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A B S T R A C T

The influence of tungsten (W)-doping on the structural, magnetic, and magnetocaloric properties of 
Ni47Mn40Sn13-xWx (x = 0, 0.5, 1, 1.25) metamagnetic shape memory alloys was investigated using a combination 
of experimental and first-principles methods. W-doping in Ni-Mn-Sn shifts the martensitic transformation (MT) 
towards room temperature and enhances the inverse magnetocaloric effect (MCE), with a maximum magnetic- 
field-induced entropy change of 13.2 J/kg⋅K at 5 T for the x = 1 alloy. Direct cyclic measurements at 1.96 T 
show stable adiabatic temperature changes (ΔTad ≈ 0.5 K at the MT temperature and ΔTad ≈ 1.4 K at the Curie 
temperature) over hundreds of cycles, confirming the cyclic stability. Density functional theory calculations 
reveal that the W-dopant increases the energy gap between the cubic and tetragonal crystal structures (from 15.8 
to 43.6 meV), which correlates with the higher MT temperature observed in W-doped samples. The analysis of 
the total and local density of states identified W-induced enhancement of hybridization and a change in the 
density of states near the Fermi level, resulting in a shift of MT to room temperature and an improvement in MCE. 
W-doping improves the MCE properties of Ni–Mn–Sn alloys, providing a path towards energy-efficient magnetic 
cooling.

1. Introduction

The Ni-Mn-Z (Z = Sn, In, Sb, or Ga) based metamagnetic shape 
memory alloys (MetaMSMAs) have been the subject of extensive 
research due to their range of multifunctional properties, which are 
attributed to the first-order martensitic transition (FOMT) [1–9]. 
Particularly, previous studies have shown that variations in both the 
electron-to-atom (e/a) ratio and the unit cell volume can strongly in
fluence the magnetic behavior of these alloys [10,11]. These variations 
primarily affect the magnetic moments localized on Mn atoms, which 
interact via the indirect Ruderman–Kittel–Kasuya–Yosida (RKKY) ex
change mechanism, thereby modulating the magnitude of the magne
tocaloric effect (MCE) [10,12].

Furthermore, in off-stoichiometric (Ni2Mn1+xZ1-x) Ni–Mn–Sn 

Heusler-type alloys, the excess Mn atoms that occupy the Z sites (Mn2) 
couple antiferromagnetically with the Mn atoms on the Mn sublattice 
(Mn1), while the Mn–Mn interactions within the Mn sublattice remain 
predominantly ferromagnetic. This coexistence and competition be
tween ferromagnetic (FM) and antiferromagnetic (AFM) exchange in
teractions are key features underlying the metamagnetic behavior of 
these alloys. Thus, the metamagnetic behavior in Ni–Mn–Z Heusler-type 
alloys is due to the Mn-rich off-stoichiometry, which plays a crucial role 
in modifying their magnetic and structural characteristics [13]. 
Furthermore, the Mn–Mn distances are incredibly sensitive to 
fourth-element doping, leading to a change in the magnetic interaction 
between and within the Mn1- and Mn2-sublattices in the Ni–Mn–based 
MetaMSMAs [1,14]. Additionally, the magnetic or nonmagnetic dopant 
element, which alters the 3d-wavefunction overlap in the Ni, Mn, and 
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the Z = Sn, In, and Ga sites, can significantly affect RKKY interactions 
and magnetostructural stability [15–17].

Foremost, the significant improvement of MCE in Ni-Mn-Z Meta
MSMAs involves tailoring structural and magnetic properties by doping 
a fourth element via partial substitution at different crystal lattice sites. 
This type of doping has a significant effect on the electronic structure 
and magnetic interactions, resulting in a complex interplay between the 
crystal lattice, magnetization, and electron transport during MT [4,18]. 
Previous reports suggest that the magnetic contribution to the overall 
entropy change (between different degrees of freedom in the crystal 
lattice, including magnetic, electronic systems, and orderings) is a pri
mary factor in the MCE effect owing to MT [19,20]. Therefore, the 
magnetocaloric properties can be practically adjusted by doping Meta
MSMAs with either magnetic or nonmagnetic elements [21–23].

Despite extensive research on lighter dopants and magnetic ele
ments, the potential of 5d transition metals, such as tungsten (W), has 
been explored relatively rarely. This knowledge gap limits our under
standing of how the incorporation of nonmagnetic W modifies the 
electronic structure, magnetic exchange interactions, and trans
formation behavior in Ni–Mn–Sn Heusler-type alloys. Beyond conven
tional doping strategies that primarily tune the valence electron 
concentration (e/a), replacing Sn(5p) with W(5d) introduces more 
spatially extended orbitals and a different hybridization environment, 
which can modify the electronic states near the Fermi level and influ
ence the relative stability of competing phases.

This work combines comprehensive experimental characterization 
with first-principles calculations to clarify the role of W-doping at Sn 
sites in Ni–Mn–Sn Heusler-type alloys. The first-principle results 
consistently predict the experimentally observed increase in the MT 
temperature upon W-doping. Furthermore, the calculations reveal an 
increased energy difference between the cubic and tetragonal phases, 
suggesting that the observed MT shift is associated not only with e/a 
modification but also with W-induced changes in electronic structure 
and lattice stability. Moreover, we examine the cyclic performance of 
both the inverse and conventional magnetocaloric effects across MT and 
the Curie temperature, demonstrating stable behavior under repeated 
magnetic-field cycling. Although the achieved MCE is not the highest 
among Ni–Mn–X systems, the present study demonstrates a balanced 
optimization of room-temperature transformation, entropy change, and 
cyclic stability. In addition, the W-induced modification of orbital hy
bridization may strengthen interatomic bonding, which is relevant for 
improving the mechanical robustness required in future multicaloric 
applications [24]. These findings highlight the relatively unexplored 
role of 5d-element substitution as a reliable approach for tailoring 
magnetostructural properties while maintaining reversible and durable 
magnetocaloric functionality.

2. Materials and methods

2.1. Experimental details

Ni47Mn40Sn13-xWx (x= 0, 0.5, 1, and 1.25) alloys were prepared by 
mechanical alloying, as described elsewhere [21,25]. The crystal 
structures were monitored by X-ray diffraction (XRD, ASENWARE 
AW-DX300) using Cu-Kα radiation (λ= 1.54184 Å, 40 kV, 30 mA) at 
room temperature. All magnetization measurements were conducted 
with a SQUID magnetometer (Quantum Design, MPMS3) up to 5 T. 
Direct measurements of ΔTad for a magnetic field change of 1.96 T were 
performed using a homemade adiabatic calorimeter described else
where [26]. The actual compositions of the alloys were determined 
using a Hitachi TM3000 scanning electron microscope equipped with an 
energy-dispersive X-ray spectroscopy (EDS) system.

2.2. Computational details

Electronic structure calculations were conducted with plane-wave- 

based Density Functional Theory (DFT) implemented in the QUAN
TUM ESPRESSO package at zero temperature [27]. The projector 
augmented wave (PAW) pseudo-potentials method was used with the 
following valence electron configurations: Ni (4s23d84p0), Mn 
(3p64s23d5), Sn (5s24d105p2), and W (5d46s26p0). For DFT calculations, 
all pseudopotentials were obtained from the PS library 0.3.1, using the 
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [28]. 
The nonstoichiometric compositions were treated using the supercell 
approach. The Ni8Mn6Sn2 and Ni16Mn12Sn3W1 supercells, containing 16 
and 32 atoms, respectively, were generated using VESTA and used to 
represent the undoped alloy and a nominal W-doping concentration of 
3.125% [1,29]. Although the 32-atom supercell corresponds to a higher 
nominal W concentration (3.125 at%) than the experimental alloys, a 
64-atom supercell with 1.5625 at% W was also tested and showed 
essentially the same trends in lattice parameter and magnetic moments; 
therefore, the 32-atom model was used mainly to discuss qualitative 
trends and mechanisms. The energy dependence on the tetragonality 
ratio, E(c/a), was first obtained by relaxing the atomic positions while 
keeping the unit cell volume fixed at the equilibrium volume of the cubic 
structure. Subsequently, full structural relaxation, including both atomic 
positions and lattice vectors, was carried out only for selected c/a values 
corresponding to the energy minima. Thus, the unit cell volume was 
reoptimized only at the minimum-energy configurations [1].

3. Results and discussion

3.1. Structural properties

Table 1 lists the actual alloy compositions determined by EDS with 
an uncertainty of 0.5 at%, which closely matches the nominal values, 
and the e/a was calculated accordingly. XRD patterns at room temper
ature confirm the presence of a Heusler-type L21-ordered cubic 
austenitic phase (Fm-3m space group) for x = 0, 0.5, and 1, evidenced by 
(111) and (200) superlattice peaks in Fig. 1 [30,31]. A trace of 
martensite is observed in the x = 1 sample, likely due to proximity to the 
transformation temperature [21,32]. At x = 1.25, the martensitic phase 
with orthorhombic structure (Pmma space group) becomes dominant, 
with residual austenite indicating that the structural transition may take 
place at higher temperatures than samples with lower amounts of 
W-doping [30–34]. Additionally, the low χ² values indicate good 
agreement between the experimental XRD data and the fitted structural 
models.

As shown in Table 1, increasing the W content reduces the lattice 
parameters, which may be attributed to the replacement of larger Sn 
atoms (1.40 Å) with slightly smaller W atoms (1.39 Å). However, the 
reduction in lattice parameters observed with W-doping cannot be 
explained solely by the minor difference in atomic radii between Sn and 
W. Rather, this phenomenon is governed by multiple factors, including 
alterations in the electronic structure resulting from changes in the e/a 
ratio, and variations in atomic disorder and site occupancy. Further
more, microstructural effects such as internal stresses and local 
compositional inhomogeneities may also contribute to the observed 
lattice contraction [11,33]. Furthermore, the pseudo-cubic lattice 

parameter (apc) was calculated using the relation apc =

(
V
n

)1/3
=

(
a×b×c

n

)1/3
, where V is the unit cell volume, and n is the number of 

formula units per unit cell. This definition enables direct comparison of 
equivalent atomic volumes between the cubic austenitic phase (n = 4) 
and the orthorhombic martensitic phase. For consistency, n = 4 was 
adopted for both phases, in agreement with commonly reported crys
tallographic descriptions of Ni–Mn–based Heusler alloys. The moderate 
reduction in apc values with increasing W content (Table 1) suggests that 
the observed lattice contraction may be driven by atomic substitution, 
with contributions from electronic-state effects and structural 
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modifications.

3.2. Magnetic and magnetocaloric properties

Fig. 2 shows the thermomagnetization curves, M(T), for 
Ni47Mn40Sn13− xWx (x = 0, 0.5, 1, and 1.25) alloys under different 
magnetic fields from 0.1 to 5 T. Magnetic transformation occurs from 
paramagnetic to FM state at the Curie temperature (TC). The samples 

exhibit a FOMT, with a sudden magnetization jump (ΔM), at the 

martensitic 
(

TM =
(

Ts
M +Tf

M

)
/2

)
and austenitic 

(
TA =

(
Ts

A +Tf
A

)
/2

)

transformation temperatures. The insets of Fig. 2 show that the W 
dopant influences the Ni-Mn-Sn-based MetaMSMAs' response to an 
applied magnetic field. The transition temperature of the MT decreases 
with the magnetic field at a rate of − 1.27, − 1.06, − 0.51, and − 0.46 K/T 
in Ni47Mn40Sn13− xWx (x = 0, 0.5, 1, and 1.25) alloys, respectively. The 
value of the thermal hysteresis shift is considered an important 

Table 1 
Actual chemical compositions (in at%), electron-to-atom concentration (e/a), lattice parameters, χ2 values, unit cell volume, and pseudo-cubic lattice parameter (apc), 
of the Ni47Mn40Sn13-xWx (x = 0, 0.5, 1, and 1.25 at%) alloys. All lattice constants are presented with an approximate accuracy of ±0.005 Å.

Alloy Compositions (at% ± 0.5) e/a (-) Crystal structure at room temperature

Ni Mn Sn W Lattice parameter (Å) χ2 (-) Unit cell volume (Å)3 apc (Å)

x = 0 47 40.2 12.8 - 8.020 a = 5.993 1.09 215.245 4.238
x = 0.5 47.2 40.1 12.5 0.2 8.030 a = 5.985 1.14 214.384 4.232
x = 1 47.1 39.8 12.5 0.6 8.040 a = 5.981 1.19 213.955 4.229
x = 1.25 47.2 40.3 11.3 1.3 8.045 a = 8.494, b = 5.715, c = 4.319 1.39 209.658 3.742

Fig. 1. Rietveld refinement of X-ray diffraction patterns for Ni47Mn40Sn13− xWx alloys, where x = 0 (a), 0.5 (b), 1 (c), and 1.25 (d) at room temperature. The red 
circles indicate the observed counts, and the black line represents the calculated values. Blue lines correspond to the difference between the calculated and observed 
patterns. Green vertical bars show the Bragg positions.
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parameter controlling the temperature-magnetic field window for 
magnetocaloric operations and applications, and higher rates of the 
magnetic-field-induced shift of transition temperature (ΔTA/µ0ΔH) 
indicate that a higher volume fraction of the martensite phase is con
verted to the austenite phase at a lower applied magnetic field [35,36].

Fig. 3 shows the magnetic entropy change (ΔSiso) as a function of 
temperature under different magnetic fields that were determined using 
the data from Fig. 1 and applying the thermodynamic Maxwell rela
tionship, represented by Eq. 1 [21]:

ΔSiso(Tj,ΔH) =
∑n− 1

i=1

[(
∂Mi
∂Tj

)

Hi

+

(
∂Mi+1

∂Tj

)

Hi+1

]

×

[
ΔH
2

]

(1)

where Mi and Mi+1 indicate the magnetization values at applied 
magnetic field Hi and Hi+1, respectively, and temperature Tj; ΔH rep
resents the incremental change in the magnetic field between distinct 
thermomagnetic curves.

As seen in Fig. 3(a), the x = 0 sample exhibits a relatively small ΔSiso 
peak near the MT, consistent with the weak magnetization difference 
between the austenite and martensite phases. The ΔSiso peak increases 
noticeably and shifts to higher temperatures with the addition of W 
(x = 0.5), reflecting enhanced magnetostructural coupling and a larger 
ΔM across the transformation. The sample with x = 1 shows the highest 
ΔSiso values at all applied magnetic fields, reaching its maximum of 

about 13.2 J/kg⋅K at 5 T (see Fig. 3(c)). This enhancement originates 
from the large magnetization jump at the martensitic transition, which 
facilitates a more effective field-induced conversion between martensite 
and austenite. Applying higher magnetic fields increases the fraction of 
the martensitic phase converted to austenite, leading to a larger inverse 
MCE at higher fields [12]. This behavior highlights the interplay be
tween the ΔM and the field-induced shift of the MT temperature. While a 
significant ΔM enhances the magnetocaloric effect by promoting a 
strong magnetostructural coupling, it also increases the magnetic en
tropy contribution, which opposes the lattice entropy change. Therefore, 
an optimal balance between ΔM and ΔTA/µ0ΔH is essential for maxi
mizing the total entropy change.

The magnetocaloric response does not increase indefinitely with ΔM 
or field strength. Initially, the entropy change increases because a larger 
portion of martensite transforms into austenite under the applied field. 
However, beyond a certain point, increasing ΔM or the field strength led 
to decreasing returns. This occurs because the opposing magnetic en
tropy contribution becomes significant. As a result, the magnetocaloric 
effect reaches a peak and then declines, reflecting the intrinsic trade-off 
between structural and magnetic entropy contributions in inverse MCE 
systems [36,37]. For x = 1.25 (see Fig. 3(d)), the ΔSiso peak decreases 
again despite the transformation occurring at higher temperatures. This 
reduction is attributed to the weaker ferromagnetic order in the 

Fig. 2. (a-d) Thermomagnetization curves, M(T), for Ni47Mn40Sn13-xWx alloys (x = 0, x = 0.5, x = 1, and x = 1.25 at%) measured under different magnetic fields in 

the range of 0.1 T - 5 T. The martensitic start and finish temperatures,
(
Ts

M
)

and 
(

Tf
M

)
, austenitic start and finish temperatures, 

(
Ts

A
)

and
(

Tf
A

)
, the Curie temperature 

(TC) are shown in the (b) panel. The Insets show the shift of the austenitic 
(

TA =
(

Ts
A +Tf

A

)
/2

)
transformation temperatures as a function of applied magnetic field.
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austenite phase at the onset of the transformation, which lowers ΔM and 
consequently diminishes ΔSiso. This trend is consistent with the role of 
Zeeman energy, which depends on the magnetization contrast between 
the two phases [22].

Overall, increasing W-doping shifts the MT to higher temperatures, 
accompanied by a reduction in the TC – TM

s . A smaller value of this 
parameter diminishes the spin-alignment effect and enables higher 
achievable total entropy changes [23,38]. Additionally, W-doping 

modifies the hysteresis width (ΔThys), as shown in Fig. 4(a). A decrease 
in ΔThys with increasing W content reduces energy loss and improves 
cycling performance.

Based on the Clausius-Clapeyron relationship, Eq. 2 [23]: 

ΔTA

μ0ΔH
= −

ΔM
ΔStr

(2) 

A smaller value of the ΔTA/µ0ΔH shift corresponds to a more 

Fig. 3. Temperature dependences of the magnetic entropy change (ΔSiso) as a function of temperature under different magnetic fields for Ni47Mn40Sn13-xWx alloys, 
where x = 0 (a), x = 0.5 (b), x = 1 (c), and x = 1.25 (d) at%.

Fig. 4. (a) The martensitic (TM) and austenitic (TA) transformation temperatures and Curie temperature (TC) as a function of the W content x at 0.1 T and calculated 
electron-to-atom ratio (e/a) for Ni47Mn40Sn13− xWx (x = 0, 0.5, 1, and 1.25 at%) alloys. The green double arrow indicates the hysteresis width of MT (ΔThys). The 
inset shows the magnetization jumps (ΔM) across the reverse MT. (b) The ΔStr values were evaluated by the Clausius-Clapeyron relationship. The maximum values of 
ΔSiso were calculated by the Maxwell relationship.
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considerable value of structural contribution (ΔStr) to the total 
isothermal entropy change (at fixed ΔM), which is confirmed by the 
results observed for W-doped samples. This indirect thermodynamic 
approach has been widely employed in previous studies [39,40] for 
first-order magnetocaloric materials, as it reliably correlates the 
ΔTA/µ0ΔH with the ΔM. Xu et al. [40] demonstrated that the Clau
sius–Clapeyron (CC)-based method provides an accurate and physically 
meaningful estimate of the isothermal entropy change (ΔSiso) in 
first-order magnetocaloric materials. This approach explicitly accounts 
for the phase fraction during the structural transition, thereby 
improving on the conventional Maxwell relation (MR). The CC-based 
method produces ΔSiso values that closely match those obtained from 
MR using magnetic measurements for several Heusler alloys, while 
requiring a limited number of thermomagnetic curves. In contrast, MR 
derived from isothermal magnetization measurements may introduce 
artificial spikes due to hysteresis, leading to an overestimation of ΔSiso. 
Consequently, the CC-based method is more reliable and convenient, 
particularly for systems with strong first-order transitions and magnetic 
hysteresis.

The inset of Fig. 4(a) shows that samples exhibit almost the same 
value of ΔM at high fields, but the MT shift for x = 1 is smaller than the 
one for x = 0.5. It appears that the competition between these two pa
rameters results in larger entropy changes in the x=1 sample. Fig. 4(b) 
shows that increasing the magnetic field results in a moderate decrease 
in ΔStr, due to a reduction in the ΔSiso contribution to the total entropy of 
the sample, caused by the alignment of magnetic moments under the 
influence of an applied magnetic field [42,43]. The values of ΔSiso ob
tained in the present work at a field of about 5 T are considerable and are 
listed in Table 2, together with those reported in the literature for similar 
Ni-Mn-Sn-based MetaMSMAs.

MCE results from the thermomagnetization measurement show 
relatively high ΔSiso values for the x = 1 alloy, indicating that it is a 
promising material for room-temperature magnetic refrigeration. The 
earlier results also indicated that the direct field-induced adiabatic 
temperature change (ΔTad) of the x = 1 alloy was 1.1 K at FOMT, 
measured using an adiabatic magneto-calorimeter [21]. Gamzatov et al. 
[36] investigated an inverse–direct MCE crossover in 
Ni47Mn40Sn12.5Cu0.5 Heusler-type alloys during cyclic magnetic field 
application. However, the inverse MCE observed in the first cycle 
gradually diminished with subsequent cycles and disappeared after 
fewer than 10 cycles, leaving only the conventional direct MCE 
response. This behavior was attributed to the irreversible martensite
–austenite transformation within the temperature hysteresis loop, which 
prevents full reversibility at 1.8 T. Kamantsev et al. [44] performed 
multiple cycles in Ni47Mn40Sn12.5Cu0.5 Heusler-type alloy and 
confirmed that the crossover occurs rapidly, with the inverse effect 
disappearing after approximately 7 cycles. Gamzatov et al. [45] also 
examined the frequency dependence of ΔTad in Ni50Mn28Ga22-x(Cu, Zn)x 
alloys under cyclic magnetic fields (0.62 and 1.2 T) at frequencies up to 

20 Hz. They reported that the Ni50Mn28Ga22 alloy exhibited ΔTad values 
of 0.74 K at 1 Hz and 0.40 K at 20 Hz in a 1.2 T field. In addition, 
Cu/Zn-doped significantly reduced ΔTad values and enhanced their 
frequency dependence. This effect was attributed to microstructural 
inhomogeneity and martensite–austenite phase coexistence, which in
creases magnetic viscosity and thermal relaxation times, thereby 
limiting reversibility under dynamic conditions.

In the present study, the x = 1 alloy with low thermal hysteresis was 
used to determine precisely the number of cyclic stabilities of ΔTad. 
Therefore, the cycling measurement was conducted at constant tem
peratures by inserting/removing the applied magnetic field of 1.96 T, 
with a complete cycle time of 5 s, as reported earlier [46,47]. Fig. 5
presents the directly measured cyclic adiabatic temperature change of 
this sample near the FOMT during heating. The temperature oscillations 
reveal the inverse magnetocaloric effect value of approximately 0.5 K 
during FOMT. The first cycle exhibits the largest ΔTad, followed by a 
slight reduction, after which the amplitude stabilizes over several cycles. 
Notably, the slight heating observed during cyclic measurements results 
from unavoidable heat transfer from the surroundings into the sample, 
thereby preventing perfectly adiabatic conditions.

Fig. 5 shows that, for the FOMT in the x = 1 alloy, the reduction 
factor of ΔTad after the initial magnetic-field cycle is relatively small and 
significantly lower than the typical 2.5-fold decrease reported for other 
Ni–Mn-based Heusler-type alloys [36,48]. During subsequent 
magnetic-field cycles, the maximum ΔTad remains nearly constant, 
confirming the cyclic stability of the x = 1 alloy. This stable perfor
mance aligns with previous reports on Ni–Mn–based MetaMSMAs [46, 
49], which also display consistently high ΔM values and a narrower 
thermal hysteresis. Notably, the moderate upward drift observed during 
extended cycling likely results from the limited temperature stability of 
the experimental setup at temperatures below room temperature.

Following the initial cyclic stability behavior at FOMT, subsequent 
cycles exhibit reproducible oscillations, with amplitude stabilization 
occurring within 5–10 cycles, independent of the thermal protocol used. 
In this work, more than 200 s were conducted at an MT temperature 
higher than that reported in typical studies of similar Ni–Mn–based 
MetaMSMAs, thereby demonstrating the x = 1 alloy's good long-term 
cyclic stability. Once a steady state of periodic ΔTad is established, the 
magnetocaloric response becomes nearly identical for both direct and 
reverse MTs, confirming the highly reversible nature of the magnetic- 
field-induced phase transition.

Furthermore, the cyclic magnetocaloric response was evaluated near 
the Curie temperature (TC) to assess its stability under repeated 

Table 2 
Parameters of the maximum on the ΔSiso versus temperature curve character
izing the inverse MCE under the field of 5 T for the undoped and W-doped Ni- 
Mn-Sn alloys obtained in the present work, compared to the literature results 
for similar Ni-Mn-Sn-based MetaMSMAs.

Alloys T (K) ΔSiso (J/kg K) Ref.

Ni47Mn40Sn13 209 7.9 This work
Ni47Mn40Sn12.5W0.5 273 12.1 This work
Ni47Mn40Sn12W1 298 13.2 This work
Ni47Mn40Sn11.75W1.25 317 8.6 This work
Ni47Mn40Sn12Zn1 270 16.0 [1]
Ni48Mn39Sn12Si1 200 5.1 [2]
Ni47Mn40Sn12Cd1 292 12.5 [12]
Ni42Fe8Mn40Sn10 280 11.0 [19]
Ni47Mn40Sn12Cu1 296 15.6 [30]
Ni45Mn44Sn8In3 308.5 11.2 [41]

Fig. 5. Time dependence of the cyclical magnetic field induced adiabatic 
temperature change across the reverse MT for the x = 1 alloy under a magnetic 
field of 1.96 T at 296 K during 24 cycles.
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magnetic-field variations. Fig. 6(a) shows the thermal response of the 
x = 1 alloy at two temperatures (306 K and 315 K) over 1400 s near the 
second-order magnetic phase transition (SOMT). The observed oscilla
tory profiles demonstrate dynamic magnetocaloric behavior as the 
magnetic field is alternately applied and removed.

After several cycles, the system attains a steady state, suggesting that 
the magnetic field suppresses thermal fluctuations and facilitates equi
librium during cycling. This observation is consistent with the reversible 
nature of magnetocaloric effects near SOMT, where the entropy change 
is controlled by magnetic ordering rather than structural transformation 
[4,50]. The lack of significant drift after multiple cycles confirms the 
stability of ΔTad in this regime, in agreement with previous findings in 
Ni–Mn–In–Ga alloys [49]. The estimated ΔTad values from Fig. 6(b) are 

approximately 1.4 K at 306 K and from Fig. 6(c) are approximately 1.2 K 
at 315 K, indicating a moderate magnetocaloric response near SOMT. 
Although ΔSiso near the inverse MT is larger than that near TC, the 
measured ΔTad values are comparable. This may be related to the 
sharpness of the MT and its proximity to TC, where small temperature 
fluctuations during stabilization can partially transform the sample 
before field cycling, reducing the available transformable fraction. Dif
ferences in effective heat capacity near the two transitions may also 
contribute to the non-proportional relation between ΔSiso and ΔTad. This 
results in the reproducibility of ΔTad under both SOMT and FOMT 
conditions in W-doped Ni–Mn–Sn alloys, comparable to that in previ
ously reported Ga-doped Ni–Mn–In alloys [47] for long-term functional 
applications such as magnetic refrigeration. Notably, the slight heating 

Fig. 6. Time dependences of the cyclic stability of the field-induced adiabatic temperature change for x = 1 alloy at 306 K (around reverse MT temperature), and at 
315 K (near the second-order ferromagnetic transition) upon the cyclical variation of the magnetic field during 280 cycles (a). Enlarged views of the cyclic behavior 
during the time period between 1000 and 1100 s are marked in (a) by a green box (b, c).
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observed during cyclic measurements is due to unavoidable heat 
transfer from the surroundings, making perfectly adiabatic conditions 
impossible.

3.3. Computational results

A theoretical study was conducted to better understand the impact of 
the W dopant on the magnetic properties of Ni-Mn-Sn Heusler-type al
loys. This study used first-principles computations with the supercell 
approach, as described in earlier investigations [1,12]. The total energy 
is computed by relaxing the atomic positions while keeping the unit cell 
volume of the cubic structure (V = a³) constant as a function of the 
tetragonality ratio c/a. Next, the minimum energies were studied for 
specific values of c/a in the fully relaxed state, including atomic posi
tions and unit cell volume [12,51]. Fig. 7 illustrates the total-energy 
evolution of the Ni16Mn12Sn4-xWx compound (x = 0 and 1) under 
tetragonal distortion of the optimized L21 structure, used to examine the 
driving forces for MT and the influence of W-doping.

The calculations were performed for both parallel (P) and antipar
allel (AP) magnetic configurations, corresponding to ferromagnetic 
(FM) and antiferromagnetic (AFM) alignments, respectively. In the FM 
configuration, the magnetic moments of Mn1–Mn1, Ni–Mn1, and 
Mn1–Mn2 atomic pairs are aligned parallel. In contrast, the AFM 
configuration refers to the antiparallel alignment between Mn1 and Mn2 
moments, as depicted in Fig. 7. The total energy (per formula unit) 
relative to the cubic phase with antiparallel alignment as a function of 
the tetragonal distortions (c/a, c along the z-axis) has been calculated. 
The resulting energy curves reveal that the AFM state is favored ener
getically for the entire range of c/a ratios, which means that the Mn1 and 
Mn2 magnetic interactions in both austenite and martensite are anti
parallel alignment, leading to a decrease in ferromagnetic exchange 
coupling [1,52]. It should be noted that the calculated AFM configura
tion corresponds to antiparallel Mn1–Mn2 moments within a mixed 
FM/AFM magnetic background rather than a fully antiferromagnetic 
state. Although this configuration is energetically favored at 0 K, the 
experimental austenite phase exhibits ferromagnetic/ferrimagnetic 
behavior below TC. Similar discrepancies have been reported previously 
for Ni–Mn–Sn-based alloys [1,53] and are likely related to the small 
energy difference between competing magnetic states and the approxi
mations inherent in standard DFT calculations. In such cases, including 
on-site Coulomb interactions through a Hubbard U correction may 
improve the description of the relative stability of closely competing 
magnetic configurations.

Furthermore, the differences in formation energy 
(
ΔE = ECub.

AP − ETetra.
AP

)
between the two magnetic phases is calculated [54], 

and ΔE for Ni8Mn6Sn2 and Ni16Mn12Sn3W1 compounds are 15.824 meV 
and 43.636 meV, respectively. Since phase stability can be assessed 
through the formation of energy, the magnitude of ΔE plays a critical 
role in determining the MT characteristics [1,17].

In terms of energy stability, the MT temperature can be qualitatively 
estimated from the depth of the tetragonality energy valley, owing to the 
correlation between energy and transformation temperature (E ≈ kBT) 
[12]. A larger ΔE corresponds to a deeper tetragonal minimum and thus 
indicates a higher probability for the occurrence of the structural 
transformation, along with a more stable tetragonal phase. In the pre
sent case, W-doping significantly increases ΔE, implying enhanced sta
bilization of the tetragonal martensitic structure and a corresponding 
rise in the MT temperature. This trend is fully consistent with our 
experimental observations. Applying the concept to the present study 
shows that differences in the crystal lattices between the martensite and 
austenite phases lead to changes in the band structure and density of 
states near the Fermi level (EF) [51,55]. The computed equilibrium 
lattice constants for the AFM configuration cubic phase are 6.034 Å and 
6.004 Å for the undoped and W-doped alloys, respectively, in good 
agreement with the experimentally observed trend of decreasing lattice 
parameter upon W substitution. More generally, the MT temperature is 
known to correlate with variations in the lattice parameter induced by 
compositional tuning and/or the introduction of a fourth-element 
dopant [1,33]. In this context, replacing Sn atoms (1.40 Å) with 
slightly smaller W atoms (1.39 Å) leads to lattice contraction and a 
reduced unit cell volume, which in turn modifies the electronic density 
of states near the Fermi level, alters orbital hybridization, and contrib
utes to an increase in the MT temperature [56].

Fig. 8 presents the spin-resolved total and local density of states 
(LDOS) for undoped and W-doped Ni–Mn–Sn Heusler-type alloys in both 
cubic and tetragonal phases. In the cubic austenite state of the undoped 
compound (Fig. 8(a)), a pronounced Ni-derived peak appears near the 
EF, indicating electronic instability characteristic of high-symmetry 
structures. Following the transition from cubic to tetragonal, this peak 
splits into two distinct features, one below and one above the Fermi level 
(see Fig. 8(b)), indicating the Jahn–Teller effect, which stabilizes the 
tetragonal phase by lifting orbital degeneracy. In the W-doped com
pound (Fig. 8(c) and (d)), the total DOS near the EF increases compared 
to the undoped alloy, reflecting enhanced electronic instability in the 
cubic phase and a stronger driving force toward martensite formation. 
This finding is consistent with the results of Gamzatov et al. [57], who 

Fig. 7. Dependence of the total energy as a function of tetragonal ratio (c/a) for Ni16Mn12Sn4-xWx (x = 0 and 1) compounds with different magnetic configurations. 
Mn1 atoms in the L21 ordered structure occupy the regular Mn sites, whereas Mn2 atoms (excess Mn) are located at the Sn sites. The arrows in the crystallographic 
unit cells indicate the orientation of the magnetic moments, which are mainly located on the Mn atoms.
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reported that a higher DOS at the Fermi level correlates with reduced 
structural stability and an increased MT temperature. These results 
further support the conclusion that W-doping increases the thermody
namic driving force that stabilizes the tetragonal phase over the cubic 
phase, thereby shifting the transition to higher temperatures.

Fig. 9 displays the spin-resolved DOS projected onto the d-orbitals 
(t2 g, eg) of Ni, Mn, and W for both cubic and tetragonal phases of 
undoped and W-doped Ni–Mn–Sn Heusler-type alloys. In the cubic L21 
structure (Fig. 9(a)), the minority-spin valence band exhibits pro
nounced hybridization between Mn1 t2 g and Ni eg, states within the 
energy range of –4 to –0.5 eV. The minority-spin channel near the Fermi 
level is primarily characterized by Ni eg states, with comparatively 
weaker contributions from Mn1. Following tetragonal distortion (Fig. 9
(b)), the Ni eg peak undergoes splitting, and the Mn1 t2 g features shift 
toward lower energies, which reduces degeneracy and stabilizes the 
martensitic phase. This behavior clearly demonstrates the Jahn–Teller 
effect at the d-orbital level [57,58].

Fig. 9(c) and (d) additional 5d states originating from W interact with 
Ni and Mn d-orbitals, thereby intensifying hybridization in the case of 
the W-doped compound. This increased hybridization alters the elec
tronic structure by broadening the DOS and increasing the spectral 
weight at the Fermi level, thereby reducing cubic stability and 
enhancing the MT temperature. Additionally, the W dopant introduces 
additional valence electrons, increasing the e/a ratio and modifying 
lattice parameters, which correlates with a higher martensitic trans
formation temperature and improved magnetocaloric performance.

Fig. 10 illustrates the spin-resolved density of states (DOS) for the Sn 
5p orbitals and their hybridization with the W 5d orbitals in 

Ni16Mn12Sn3W1 compounds, comparing the cubic austenite and tetrag
onal martensite phases. Fig. 10 (a–c) corresponds to the cubic phase, 
showing Sn 5px, 5py, and 5pz interactions with W 5dxy, 5dyz, 5dxz, 5dx

2
- y
2 , 

and 5dz
2. Fig. (d–f) depicts the same hybridization in the martensitic 

phase.
From a quantum-mechanical perspective, hybridization between the 

Sn 5p and W 5d orbitals is allowed because they are close in energy and 
both are spatially extended, thereby facilitating strong overlap. There
fore, the W element, as a 5d element, has more delocalized and broader 
orbitals than 3d or 4d elements, which significantly enhances p-d hy
bridization. Symmetry considerations indicate that Sn 5px primarily 
hybridizes with W 5dxy, 5dzx, and 5dx

2
- y
2 , Sn 5py with W 5dxy, 5dyz, and 5dx

2
- 

y
2, and Sn 5pz strongly with W 5dyz, 5dzx, and 5dz

2.The strong overlap 
between Sn 5pz and 5dz

2 orbitals is evident in the partial DOS, indicating 
enhanced covalent bonding that broadens Sn p-states near the Fermi 
level, reduces electronic localization, and destabilizes the cubic struc
ture, thereby promoting the martensitic transformation. Furthermore, 
Entel et al. [59] highlight that symmetrical breaking and orbital hy
bridization are fundamental drivers of phase stability in Ni2MnGa 
Heusler-type alloys. These findings confirm that W-doping significantly 
strengthens p–d hybridization compared to undoped alloys, consistent 
with previous studies on Ni–Mn–Z Heusler-type alloys [15,60].

4. Conclusions

This work demonstrates that W-doping is an effective strategy for 
tailoring the martensitic transformation (MT) and magnetocaloric per
formance of Ni–Mn–Sn metamagnetic shape memory alloys 

Fig. 8. The spin-resolved total and local density of states (LDOS) for cubic austenite Ni8Mn6Sn2 (a), tetragonal martensite Ni8Mn6Sn2 (b), cubic austenite 
Ni16Mn12Sn3W1 (c), and tetragonal martensite Ni16Mn12Sn3W1 (d) compounds.
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(MetaMSMAs). Through a combined experimental and computational 
study of Ni47Mn40Sn13-xWx (x=0, 0.5, 1, and 1.25 at%) MetaMSMA, we 
found that substituting Sn with W systematically shifts MT toward room 
temperature, enhances the inverse magnetocaloric effect (MCE), and 
improves its cyclic stability due to reduced thermal hysteresis.

X-ray diffraction analysis confirms the presence of the L21 austenitic 

structure for x = 0, 0.5, and 1 and an orthorhombic martensite phase at 
x = 1.25, which is consistent with the gradual stabilization of the low- 
symmetry martensitic phase as x increases. The unit cell volume de
creases upon replacing Sn with W in Ni–Mn–Sn MetaMSMAs; however, 
in conjunction with the e/a parameter, it plays an important role in 
increasing the MT temperature.

Fig. 9. The d-orbital spin-resolved density of states (DOS) for Mn, Ni, and W of (a) cubic austenite Ni8Mn6Sn2, (b) tetragonal martensite Ni8Mn6Sn2, (c) cubic 
austenite Ni16Mn12Sn3W1, and (d) tetragonal martensite Ni16Mn12Sn3W1 compounds.
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The thermomagnetic data have shown that the field sensitivity of the 
reverse MT (ΔTA/µ0ΔH) decreases as the concentration of the W dopant 
increases. The analysis of these data using the Maxwell relationship 
revealed that the W-doped alloys exhibit a rise in the magnetic entropy 
change, ΔSiso, with a peak of 13.2 J/kg⋅K at 5 T for x = 1 at room tem
perature, which aligns with MT. The increase in the transformation- 
induced entropy change, ΔStr, estimated using the Clausius–Clapeyron 
equation, supports this improvement and highlights the beneficial 
relationship between a significant magnetization jump (ΔM), reduced 
ΔTA/µ0ΔH, and optimized hysteresis. Although higher fields and larger 
ΔM initially lead to an increase in MCE, the MCE response eventually 

tends to saturate as the opposing magnetic entropy effect becomes more 
significant. This outcome emphasizes the trade-off inherent in inverse 
magnetocaloric effect systems and highlights the need to balance the ΔM 
value and field-induced shift of MT in order to achieve optimal refrig
eration performance.

Direct cycling measurements of the x = 1 alloy using an adiabatic 
magnetocalorimeter show that the ΔTad values for the first-order 
martensitic transition (FOMT) and the second-order magnetic transi
tion (SOMT) remain stable at 0.5 K and 1.4 K, respectively, during 
repeated cycling at a magnetic field of 1.96 T. Such stability justifies the 
practical potential of the x = 1 alloy for magnetic refrigeration at near 

Fig. 10. The spin-resolved density of states (DOS) of p-d hybridization for Sn and W in the Ni16Mn12Sn3W1 compound: (a) Sn 5px with W 5dxy, 5dzx, and 5dx
2
- y
2 ,  

(b) Sn 5py with W 5dxy, 5dyz, and 5dx
2
- y
2 , (c) Sn 5pz with W 5dyz, 5dzx, and 5dz

2 in cubic austenite state. (d) Sn 5px with W 5dxy, 5dzx, and 5dx
2
- y
2 , (e) Sn 5py with W 5dxy, 

5dyz, and 5dx
2
- y
2 , (f) Sn 5pz with W 5dyz, 5dzx, and 5dz

2 in tetragonal martensite state.
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room temperature. This performance is significantly better than that of 
the rapid inverse–direct crossover observed in related Ni–Mn–based 
systems, which exhibit broader hysteresis. Near Curie temperatures, the 
SOMT shows smooth and reversible behavior over hundreds of cycles, 
thus confirming reliable operation in both the FOMT and SOMT modes.

Density functional theory calculations using supercells replicate the 
experimental finding that W-doping stabilizes the tetragonal martensitic 
phase by increasing the energy gap between the cubic and tetragonal 
states (from approximately 15.824 meV to 43.636 meV per formula 
unit), which qualitatively correlates with the observed increase in the 
MT temperature. Analyses of the total and local density of states (LDOS) 
indicate that the W element, as a nonmagnetic 5d dopant, reduces the 
ferromagnetic exchange coupling by promoting antiferromagnetic Mn1- 
Mn2 alignment and increases the DOS near the Fermi level. Notably, the 
W dopant enhances the p–d hybridization between the Ni 3d, Mn 3d, and 
Sn 5p orbitals, leading to an intensification of the Jahn–Teller-type band 
splitting in the martensitic phase and amplification of the electronic 
instability of the cubic phase. Thus, this effect increases the driving force 
that stabilizes the tetragonal phase. These results demonstrate that 
modest increases in the e/a ratio, combined with targeted changes in 
lattice contraction and hybridization, account for the experimentally 
observed rise in MT temperature and improved magnetocaloric 
performance.

In summary, by combining structural, magnetic, magnetocaloric, 
and electronic approaches, it was found that careful selection of fourth- 
element transition-metal doping (specifically tungsten) provides a pre
cise tool to co-optimize the MT location, hysteresis width, and entropy 
balance. In addition, the established p–d hybridization framework, 
which involves Ni 3d and Mn 3d/Sn 2p states enhanced by a 5d dopant, 
facilitates more accurate theoretical design and predictive tuning within 
the broader family of Ni–Mn–Z Heusler-type alloys. It was proved that 
W-doping Ni–Mn–Sn MetaMSMAs offers a desirable combination of 
adjustable MT temperature, high ΔSiso, and stable ΔTad during cycling, 
making them promising materials as promising materials for magnetic 
refrigeration applications.
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[47] P. Álvarez-Alonso, J.P. Camarillo-García, D. Salazar, J. López-García, 
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