structures [57]) is supported by the x-ray diffraction
patterns shown in Fig. 6, where a reduction in the value of
the “superlattice/main peak” intensity ratio is obtained for a
Zn-doped alloy. The total energy of the occupation of Zn on
Ni sites (see Table II) is close to the one when Zn occupies
the Sn sites so, the intermixing of Zn on the Sn and Ni sublat-
tices is highly possible causing a partial disorder. Therefore,
an increasing amount of structural disorder, resulting in the
perturbation of the magnetic exchange parameters, can cause
a decrease in the saturation magnetization [15]. According to
Table I, this decrease, although quite insignificant, is observed
experimentally.

Furthermore, the mentioned partial atomic disorder can
improve an inverse MCE in the Zn-doped alloy due to increase
of the vibrational entropy change contribution at the trans-
formation [58]. Thus, our results show that, the Zn-triggered
atomic disorder can have an important impact on MCE in the
present alloy system. The beneficial effect of Zn, compared to
the Cu-doping, on the transformation behavior and magnetic
anisotropy of martensite in the Ni-Mn-Ga FSMA was recently
disclosed by the ab initio computations performed in [59].
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TABLE II. The cubic lattice parameter, total magnetic moment, and relative total energy AE’ (eV/f.u.) of different site occupancy in
Zn-doped alloy with AFM configurations. AE’ was obtained by extraction of the energy of the “normal” site occupation (Zn on Sn site), taken

as a reference, from the total energy.

Site occupancy of Zn in Schematic Lattice parameter ulo AE’(eV/fu.)
Nij¢Mn;»Sn;Zn; illustration A (up/fu.) AFM
NimMH]zSH3ZI’11 Zn — Sn 5.909 1.98 0
Zn — Ni
Nil5Zn1Mn128n3Ni1 5.927 1.96 0.10
Ni — Sn
Zn — Mn
NimMn“ZmSmMnl 5.927 2.01 0.44
Mn — Sn
7Zn — Mn, Mn — Ni
Ni|5Mn1Mn1|Zn1$n3Ni] 5.921 1.74 0.60
Ni — Sn
7Zn — Ni, Ni — Mn
Ni15ZH1M1’111Ni151’13MH1 5.921 2.02 0.52

Mn — Sn

Now we consider electronic structure playing an impor-
tant role in the underlying physics of the MT temperature
increasing and the MCE improvement. To this end, the #p,-
and eg-decomposed densities of states (DOS) of Ni 3d and
Zn 3d were calculated in the equilibrium cubic phase with the
AFM magnetic configuration and standard site occupancy. As
can be seen in Figs. 7(a) and 7(b), the 3d states of Ni and the
3d states of Zn exhibit the bands mixing (spin hybridization).
This is understandable since the Zn-Ni distance (2.635 A)
is lower than Zn-Mn distance (2.922 A) in the equilibrium
cubic structure; therefore, the covalent character of the bond
between Ni and Zn is expected to be stronger than that
between Mn and Zn [14,30,60]. In the Zn-doped alloy, the

2500
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Zn-doped

(220)
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FIG. 6. X-ray diffraction patterns for undoped and Zn-doped
alloys in the cubic phase to compare the intensities ratio between
the superlattice and main peaks. For obviousness, the data were
normalized to match intensities of the (111) reflections.

shifting and broadening of the total DOS could be caused by
the hybridization of Zn-Ni and change in the hybridization
of Ni 3d and Mn 3d orbitals [60,61]. With Zn doping, the
peak (—0.09 eV) right below the Fermi level (in the minority
of states), that has a sizable contribution near Ef, gets closer
to the Fermi level position (—0.04 eV) [see Fig. 7(c)]. The
increased overlapping with the Fermi level indicates a band
Jahn-Teller-type of the instability of the corresponding cubic
phase [62,63]. It explains an increase of the difference of
energies between austenite and martensite, AE4 , leading to
the increase of MT temperature with a Zn doping. Some spin
disorder caused by the hybridization of Zn with Ni, alongside
a chemical disorder, should favor an enhancement of the mag-
netocaloric properties [64,65]. (The role of spin disorder in the
functional properties of magnetocaloric materials, including
MetaMSMAs, has also been discussed in [66—68]). Further
studies explicitly revealing the spin exchange interactions are
needed to confirm the effects of Zn.

AE v dependencies as a function of the tetragonal distor-
tion ¢/a, computed in FM and AFM states, are shown in Fig. 8
. Figure 8 indicates that the AFM state is more stable for the
entire range of ¢/a ratios, which locally means that the Mn1-
Mn2 magnetic interactions in both austenite and martensite
are antiparallel. The ground state corresponds to a tetragonal
structure with ¢/a = 1.31. The computed results show that
AE, \ effectively deepens with Zn doping. The larger AEA v
corresponds to a higher MT temperature [19,30], which is in
agreement with our experimental results. Computed results
for both alloys show that MT is not accompanied by a change
of magnetic configuration: AFM interaction between Mnl-
Mn2 and FM interaction between Mn1-Mnl and Mn1-Ni in
both phase states and change in magnetization are due to a
drastic change in the intensity of the AFM magnetic exchange
interaction [18,69]. If the difference between the total energy
of AFM and FM configurations is minimal (especially in the
undoped sample), other factors might be considered as well.
For example, as far as the DFT calculations are made at
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FIG. 7. The majority and minority-spin density of states (DOS)
of Ni 3d and Zn 3d electrons in the equilibrium cubic phase. The Zn
3d DOS is multiplied by a factor of 10. The bands mixing (attributed
to the spin hybridization) is indicated by the red arrows.

T = 0 K, an increase in temperature might change the energy
of states considerably.

IV. CONCLUSION

In the present work, the experimental and theoretical stud-
ies of the transformation behavior, magnetic properties, and
inverse MCE of the NiyjMnyoSn3_,Zn, (x = 0, 1) MetaMS-
MAs were carried out. MCE was investigated by the direct
measurements of AT,q under pulsed magnetic fields. It was
found that the addition of Zn to the ternary Ni-Mn-Sn alloy
was an effective method for enhancing MCE response and
enabling the MT temperature to be close to room temperature.
Zn as a nonmagnetic dopant, not only increased the MT
temperature to near room temperature, but also enhanced
the maximum value of AT,y by nearly a factor of 5. This
was a remarkable result for MCE among the Ni-Mn-Sn
MetaMSMAs, which makes this alloy system promising for
applications.

120
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FIG. 8. Variation of the total energy as a function of tetragonal
ratio ¢/a for undoped and Zn-doped alloys with different magnetic
configurations.

The structural and magnetic properties of these alloys were
investigated in the framework of the DFT approach. Two dif-
ferent spin configurations of FM and AFM were considered.
The calculations showed that the AFM configuration is more
energetically favorable than FM for both the undoped and
Zn-doped alloys in the entire range of c/a ratios at 0 K,
although the difference between FM and AFM states for the
cubic phase is small. The last point therefore gives a real
chance to further improvement in theory, which needs to be
done since the experiment indicates the FM state for cubic
phase.

As far as the site occupancy of the alloying elements affects
the electronic and the crystal structures and the magnetic
behavior of the alloys, its dependence on the Zn doping
was analyzed by comparing the total energies of the alloy
to different site occupancy configurations. The calculations
demonstrated that in fully ordered structure, Zn atoms occupy
the Sn sublattice.

The experimental results, in contrast to the computed ones,
showed some reduction of the total magnetic moment with
Zn doping that can be attributed to a partial disorder due
to the occupation Ni and Mn sites by Zn atoms, instead of
complete occupation of the regular Sn sites. The improvement
of MCE in the Zn-doped alloy is attributed to an increase
in the vibrational entropy change during MT related to a
Zn-triggered partial disorder. Our results showed that this kind
of disorder in the crystal lattice can have an important impact
on MT, magnetic and MCE properties in the present alloy
system.

From the electronic point of view, the DOS computations
showed the possibility of hybridization of Zn 3d states with
Ni 3d states, which might increase the spin disorder in the
Zn-doped alloy leading to a larger inverse MCE, as observed
experimentally.

Furthermore, the computations showed that the ground
state for both alloys is a tetragonal structure with c/a =

134403-9



A. GHOTBI VARZANEH et al.

PHYSICAL REVIEW B 101, 134403 (2020)

1.31, indicating that the system is prone to undergo MT. The
difference in the total energy of cubic and tetragonal phases,
which controls the MT temperature, increases with increasing
Zn content, in agreement with experimental results.

Our findings showed that an addition of the fourth compo-
nent, such as, e.g., Zn, into ternary Ni-Mn-Sn alloys, causes
interesting behavior worthy for basic studies. The results can
be used to improve an inverse MCE and other functional
properties not only in Ni-Mn-Sn alloys, but also in other
Heusler-type MetaMSMA .
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