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Abstract

Martensitic transformation (MT), magnetic properties, and magnetocaloric effect (MCE) in
Heusler-type NigzMnygoSn 3 ,Cd, (x = 0, 0.75, 1, 1.25 at. %) metamagnetic shape memory
alloys (MetaMSMAs) are investigated, both experimentally and theoretically, as a function of
doping with Cd. Ab-initio computations reveal that the ferromagnetic (FM) configuration is
energetically more favorable in the cubic phase than the antiferromagnetic (AFM) state in
undoped and doped alloys as well. Moreover, it is revealed that the alloys in the ground state
exhibit a tetragonal structure confirming the existence of MT, in agreement with the
experiments. It was indicated, both in theory and practice, that a reduction of the unit cell
volume and an increase of the MT temperature as a function of the Cd doping. Indirect
estimations of MCE in the vicinity of MT were carried out by using thermomagnetization curves
measured under different magnetic fields up to 5 T. The results demonstrated that the doped
alloys exhibit enhanced values of the inverse MCE comparable with those of Ni-Mn-based
MetaMSMAs. Maximum magnetic entropy change in a field change of 2 T increases from

3.0 L.kg~'K~! for the undoped alloy to 3.4 and 5.0 J.kg~'K~! for the alloys doped with 0.75
and 1 at.% of Cd, respectively. The inverse and conventional MCE were explored by direct
measurements of the adiabatic temperature change under the magnetic field change of 1.96 T.
The Cd doping increased the maximum of inverse MCE by nearly 78% from 0.9 K to 1.6 K for
the undoped and doped alloys, respectively. The results depicted that Cd doping can effectively
tailor the structural, magnetic, and MCE properties of the Ni-Mn—-Sn MetaMSMAs.

Keywords: NigzMngoSn;3—Cd, (x =0, 0.75, 1, 1.25 at. %) metamagnetic shape memory alloys,
magnetocaloric effect, martensitic transformation, metamagnetic materials, ab-initio calculations
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1. Introduction

The necessity of employing environmental-friendly and effi-
cient technologies, such as magnetic cooling, becomes more
critical as the adverse effect of global climate change and
the importance of energy-saving become more apparent. New
materials with magnetocaloric effect (MCE) can potentially
replace standard gas-compression refrigeration with magnetic
cooling [1]. MCE is the intrinsic thermal response of all mag-
netic materials to the change of the external magnetic field that
is enormously intensified when associated with the second-
order magnetic transition or first-order magneto-structural
transformation [2, 3]. The discovery of the giant MCE in
the Gds(SipGe,) alloy that originated from the first-order
magnetostructural phase transition stimulated much effort to
develop new magnetic refrigeration materials [2]. Some of the
famous first-order compounds with giant MCE are Gd—Si—Ge,
Mn-Fe-P-X (X = As, Ge, Si), La(Fe, Si)3, La;_,Pr,Fe ;B¢
(x = 0.05-0.2), Mn—Co-Ge, Fe-Rh and Ni-Mn—Z (Z = Sn,
In, Sb, Ga) [4-10].

It is worth to mention that rare earth (RE)-based mater-
ials are one of the important branches of MCE materials.
Er0Ho20Gdy0NiygCoyy with wide entropy peak [11], new
series of B-site ordered RE,ZnMnQOg (RE = Gd, Dy and Ho)
perovskites [12], B-site half-doped RE;FeAlOq (RE = Gd,
Dy, Ho) compounds [13], Gd;MgTiOg [14] and RECo,Ga
(RE = Ho, Dy or Gd) [15] show suitable potential for cryo-
nic magnetic refrigeration technology. A combination of RE
and transition metals-based alloys sometimes show promising
cryogenic magnetocaloric performance like NdGa [16]. More
investigation of RE compounds is beyond the scope of this art-
icle, but a comprehensive report of different ternary rare-earth
RE,T,X (RE = Gd-Tm; T = Cu, Ni, Co; and X=Cd, In, Ga,
Sn, Al) intermetallic compounds with a wide range of mag-
netic ordering temperatures can be found in Zhang review art-
icle [17].

Ni-Mn-based Heusler alloys, especially the non-
stoichiometric Mn-rich compositions of Ni,Mn;,Z;_,, are
attractive MCE materials due to their low-cost, rare-earth-
free nature, noticeable values of the magnetic entropy change,
ASy, and adiabatic temperature change, AT,q [18]. It should
be noted that large values of these parameters observed exper-
imentally usually turn out to be a ‘one-time’ effect due to
the thermal hysteresis. However, many studies have focused
on developing strategies for at least partially overcoming or
bypassing the challenge of hysteresis.

These metamagnetic shape memory alloys (MetaMSMAs)
are characterized by the mixed ferro- and antiferromagnetic
(AFM) interactions between Mn atoms placed at different pos-
itions in the unit cells of the crystal lattice [9].

Ni-Mn-Z (Z = Sn, Sb, In, and Ga) compositions, depend-
ing on the Mn/Z ratio, display a magnetostructural martens-
itic transformation (MT) from the high-symmetric austen-
ite phase to low-symmetric martensitic phase resulting in a
totally different magnetic state of these phases, due to a strong
magneto-structural coupling as one of the reasons [19]. Owing
to MT, these materials show multifunctional properties, such

as an inverse MCE, exchange bias effect (EB), magnetores-
istance, shape memory effect, etc [20-23]. The structural and
magnetic properties of these alloys can be directly tuned by
changing the composition or partial doping with the fourth
element.

Magnetic properties in these alloys are mainly associated
with the magnetic moments of Mn coupled through conduc-
tion electrons leading to the long-range indirect Ruderman-
Kittel-Kasuya-Yosida (RKKY) exchange interaction [24].
Changing the composition can alter the Mn—-Mn distances,
which, due to the distance-dependent RKKY interactions, res-
ults in a variation of the magnetic state. During the onset of
MT, a drastic change of the saturated magnetization occurs,
giving rise to the multifunctional properties, such as MCE,
exchange bias, etc [25].

In the non-stoichiometric cases, X,Y4+,Z|_y, the regular
Mn atoms locate in the Mn sublattices (Mn1), but the extra Mn
atoms (Mn2) occupy the Sn sites. This substitution decreases
the distance between the closest neighbor Mn atoms, lead-
ing to AFM configurations. The magnetic moments between
Mn1-Mn1 and Mn1-Mn2 pairs consequently are coupled fer-
romagnetically (FM) and antiferromagnetically, respectively.
Such FM and AFM configurations are in a competition, typical
of the non-stoichiometric Ni-Mn-based Heusler alloys [26].
The magnetic state of these alloys additionally depends on the
X (Ni, Co, Cu) [27] as well as Z (In, Sn, Ga) elements and
can be altered by modifying the magnetic coupling between
Mnl and Mn2 atoms [28-30]. For instance, Sokolovskiy et al
[31] showed that Co doping instead of Ni could strongly
modify the stable magnetic configuration of the cubic austenite
phase.

The jump-like change of the magnetization, down to zero,
during the forward MT in MetaMSMAs is due to the differ-
ent magnetic states (for instance, from FM to AFM) because
the forward MT is accompanied by the strong enhance-
ment of the AFM interactions resulting from the noticeable
reduction in the Mn—Mn distances in the martensitic state
[28, 32, 33]. With regards to the competing condition of coup-
ling between Mn1 and Mn2 (FM or AFM), there is still con-
troversy regarding the stable ground state of the Heusler-type
Ni—Mn-based MetaMSMAs, as different calculations indicate
that both the FM and AFM configurations could be stable.
However, whereas the calculation data show that Ni-Mn—
In and Ni-Co-Mn-Sn MetaMSMAs should exhibit the FM
configuration as more stable than AFM [34, 35], the AFM
configuration appeared to be more energetically favorable
than FM, e.g. in Zn- or C-doped Ni-Mn-Sn MetaMSMAs
[36, 37]. This discrepancy may be attributed to the imperfec-
tions of the ab-initio methods used; therefore, more elabor-
ated first-principle calculations are still needed to accurately
study the complex magnetic configurations and their stabil-
ity in these alloys. This paper seeks to resolve the aforemen-
tioned discrepancies by adding a Hubbard U correction to the
computations.

A significant rectification of magnetic properties and MT’s
characteristics in Ni-Mn—Z MetaMSMAs is possible by tail-
oring the composition or adding a fourth element via partial
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substitution of Z, Mn, or Ni. This procedure is being abund-
antly explored in the literature with different MetaMSMAs.
Incorporation of d transition metals or other elements in such
alloys have a strong impact on the electronic structure and
the magnetic exchange interactions, leading to a rich interplay
among magnetism, crystal structure, and electronic structure
in the course of MT [38]. For instance, adding Co, Cr, or Zn as
the 3d transition metals or adding Nb as a 4d transition metal to
Ni—-Mn-based MetaMSMAs was perceived as an efficient tool
to enhance the magnetic properties [32, 37, 39]. It is worth
mentioning that the most published works on this subject are
devoted to the effect of 3d transition metals. Notably, the MCE
properties of Ni-Mn-based MetaMSMAs are tailored by the
doping of the fourth element with a predominance of 34 trans-
ition metals [40, 41].

In the present work, theoretical and experimental investig-
ations of the influence of partial substitution of Sn by Cd, as a
4d transition metal, on MT, magnetic properties, and MCE in
Nig7MnypSnj;_,Cd, (x =0, 0.75, 1, 1.25 at. %) MetaMSMAs
have been performed. The Cd-doping effect has not been con-
sidered yet for these alloys in the literature. Another object-
ive for investigating Cd-doping on the Sn site is to compare
the influence of partial substitution of Sn with Zn in the same
Ni—Mn-Sn alloy, which was considered in our previous work
[37]. Zn and Cd have the same number of valence electrons but
different atomic radii. Regarding the closeness of MT temper-
atures in both Cd-doped and Zn-doped Ni-Mn—Sn, the role of
the unit cell volume in changing the MT characteristics is cla-
rified. The Cd-doping effect on the MCE properties has been
explored by the indirect and direct measurements of the mag-
netic field-induced entropy change and adiabatic temperature
change, respectively.

2. Experimental and computational details

2.1. Experimental methods

Bulk alloys with compositions of Nig;MngoSn;; (CdOSn), Niyy
Mn4<)Sn12_25Cd0_75 (Cd0.7SSn), Ni47MIl4()SI’112Cd1 (CdlSn),
and NigMnyoSn;;75Cd; s (Cd1.25Sn) were prepared by
mechanical alloying described in details elsewhere [42]. The
powders were compressed and encapsulated in a quartz tube
under Ar atmosphere to avoid oxidation during heat treat-
ments. The samples were quenched in cold water after homo-
genization at 1223 K for 16 h. Phase identification was
performed at room temperature by x-ray diffraction (XRD,
ASENWARE AW-DX300 diffractometer) using filtered Cu
Ko radiation (A = 1.54184 A, 40 kV, 30 mA). Magnetization
loop measurements were carried out using a SQUID magne-
tometer (Quantum Design, MPMS-7) under applied magnetic
fields up to 5 T. The thermomagnetization curves, M(T), were
recorded under an external magnetic field of 0.01 T in the tem-
perature range of 5-350 K using zero-field-cooling (ZFC) and
field-cooling (FC) protocols. Direct measurements of MCE,
i.e. adiabatic temperature change, AT,q, for a magnetic field
change of 1.96 T have been conducted via a custom-made
adiabatic calorimeter. Details of the experimental setup can
be found elsewhere [43].

2.2. Computational method

The computations were performed for selected compositions
of MetaMSMAs using a plane-wave-based density functional
theory (DFT) within the QUANTUM ESPRESSO package
at zero temperature [44]. To employ the projector augmen-
ted wave (PAW) pseudopotentials, the following valence elec-
tron configurations were used: 4s>3d%4p° for Ni, 3p®4s23d°> for
Mn, 5524d'%5p? for Sn, and 5s%4d'%5p° for Cd. All pseudopo-
tentials were generated from PS library 0.3.1 employing the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation [45].
The non-stoichiometric compositions were simulated employ-
ing the supercell approach. The calculations were carried
out for the NigMngSn; and NijgMn,Sn3Cd; supercells con-
taining 16 and 32 atoms generated by VESTA [46]. The
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm with a
convergence criterion of 102 Ryd/Bohr was used to optimize
the lattice parameter of a 16-atom supercell corresponding to
L2, ordered structure. Subsequently, repeating that in one dir-
ection, 32-atoms supercell was obtained. The first one corres-
ponds to the Nig7MnyoSn;3 composition and the second one
to Nig7MnyoSn >, Cd;. Furthermore, it was considered that two
magnetic configurations during the lattice relaxation, FM, and
AFM. For AFM configuration several states can be considered,
antiparallel configuration among Mn1 and Mn2 with Ni paral-
lel to Mn1, opposite direction of Mnl and Mn2 with Ni anti-
parallel to Mnl, and parallel configuration of Mnl and Mn2
with Ni antiparallel to them. It was concluded that the AFM
interaction between Mnl and Mn2 while Ni is parallel with
Mn1 is more energetically favorable and thus considered for
the calculations in this research due to time-consuming com-
putations. A kinetic energy cutoff of 450 eV was employed
for the plane-wave expansion. Test calculations with more
K-points and higher kinetic energy cutoff values render the
same outcomes. The K grid points for the 16-atom supercell
were 8 x 8 x 8, whereas it was 8 x 8 x 4 for the 32-atom
supercell.

3. Results and discussion

3.1. Experimental results

3.1.1. Crystal structure. ~ MT involves the change of the
symmetry and volume of the crystallographic unit cell [47],
whereby the knowledge of changes in the crystal structure is
essential for interpreting the MT data [48]. Figure 1 shows
x-ray diffraction patterns obtained at room temperature. The
results of Rietveld refinement (done by a Fullprof software and
presented in figure 1) reveal that the alloys CdOSn, Cd0.75Sn,
and Cd1Sn are in the L2;-ordered cubic austenite phase with
a space group of Fm3m, whereas the Cd1.25 alloy exhibits an
orthorhombic martensitic structure with a Pmma space group.
The ‘superlattice/main peak’ intensity ratio parameter was cal-
culated to estimate the degree of atomic order in these alloys
[37]. It is found that the value of the mentioned ratio increases
by the Cd doping; therefore, it can be concluded that the degree
of L2, order is increasing in the austenite phase. The obtained
lattice parameters and the calculated unit cells volumes were
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Figure 1. XRD patterns of the Cd0OSn (a), Cd0.75Sn (b), Cd1Sn (c), and Cd1.25Sn (d) alloys at room temperature with the results of

FullProf analysis.

Table 1. Crystallographic parameters of the unit cells of the alloys.

Space Unit cell
Composition group a A bA) cA) volume (A%
Nig7MnyoSn3 Fm3m 5.993 5.993 5.993 215.245
Ni47Mn405n12‘25Cd0‘75 Fm§m 5.985 5.985 5.985 214.384
Nig7MnyoSnj, Cd; Fm3m 5.983 5.983 5.983 214.277
Ni47MI14()SI111<75Cd1‘25 Pmma 8.447 5.713 4.298 206.977
Nig7MnyoSnj; Zn; Fm3m 5.979 5979 5.979 213.740

reported in table 1. The data from table 1 illustrate that the unit
cell volume shrinks by increasing Cd content, which is expec-
ted since the atomic radius of Cd atom (158 pm) is smaller
than that of Sn (225 pm).

3.1.2. Thermomagnetization curves and transformation
behavior.  Figure 2 shows the temperature dependences
of magnetization, M(T), for Nigz7MnySn;3_,Cd, (x =0, 0.75,
1.00, 1.25 at.%) alloys under different magnetic fields from
0.1 up to 5 T. Firstly, during cooling from the austenite phase,

the FM transition from paramagnetic to FM state occurs at
the Curie temperature of austenite, TS, see figure 4 in the
next section. Then, the samples undergo the forward MT
accompanied by the large magnetization drop at the magneto-

N F
structural transformation temperature, 7 :w, where TAS4
and TI, are the martensitic start and martensitic finish tem-
peratures, respectively. The reverse MT occurs during heating

at Ty =1 ;TA where T3 and T% are the austenitic start and

finish temperatures, respectively. The difference Tx—Ty is
conventionally accepted as thermal hysteresis of MT; the
value Ty = (Ty + Ta)/2 corresponds to the equilibrium MT
temperature. MT is a first-order structural transformation from
the high-symmetry austenitic phase at high temperature to the
low-symmetry martensitic phase at low temperature accom-
panied by latent heat and specific volume change. During
MT, the cubic unit cell undergoes a spontaneous Bain strain
by expanding along the principal axis, ¢, and shrinking in
two other directions. As a result, owing to the magnetoelastic
interactions, the lower symmetry martensitic phase shows an
enhanced magnetocrystalline anisotropy, which reflects in the
magnetization curves showing much larger values of aniso-
tropy field [19].
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Figure 2. Thermomagnetization curves at different magnetic fields for Cd0Sn (a), Cd0.75Sn (b), Cd1Sn (c¢) and Cd1.25Sn
(d) MetaMSMAs. The characteristic temperatures of martensitic and austenitic start and finish MT are denoted by TAS,,, T,ﬁ and T3, TF,
respectively. The insets show the MT temperature shift as a function of the applied field.

The Curie transition of the martensite occurs at T (see
figure 4 in the next section) as a result of the strengthening of
FM correlations in the martensite phase during cooling [49].
Due to a large saturation magnetization drop at the forward
MT, the MT temperature appears to be very sensitive to the
application of the magnetic field (see figure 2), which is bene-
ficial for the reduction of the field value needed to induce
reverse MT and associated giant effects like inverse MCE. The
Insets in figure 2 plot the MT temperatures as a function of
the magnetic field, showing a linear behavior with a negative

slope with a rate, diTo‘;I. This slope was determined for each
dT,

sample as shown in the insets of figure 2. High rate of the duol
slope means the possibility to obtain more volume fraction of
the austenitic phase transformed from martensite at the lower
applied magnetic field [50].

The jump-like change in magnetization, observed in all
alloys (figure 2), is lower for the case of the Cd1.25Sn alloy
since the FM ordering in the austenite phase is not yet accom-
plished when MT starts in the cooling process [51].

Zeeman energy depends on the magnetization difference
between austenitic and martensitic phases and the magnetic
field (AM x H). There is a bigger chance of assisting trans-
formation in the alloys with a higher AM as Zeeman energy
performs as a driving force to facilitate the field-induced phase
transformation [52]. Based on this, it seems that the Cd0.75Sn
alloy should transform easier than other alloys in question.

M(T) curves for CdOSn show the largest magnetization value
in the martensitic phase, indicating that some untransformed
part of the austenitic phase still exists at low temperatures, typ-
ical behavior of MetaMSMAs [53].

Thermal and/or magnetic hysteresis of MT, as character-
istic of the first-order transformation, plays a restrictive role in
obtaining the reversibility of MCE in the cooling cycles. The
main reason for hysteresis is the energy barrier among austen-
itic and martensitic phases. Geometric compatibility, which
can be obtained from the transformation matrix, is another
parameter that controls a hysteresis width. In fact, better com-
patibility between martensitic and austenitic phases reduces
hysteresis. Moreover, this compatibility can be achieved by
the change of interatomic distances [54]. The dependences
in figure 2 reveal that the thermal hysteresis does not change
much by the Cd-doping. Therefore, it can be assumed that the
geometric compatibility at the martensite—austenite interfaces
in our alloys should be similar [18]. It is worth noting that the
influence of the thermal hysteresis on the functional proper-
ties of Heusler-type MetaMSMAs can be overcome, to some
extent, by utilizing minor loops [55, 56].

The characteristics of MT in MetaMSMAss strongly depend
on the composition. Although Cd doping on the Sn sites does
not noticeably change the thermal hysteresis, the MT temper-
ature increases significantly, from 200 K for the undoped alloy
to near room temperature for doped alloys. This evolution is
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Figure 3. Martensitic (Tv=T}; + T4) and austenitic

(TA=T35 + TF) transformation temperatures of Cd-doped alloys as a
function of electron concentration. The double arrow shows the
hysteresis width of MT.

evident in figure 3. Indeed, this evolution is typical for ternary
NiMnZ (Z = Sn, In, Al, Ga) Heusler-type alloys [19]. Sev-
eral reasons justify this behavior. First, increasing the valence
electron concentration (e/a): the higher is the Cd content, the
higher is e/a value which, in turn, results in higher values
of the transformation temperature. The second efficient para-
meter affecting MT temperature is a hybridization between Ni
3d and Mn 3d electronic states. A decrease of Sn influences
the p-d hybridization between Sn and Mn or Ni, whereby the
martensitic state becomes more stabilized [57]. Thirdly, the
stabilization of the martensitic state, having a smaller specific
volume than austenite, should be produced by reducing the
unit cell volume, which is the case of replacement Sn by Cd.
The atomic radius of Cd (158 pm) is much smaller than that
of Sn (225pm), which gives rise to a decrease in the cubic lat-
tice parameter of the alloys upon Cd doping (table 1). Reduc-
tion in the specific volume brings about shortening the Mn—Mn
interatomic distances leading to an enhancement of the AFM
interactions in these pairs. This enhancement stabilizes the
weakly magnetic martensitic phase, which could be an addi-
tional factor contributing to the growth of MT temperature up
to room temperature [58]. Furthermore, we try to compare the
influence of Cd doping on the Ni-Mn-Sn MetaMSMAs with
the results of previously studied Zn doping [37]. The elec-
tronic configuration of both Cd and Zn ends by 3d'%4s?, so
both Nig7MnyoSni,Zn; and NigzMnygoSn;»Cd, alloys exhibit
the same value of e/a, although the atomic radius of Zn is smal-
ler than that of Cd. In view of the fact that the MT temperature
in these two alloys does not have a noticeable difference, thus
e/a influences the MT temperature more significantly than the
unit cell volume.

3.1.3. Influence of Cd on magnetic properties of alloys.  The
previous section focused on the influence of Cd doping and

magnetic field on the characteristic temperatures of MT. It
was found that MT in the studied alloys is strongly affected
by both the magnetic field and the composition. On the other
hand, the Curie temperature appeared to be weakly independ-
ent of the Cd doping within the composition range explored
in the present work. This could mean that the spin-exchange
interactions between the regular Mn atoms on their main sites
(Mn1) with the neighbors like Mn2 or Ni do not alter signific-
antly by Cd doping instead of Sn.

To get more detailed information about the influence of Cd
doping on the magnetic state of the alloys, we measured the
low-field magnetization versus temperature using the stand-
ard zero-field-cooling (ZFC) and field-cooling (FC) proto-
cols under an applied field of 0.01 T in a wide temperature
range. The ZFC state of the samples is probed by heating the
samples from 5 K to 320 K. The heating and subsequent cool-
ing dependencies of the magnetization are depicted in figure 4.
Owing to 320 K corresponds to a stable temperature of the
FM austenite, the M(T) cooling curves do not go to zero at the
lowest temperature; a specific finite value remains [59]. The
characteristic anomaly near 100 K on the ZFC curves is typ-
ically attributed to the blocking temperature, 7. The second
anomaly located near 200 K (the point where the ZFC and FC
M(T) curves split) is explained by the coexistence of the FM
and AFM interactions [60]. Below blocking temperature, the
exchange bias effect (EB) is observed. At higher temperatures
(around 220 K), the M(T) downturn in the martensitic state
shows an inflection point corresponding to the Curie temper-
ature of the martensitic phase, T,S. Above this temperature, the
sample reaches a weakly magnetic state. After reverse MT, the
final magnetization drop occurs due to the FM to paramagnetic
transition around at Curie temperature of austenite, TAC [58].

Similar behavior of the low-field thermomagnetization
curves has been already observed in different Heusler-
type MetaMSMAs, like Ni50Mn50_xSnx, Ni50MH35Il’1|5, Niso
Ml’l25+be25_x, and Ni43Mn4GSnl 1 —xTix, etc [61—64] For this
family of alloys, the ZFC magnetization curve shows a peak
around 7~200 K, below which a large difference exists
between ZFC and FC curves. The martensitic phase can dis-
close different magnetic phases and/or states, such as para-
magnetic or AFM phases or mixed FM/AFM and FM/spin-
glass states. A variety of possible complex magnetic states
comes from the competitive Mn1-Mnl FM and Mn1-Mn2
AFM interactions which are the origin of the technically
important EB effect. The forward MT causes shrinkage of
some crystallographic axes, whereby the Mn—Mn separations
can decrease [65]. This reduction enhances the strength of
AFM interaction in the non-stoichiometric Ni-Mn—Sn Heusler
alloys. On the other hand, it was shown that in the stoichiomet-
ric NipMnSn, the coupling between Mn1 and Mn2 is FM [66].

3.1.4. Magnetic field induced entropy change.  The mag-
netic entropy change, ASy, versus the external magnetic
field is the most frequently used physical quantity to evalu-
ate the MCE indirectly. Another critical parameter that is a
more straightforward characteristic of MCE, owing to its dir-
ect measurement, is adiabatic temperature change, AT,y [53].
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Figure 4. ZFC and FC magnetization curves as a function of temperature for (a) Cd0Sn, (b) Cd0.75Sn, (c) Cd1Sn, and (d) Cd1.25S5n alloys

measured at 0.01 T.

ASyy as a function of temperature and magnetic field change,
AH, can be estimated from the thermodynamic Maxwell
equation [67]:

n—1
1 (/oM My
ASM(Y}’AH) - ;5 (( oT; )H[ i ( oT; >Hf+1> A
(D

using experimentally measured isofield thermomagnetic
curves, M(T), or isothermal magnetization loops, M(H). M(T)
dependencies are more reliable to calculate AS), than the
family of M(H) curves. Calculations based on M(H) meas-
urements produce artificial spikes on the magnetic entropy
change versus temperature curves. These irregularities and
overestimations are associated with the specifics of the first-
order transformation. Furthermore, M(H) measurements also
need a return to the initial martensitic phase after each constant
temperature measurement [41, 68].

Figure 5 depicts the temperature dependences of the mag-
netic entropy change, ASy;, under different magnetic fields.
The ASy, values were determined by equation (1) using M(T)
data at the reverse MT presented in figure 2. The curves in
figure 5 exhibit the maximums corresponding to the inverse
and conventional MCE at MT and the Curie temperature.
Under practically meaningful magnetic field change of 2 T,
the maximum values of ASy, are equal to 3.0 J kg~ 'K ™! for
an undoped alloy and 3.4, 5.0, and 2.8 J.kg—'K~! by increas-
ing the amount of Cd from 0.75, 1-1.25 at.%, respectively. The
height of ASy, peak around MT depends on the value of the

applied magnetic field, which in practice means that only a par-
tial reverse MT can be induced as a result of its smeared-over-
temperature character [69]. Applying higher magnetic fields
leads to the increased fraction of martensitic phase converted
into austenite, giving rise to a larger inverse MCE for higher
fields. The very broad peak above MT is due to the magnetic
transition in the austenite phase. Applying higher magnetic
fields aligns more magnetic moments along the field direction
in the austenite phase, resulting in the increasing absolute val-
ues of ASy, [70].

The total entropy, AS;, is commonly described as the sum
of the following contributions [71]:

AS; = ASja + ASy + ASy. 2)

It has been experimentally illustrated that the electronic contri-
bution (AS)) is negligible in Heusler alloys with MT around
room temperature [72]. Accordingly, the entropy changes in
the lattice (ASiy) and the magnetic subsystem (ASy) play
the primary role in the total entropy change. The lattice part
is stronger than the competing magnetic part, resulting in
the inverse MCE. Therefore, the material cools when mag-
netized adiabatically in the course of reverse MT accompan-
ied by latent heat absorption. On the other hand, its entropy
increases when reverse MT is induced under isothermal con-
ditions. The noticeable magnetocaloric performance, together
with the rather good mechanical features of Ni—-Mn-Sn
based MetaMSMAs, originates from a strong p-d covalent
bonding [2].
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Figure 5. Temperature dependences of the magnetic field induced entropy change under different magnetic fields for CdOSn (a), Cd0.75Sn

(b), Cd1Sn (c), and Cd1.25Sn (d) alloys.

It is noteworthy that the proportion of the martensite and
austenite phases in the samples directly impacts MCE by
decreasing the magnetization jump and height of the ASy,
peaks. This is because the partially induced MT is controlled
by the value of the applied magnetic field and the transforma-
tion path [73, 74].

For the maximum possible magnetic field induced entropy
change, ASy.x, at the first-order MT, the following equation
was deduced in [57]:

; 3

where Mgy and dTy/dH are saturation magnetization and
the magnetic field induced transformation temperature shift,
respectively. Equation (3) is reminiscent to the Clausius—
Clapeyron relationship. This equation reveals that the optimal
values of parameters in the numerator and the denominator
should be found to get a maximum entropy change. Although
the largest magnetization jump at 2 T is seen in Cd0.75Sn
(figure 2), it seems that the competition between these two
parameters leads to the Cd1Sn alloy, where an optimal con-
dition for the higher value of magnetic entropy change at 2 T
is achieved (figure 5).

3.15. Magnetic field induced adiabatic temperature
change. AT, at different constant temperatures was meas-
ured directly by applying a magnetic field change of 1.96 T

for CdOSn and Cd1Sn alloys in the vicinity of reverse MT
and Curie temperature of austenite. Direct measurement of
AT,q is a preferred and trustworthy method to measure MCE.
One obstacle of this measurement is that this method requires
homemade equipment with suitable adiabatic conditions; thus,
experimental data on direct AT,y measurements remain hard
to find in the literature compared to the indirect AT,y meas-
urements [70]. Applying and removing magnetic fields causes
the samples to cool and warm, respectively, in the temperature
range of MT, showing the inverse MCE. Applying a magnetic
field leads to higher values of AT,gthan removing the field in
the vicinity of the forward MT temperature during heating,
which is due to the hysteretic losses [75].

Figures 6(a) and (b) illustrates that the doping by Cd essen-
tially increases the maximum of inverse MCE from —0.9 K to
—1.6 K for undoped and Cd-doped alloys, respectively. How-
ever, at higher temperatures near the Curie temperature, the
conventional MCE is observed, as illustrated in figures 6(c)
and (d). The Cd doping, in this case, did not enhance the con-
ventional MCE noticeably, which is in line with the already
discussed observation of the weak influence of Cd on the Curie
temperature of austenite.

For comparison, table 2 depicts the values of the MCE
parameters obtained in the present work and other doped
and undoped Ni—Mn-based MetaMSMAs taken from the
literature.

According to table 2, one may conclude that small Cd-
doping is efficient for tuning the MT temperature and
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Figure 6. Adiabatic temperature changes as a function of
temperature around MT (a) and (b) and magnetic transition (c) and
(d) for CdOSn (a) and Cd1Sn (b) alloys measured directly under a
magnetic field change of 1.96 T during heating.

Table 2. Parameters of the inverse MCE obtained under a field of
approximately 2 T for the materials studied in the present work
compared with the literature results for other MetaMSMAs
compositions.

Alloy composition |AT.(K)| noAH(T) To(K) Reference

Ni47MIl4osIl13 0.9 1.96 199 This work
Ni47Mn4OSn12 Cd1 1.6 1.96 291 This work
Ni50Mn35In15 1.6 1.7 302 [43]
Ni51'2Mn35'1SI’113A7 1.1 1.93 300 [47]
Ni45'0Mn31'5A1]g'5C05.0 0.1 1.93 325 [47]
Ni47Mn4OSn12W1 1.1 1.96 301 [68]
Ni47Mn4()SIl12‘5CU()A5 0.6 1.8 275 [50]

improving the magnetocaloric properties of the Ni-Mn-Sn
MetaMSMAss alloys.

3.2. Computations

A theoretical study was carried out to provide a deeper insight
into the role of the Cd dopant for the magnetic and MT charac-
teristics of Ni-Mn—Sn alloys. We performed ab initio compu-
tations using the Hubbard U correction tool and the supercell
approach, as described below.

Figure 7(a) indicates the stimulated 16-atom supercell of
the NigMngSn, (formula unit) alloy with the L.2; structure. The
lattice of fully stoichiometric Heusler alloys, X, YZ, contains
four sublattice sites with the following Wyckoff positions: A
(0.25,0.25,0.25) and B (0.75, 0.75, 0.75) occupied by X, C (0,
0,0) by Y, and D (0.5, 0.5, 0.5) by Z [28]. Mn atoms occupy
the (0, 0, 0) Wyckoff positions; Sn atoms locate at the (0.5,
0.5, 0.5) Wyckoff position, while Ni atoms prefer to occupy

the (0.75, 0.75,0.75) and (0.25, 0.25, 0.25) Wyckoff positions,
similar to the main group elements in classical Heusler alloys
[76]. It is well-known that the site substitution behavior in the
intermetallics is determined by the electronic rather than size
factor considerations. The site preference of atoms creates a
possibility of anti-site disorder in the intermetallics, which can
strongly impact their properties. The study of the site prefer-
ence may be meaningful [77], but this is beyond the scope of
the present article.

The arrows in figure 7(a) show the FM state with paral-
lel magnetic moments, one of the two most probable mag-
netic configurations. FM coupling occurs between atoms pairs
located in the Mn1-Mn1 and Ni-Mnl positions, whereas the
AFM interaction occurs between Mn1 and Mn2. As mentioned
earlier, the favorable magnetic state can be changed by the
variation of X and Z elements. The 32-atoms supercell was
considered for the Cd-doped alloy (Nij¢Mn;,Sn3Cd;). To be
more precise, a large supercell with 64-atoms should be con-
sidered. In the beginning, a supercell with 64 atoms which also
fits its content was used, but regarding the magnetic moments
and equilibrium lattice parameters, the unit cell with 32 atoms
provided almost the same results as the larger cell; therefore,
the smaller supercell (32-atom supercell) was used for the
doped alloy due to less time-consuming computations.

Ni;MnSn has the L2;—ordered cubic crystal structure. Ni
atoms are at the body-centered position of the CsCl-type cubic
sublattice, and the corners are filled alternately by Mn and
Sn atoms. Consequently, the Mn—-Ni—Sn chains are formed
along the [111] direction of the cube. In non-stoichiometric
cases, the Mn—Ni—Mn chains, due to the occupation of excess
Mn atoms in the Sn sublattice (Mn2), are encountered along-
side already existing Mn—Ni—Sn chains. The presence of local
structural distortions in the non-stoichiometric case causes the
enhancement of the Ni 3d—Mn 3d hybridization. As Priolkar
et al [78] proposed, the spin superexchange-type interactions
develop in the Mn—Ni—Mn diagonal formed due to Mn2 atoms
occupying the Sn sublattice.

Furthermore, the intrinsic and the externally forced local
structural distortions must strengthen the AFM interactions.
The Ni atoms located between Mn and Sn atoms manifest
FM interaction with Mn, whereas Ni atoms placed between
two Mn atoms align with their spins in the opposite dir-
ection. Hence, the Ni moment decreases noticeably since
every substituted Sn affects the nearest neighbor Ni sites.
Consequently, the magnetic moments of Ni are considerably
reduced in the non-stoichiometric case compared to Ni,MnSn.
If the AFM interactions were purely RKKY type between Mn
atoms, the Ni moment would not have decreased drastically.
The strong evidence of Ni participation in the AFM inter-
actions is the observation of shifted hysteresis loops in the
non-stoichiometric case, known as an exchanging bias effect
observed in the magnetization measurements [78].

Table 3 depicts the computed and experimental parameters,
such as the lattice constants and the total and individual atom
magnetic moments in the AFM and FM configurations. Con-
cerning the competition between AFM and FM configurations,
theoretical studies mentioned in the literature indicate that
the AFM state is stable for the cubic phase; however, it does
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Table 3. Computed lattice parameters, total per formula unit, and atomic magnetic moments (in Bohr magneton) for NigMneSn, and
Nij¢Mnj2Sn3Cd; in the cubic and tetragonal phases in the FM and AFM configurations.

Lattice
Alloy parameter (A)  péy (s /fu.) pie(ps/fa) p™ (us) pM™ (us) 1™ (us) 1™ (us) 1 (1)
NigMngSn, (M) 6.034 7.00 047 3.88 392 —0.03
NigMngSny (EM)(c/a = 1.200) 5.673 6.92 0.50 3.87 395  —0.04  —
5.673
6.808
NigMngSns (AEM) 6.029 2.13 0.12 392 —405 —0.03
NigMngSns (AFM)(c/a = 1.210) 5.662 226 1.98 021 3.87 —401  —0.04  —
5.662
6.795
NisMn2SnsCd; (FM) 6.020 6.98 0.50 3.90 392 —0.03 —0.02
NiigMn2Sn3Cd; (EM)(e/a =1.200) 5.665 6.91 0.50 3.87 392 —0.04 —0.03
5.665
6.798
NisMn2Sn:Cd; (AFM) 6.016 220 0.14 3.91 —401  —0.03 —001
NisMn2SnsCd; (AFM)(c/a = 1.210)  5.662 228 1.66 0.20 3.89 —401  —004 —001
5.662
6.794
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not agree with the experimental results [27, 31, 79, 80]. This
incompatibility is attributed to factors such as the atomic dis-
order and/or zero Kelvin calculations. The obtained results
solve the mentioned discrepancy by adding the U Hubbard cor-
rection tool to the computations. Therefore, it is shown that
the FM configuration of the cubic phase is more stable than
AFM for both undoped and Cd-doped alloys, in agreement
with the experimental results. The computed equilibrium lat-
tice constants for the FM cubic phase are 6.034 A and 6.020 A
for the undoped and Cd-doped alloys, respectively. Although
introducing the U Hubbard correction to the model recognizes
the stable magnetic state, it leads to overestimating the lat-
tice parameter [81]. Nevertheless, based on table 3, the com-
puted lattice parameters are very close to the experimental
ones (5.993 A and 5.983 A for undoped and doped alloys,
respectively). Furthermore, table 3 illustrates a reduction of the
lattice parameters by Cd doping obtained both experimentally
and theoretically.

The magnetic moment of Ni depends on Z elements [82].
As deduced from table 3, its slight increase can be attributed
to the stronger FM coupling with the neighboring atoms. The
magnetic moments of Mnl and Mn2 did not change notice-
ably, which can be related to the minor influence of Cd-doping.
While the neighboring atoms get closer to each other, the FM
interaction passes through the maximum of the FM coupling.
It then decreases being replaced by the AFM coupling due to
the reduced Mn—Mn interatomic distances. Regarding the two
magnetic configurations FM and AFM, and changeable Mn—
Mn distances, its magnetic moments of Mn can decrease or
increase. Since Cd substitution shows a minor influence on Mn
and Ni moments, the total change of the magnetic moment is
small (7.00 pp/f.u. without and 6.98 ug/fu. with 1 at.% Cd
dopant). The sizeable total moment mainly comes from the
contribution of the Mn atoms. A small negative value of the
moment on Sn- and Cd-sites is observed. The small contribu-
tions of the Cd moments can be related to its low lying d states,
which do not hybridize directly with the d states of other atoms
[83].

We obtained the optimal geometrical structure by calculat-
ing the total energy per unit cell at different lattice constants
for the FM and AFM states in the cubic austenite phase to
gain insight into the ground state of the alloys. The equilib-
rium lattice constants were derived corresponding to the min-
imum energy. As seen in figure 8, the total energy of the FM
state has lower energy than that of the AFM around the equilib-
rium state for both undoped and Cd-doped alloys. The energy
difference between FM and AFM configurations is as high as
7.127 meV/atom in the undoped alloy and decreases in value
to 1.170 meV/atom for the Cd1Sn alloy. Consequently, FM
interactions in the undoped alloy are stronger than in the Cd-
doped one. The calculation of exchange parameters is needed
for a more detailed investigation, which is not considered in the
present article. As mentioned in the experimental section, the
total magnetic configuration in MetaMSMAss is the result of
competition between AFM interaction of Mn1-Mn2 and FM
interaction of Mn1-Mn1 and Ni-Mnl, that is strongly depend-
ent on the lattice parameters and the conduction electrons of
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Figure 8. Variation of the total energy as a function of the lattice
parameter for undoped and Cd-doped alloys with FM and AFM
configurations.

a Z constituent in Ni-Mn-Z (Z=In, Sn, ...) Heusler alloys
[84, 85].

The total energy as a function of the tetragonality ratio, c/a,
is calculated while utilizing the relaxation of atomic positions
by keeping constant the unit cell volume of the cubic structure
(V=a%). Finally, at the minima of energies for particular values
of c/a, the full relaxation, which included the atomic positions
and unit cell lattice parameters, was carried out.

It is worth mentioning that the small volume change
between austenite and martensite is considered in some mater-
ials. Wu et al [86] investigated the influence of volume on the
tetragonal distortion by applying constant strain to Pd,FeSe,
Pd,;MnSe, Pd;MnTe, and Pd,FeTe alloys. Their investigation
revealed that the uniform expansion from optimized volume
causes the absolute value of the total energy of the tetragonal
phase to decrease. In contrast, the contraction of the optim-
ized volume of the tetragonal lattice leads to a higher absolute
value of the total energy. In other words, the absolute value
of AE and Vi +X%Vopl are inversely correlated. Moreover,
it was shown that whether the volume changes or not, the c/a
ratio of the individual alloy remains constant [86]. Different
behavior was reported by Luo et al [87]. They showed that in
the Ni;MnGe alloy, a slight contraction or expansion of the
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Figure 9. Variation of the total energy as a function of tetragonal
ratio, ¢/a, for undoped and Cd-doped alloys with FM and AFM
configurations.

unit cell has led to the energy increase compared to the situ-
ation with the fixed cell volume change [87]. Furthermore, no
cell volume change was considered between the two phases
in many FM shape memory alloys, such as Mn;NiGa and
Nip,MnGa. In the present article, it was assumed thatthe same
constant cell volume for the austenitic and martensitic phases;
investigating the effect of volume change is beyond the scope
of this article [87].

Figure 9 shows the energy difference profile as a function
of tetragonal distortions for the FM and AFM configurations.
The energy of the FM L2, phase is considered as the refer-
ence. Since the reference is the total energy of the cubic aus-
tenitic phase (c/a = 1), it is evident that the total energy of
the martensitic phase is smaller than the austenitic one. The
difference in energy between the austenitic and martensitic
phases (AE = Ecyp — Etera) s calculated since it is an import-
ant qualitative parameter to predict MT. In general, the higher
AE implies higher temperature of MT. Therefore, estimation
of the MT temperature can be done using the depth of the tet-
ragonality valley due to the correlation of energy and MT tem-
perature (E = KgT) [88]. The values of AFE corresponding to
CdOSn and Cd1Sn indicate that these alloys exhibit tetragonal
distortions, as evident by the existence of MT in the experi-
mental section. More importantly, the higher the value of AE,
the more probable the structural transformation will happen,
and the more stable the corresponding tetragonal structure is.

Cd-doping enhances the total energy difference. Therefore,
the increase of MT temperature is observed by Cd substitution
due to the deeper minima in this case. This enhancement is in
agreement with our experimental results. Cd-dopant deepens
the minimum of the AFM state and simultaneously lowers the
FM state energy compared to the undoped sample. According
to figure 9, the FM configuration is more stable in the cubic
structure (c/a = 1), as expected in the austenite phase; with
increasing c¢/a ratio, the minimum energy corresponds to AFM

configuration around c¢/a = 1.210, which means the existence
of MT. So, the stability of the AFM configuration rather than
the FM is a sign of the MT occurrence. Modified Mn—Mn dis-
tances, as a result of MT, cause additional AFM correlations
that stabilize the weak magnetic state of martensite [88]. The
austenite phase must be in the FM state, and martensite must
be in the AFM configuration to assure adequate driving force
for the reverse MT [82].

From the electronic point of view, it is interesting to con-
sider the role of the Sn element, representative of the main
group in the periodic table, and d-metals, particularly Zn and
Cd. As Ni et al [89] reported, in all d-metal Heusler alloys,
Zn shows an isolated DOS peak in the d state that is quite
sharp and less populated. It originates from the contributions
of Zn 3d states. The s states of Zn are located far below the
Fermi level. In contrast, the p states are encountered in the
region much closer to the Fermi energy. As a result, a hybrid-
ization among the p states of Zn and d states of other trans-
ition metals can happen, similar to the p-d hybridization in
classic Heusler alloys between transition metals and atoms of
the main group. Therefore, the Zn atom may be considered
as playing the same role as the main group element. Due to
the similar electronic configurations of Cd (4d'® 5s?) and Zn
(3d'% 4s2) in the computations, we can conclude that the role
of Cd should be similar to the role of Sn; the latter one is rep-
resentative of the main group elements. This leads to the reas-
onable assumption that p-orbitals of d-metals, such as Cd (the
present work) or Zn ([37].), might play the same role as p-
orbitals of Sn. DOS of Zn shows that s- and p-orbitals near
the Fermi level strongly influence p-d hybridization [83, 90].
Since the fully occupied d state and its low energy, the indir-
ect interaction between Cd electronic states and those of
another transition metal in the Heusler alloys should exist.
Therefore, the Cd atom may be considered as playing the
same role as the main group element, Sn, in Ni-Mn—-Sn
MetaMSMAs.

4. Summary

The effect of Cd-doping in Ni-Mn—-Sn MetaMSMAs was
explored experimentally and theoretically. By studying the
transformation behavior, magnetic properties, and inverse
MCE, it was shown that the Cd acts as an effective ele-
ment to optimize the MT and MCE parameters in the
NigzMnyoSnys_,Cd, (x =0, 0.75, 1, 1.25 at. %) MetaMSMAs.

The experimental and theoretical results illustrated that
increasing Cd doping reduces the unit cell volume, potentially
a thermodynamic reason for the substantial increase of the MT
temperature. Nevertheless, further analysis showed that the e/a
ratio plays a more significant role in enhancing the MT tem-
perature than the unit cell volume.

The DFT computations showed that the ground state of the
alloys is a tetragonal structure with ¢/a = 1.210, confirming
that these alloys experience MT. Furthermore, the difference in
the total energy of the cubic and tetragonal phases controls the
MT temperature that increases with the amount of Cd dopant,
in agreement with the experiment.
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Two different spin configurations, FM, and AFM, were
computed by DFT + U Hubbard model. It was proved that the
FM state is energetically more favorable than AFM for both
undoped and Cd-doped alloys in the cubic phase, solving the
discrepancies reported in the previous literature.

MCE was investigated by the direct measurements of
AT,q under a magnetic field of 1.96 T and indirect meas-
urements under different magnetic fields up to 5 T. The res-
ults of direct and indirect measurements of MCE in the vicin-
ity of MT showed that the addition of Cd as a nonmag-
netic 4d transition metal to the ternary Ni-Mn-Sn alloy not
only improves AT,y and ASy but also increases the MT
temperature to near room temperature. Furthermore, the dir-
ect measurement shows that Cd-doping enhances AT,q at
1.96 T from 0.9 K for the undoped alloy to 1.6 K for the
doped one, which is nearly 78% improvement. The latter
value agrees with the literature data on MetaMSMAs, offer-
ing Cd-doped alloys as promising candidates for magnetic
refrigeration.
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