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Tailoring Ni-Co—Mn-Sn Ribbons by Ge Doping for

Enhanced Magnetocaloric Effect

Ali Ghotbi Varzaneh, Parviz Kameli, Mariana Rios, Bagher Aslibeiki, Inaki Orue,
Tapati Sarkar, Volodymyr Chernenko, Manfred Kohl, Jingyuan Xu,* and Daniel Salazar

Micro-grained high surface-to-volume ratio thin ribbons of magnetic shape
memory Ni,,CogMn;,Sn,; ,Ge, (x = 1, 2, 3) alloys are prepared, and their
martensitic transformation (MT) behavior, magnetic and magnetocaloric
properties are investigated. X-ray diffraction reveals that the incorporation of
Ge consistently decreases the lattice parameters and the transformation
volume change, thereby improving geometric compatibility between
martensitic and austenitic crystal lattices. This improvement facilitated a
reduction of the thermal hysteresis of MT to a minimum of ~12.1 K at the Ge
concentration of x = 2. Direct measurements of adiabatic temperature
changes show that the x = 2 alloy (SnGe2 ribbon) exhibited the highest peak
value (~2 K) at a moderate magnetic field change of 1.96 T. In addition, SnGe2
ribbon demonstrates exceptional isothermal entropy changes of AS; , = 35.5
Jkg™' K-' Kat7 Tand 22.8 ) kg~' K=" K at 2 T, which are competitive with
those of bulk alloys and surpassing previously reported melt-spun ribbons of
the Heusler-type magnetocaloric materials. The significance of intricate
microstructure in boosting the magnetocaloric effect is emphasized. These
results highlight the substantial potential of Ni-Co—Mn-Sn—Ge thin ribbons

1. Introduction

Magnetocaloric materials are regarded
as the most promising options for
solid-state refrigeration systems due
to their energy-saving properties and
environmental friendliness. Among
them, Heusler-type magnetic shape
memory alloys (MSMAs), particularly
those based on Ni-Mn-Z (Z = In, Sn,
Sb), exhibit a giant magnetocaloric
effect (MCE) associated with a first-
order magnetostructural transformation
occurring near room temperaturel=
This martensitic transformation (MT),
from a weakly magnetic martensitic
phase to a ferromagnetic austenite,
is characterized by a strong magneto-
structural coupling, that allows for a
field-induced MT and inverse MCE.[*

Despite high potential of these materi-

as highly effective, micro-sized magnetocaloric materials for cutting-edge

solid-state refrigeration systems.

als, several obstacles, such as significant
thermal hysteresis, irreversibility, and the
delicate balance between the change in
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Figure 1. Representative X-ray diffraction patterns and results of the Rietveld refinement for the SnGe2 ribbon at three temperatures: 524, 274, and

234 K. Letters A and M indicate the Bragg peak positions of the austenitic

magnetization (AM) and the total entropy change (AS,) hinder
the practical use of magnetocaloric materials.!!

The incorporation of Co into quaternary Ni-Co-Mn-Sn alloys
has been found to boost the AM and enhance the ferromagnetic
properties of the austenite phase.>”7] However, as Gottschall et al.
pointed out, while an increase in AM is crucial for the mag-
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and martensitic phases, respectively.

netocaloric effect, it also leads to a rise in the opposing mag-
netic entropy, which can limit the overall caloric efficiency. This
underscores the importance of fine-tuning AM to maximize
performance.!!

Ge substitution for Sn has gained interest due to its intriguing
impact on the MT temperatures. Although Ge and Sn have the
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same electron configuration, their substitution results in unex-
pected alterations that cannot be fully accounted for by the well-
established rule of electron concentration per atom (e/a).[82%]
Certain investigations indicate that the rise in MT temperatures
is primarily attributable to the smaller atomic radius of Ge,
which results in a crystal lattice contraction and modified Mn—
Mn interactions.[®1!] Nevertheless, the divergent trends observed
between bulk and ribbon samples suggest that additional fac-
tors, such as grain size, enhanced chemical homogeneity, and
internal stress induced by rapid solidification, also exert a signif-
icant influence.”! These complexities underscore the necessity
for a thorough structural and chemical analysis of the impact
of Ge substitution on phase stability and transformation kinet-
ics. The existing research has primarily focused on bulk mate-
rials, but there has been limited studies addressing the specific
behavior of melt-spun ribbons, where rapid solidification and
microstructural features could significantly affect the materials
properties.

Considering the limiting research on thin ribbons and con-
sidering that one of the factors that can increase the efficiency
of magnetocaloric cooling is the use of magnetocaloric mate-
rials in a low-dimensional form, in this work, we created thin
ribbons of Heusler-type magnetocaloric NiCoMnSn alloys and
investigated their magnetic and magnetocaloric properties as a
function of Ge doping. In this study, we focused on melt-spun
Ni,,CogMn;,Sn,; ,Ge, (x = 1, 2, 3) ribbons. These ribbons have
inherent advantages over their bulk counterparts due to their
finer grain structure, improved crystallographic texture, and high
surface-to-volume ratio. These characteristics make them par-
ticularly suitable for use in active magnetic regenerator (AMR)
systems.l213] Structural studies helped to clarify the reasons
for minimization of MT hysteresis (see, e.g.,['*1%l). While most
prior works on ribbon materials have relied on indirect caloric
measurements, such as field-induced isothermal entropy change
(AS;,,) derived from magnetization data, this study also incorpo-
rates direct measurements of the adiabatic temperature change
(AT,y), offering a more accurate assessment of the cooling capac-
ity. Through a systematic examination of the impact of Ge substi-
tution, our goal was to determine the optimal composition that
strikes a balance between significant entropy variation, dimin-
ished MT hysteresis, and pronounced transformation properties.
The findings of the present work not only deepen our compre-
hension of the magnetostructural transformations in MSMAs,
but they also showcase the potential practicality of MSMA thin
ribbons for compact solid-state refrigeration systems.

2. Material Synthesis and Characterization
Techniques

Polycrystalline ingots of Ni,, CogMn,oSny; Ge, (x =1, 2, 3) were
synthesized by induction melting of high-purity elemental met-
als (>99.9%) in an argon atmosphere. For simplicity, the samples
withx =1, 2, and 3 are hereafter referred to as SnGel, SnGe2, and
SnGe3, respectively. To ensure chemical homogeneity, the ingots
were re-melted several times. An excess of 3 wt.% Mn was added
to the alloy to compensate for Mn losses due to evaporation dur-
ing melting. Rapid solidification into ribbon form was achieved
by melt-spinning at a wheel surface velocity of 30 m s ~! under
an Ar pressure of 10 psi using a quartz nozzle with a diameter
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of 0.6 mm. The resulting ribbons were ~1-1.5 mm in width and
20 pum in thickness. The ribbons were sealed in evacuated quartz
tubes, heat-treated at 1173 K for 1 h, and quenched into ice water.

Microstructural analysis and compositional verification were
carried out using a Hitachi TM3000 scanning electron micro-
scope (SEM) equipped with an energy-dispersive X-ray spec-
troscopy (EDX) detector. Differential scanning calorimetry (DSC)
was conducted using a Mettler Toledo system to determine the
transformation temperatures.

Phase identification and structural evolution across MT were
studied by temperature-dependent X-ray diffraction (XRD) using
a Bruker D8 diffractometer (30 kV and 20 mA, A, = 1.5418 A)
over the range of 194-524 K, with a step size of 10 K. To enable
these measurements, the ribbons were manually ground into a
fine powder. The initial X-ray diffraction data for each sample
were obtained at 524 K to determine the characteristics of the
high-temperature austenitic phase. Then, the samples were grad-
ually cooled and measured at each stage.

X-ray Photoelectron Spectroscopy (XPS) measurements were
carried out on a PHI QUANTERA II spectrometer with a
monochromatic Al Ka X-ray source (hv = 1486.6 eV), operated at
15 kV with a 45° take-off angle. These measurements were used
to determine the elemental composition, chemical state, and elec-
tronic state of atoms within thin layer of a material’s surface.

Magnetic characterization was performed using a Quantum
Design MPMS SQUID magnetometer. Magnetization measure-
ments as a function of temperature and magnetic field were con-
ducted to evaluate the magnetic field induced entropy change
which is important characteristics of the magnetocaloric re-
sponse of ribbons. For the determination of the Curie temper-
ature of the austenite phase (T7), magnetization versus tem-
perature measurements were performed using a home-made
VSM system in the temperature range from room temperature
to 450 K.

The magnetic field induced adiabatic temperature change
(AT,;) was directly measured under a magnetic field change of
1.96 T using a custom-built setup.!*’] To eliminate thermal hys-
teresis artifacts, a discontinuous heating protocol was employed,
in which samples were first cooled to a well-defined base temper-
ature and then heated to the target temperature prior to each mea-
surement. Due to the low thermal mass of individual ribbons,
multiple ribbon pieces were bonded into a compact stack, with
a type-K thermocouple sandwiched between them for accurate
temperature measurement.

3. Results and Discussion

3.1. Crystal Structure, Microstructural, and Thermal
Characterization

The crystal structure and phase evolution of the SnGel, SnGe2,
and SnGe3 melt-spun ribbons were systematically investigated
using temperature-dependent XRD. The structural changes dur-
ing and after the martensitic transformation can be seen in
Figure S1 (Supporting Information). As shown in Figure S1
(Supporting Information), peaks associated with the martensitic
phase(s) were observed to persist to relatively high tempera-
tures (marked by arrow), indicating either a broad transforma-
tion range or the coexistence of the metastable martensitic phase
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Table 1. Lattice parameters and y2 values, obtained from Rietveld refinement, and evaluated transformation volume changes (AV/V) for the studied

ribbons.
Actual composition Legend Phase Space Group Lattice parameters X2 AV/V [%]
a(A) b(A) c(A)
Niy; 6CogMn3q5Sng ¢Gey 4 SnGel Cubic (524 K) Fm-3m 5.950 + 0.001 - - 1.07 0.56
NM Tetragonal (194K) P4/mmm 3.918 +0.001 3.919 + 0.001 6.728 + 0.004 1.05
7™M C2/m 4.389 +0.001 5.276 + 0.002 21.052 + 0.006
Niy; 4Cog ;Mn3q,Sng s Ge; 5 SnGe2 Cubic (524 K) Fm-3m 5.947 +0.001 - - 1.20 0.48
NM Tetragonal (234K) P4/mmm 3.919 + 0.002 3.919 + 0.002 6.730 + 0.006 1.21
7M C2/m 4.394 + 0.001 5.409 + 0.006 21.036 + 0.005
Niy; gC0y7Mn3q5Sn; 3Gey SnGe3 Cubic (524 K) Fm-3m 5.926 + 0.001 - - 1.02 0.51
NM Tetragonal (194K) P4/mmm 3.911+0.001 3.911+0.001 6.690 + 0.003 1.13
7M C2/m 4.367 = 0.001 5.299 + 0.002 20.935 + 0.004

and the austenitic phase over an extended temperature interval.
This broadening may be due, in part, to the influence of internal
stresses, particularly those introduced during sample prepara-
tion, such as ribbon grinding. Additionally, limited thermal con-
tact between the powder and the XRD stage may contribute by
creating local temperature gradients.

Structural analysis was performed using the Le Bail refine-
ment with the FullProf software. As a representative case,
Rietveld-refined XRD patterns for SnGe2 are presented at
selected temperatures, corresponding to the nearly complete
austenitic phase, an intermediate transformation state, and a
predominantly martensitic phase (Figure 1). As summarized in
Table 1, athigh temperatures (e.g., 524 K), all compositions exhib-
ited a cubic austenitic structure with space group Fm-3m, which
is characteristic of the parent austenite phase. The refined lattice
parameters a for the cubic austenitic phase were determined to
be 5.950 + 0.001 A (SnGel), 5.947 + 0.001 A (SnGe2), and 5.925
+0.001 A (SnGe3), indicating a systematic decrease with increas-
ing Ge content.*]

At lower temperatures, the martensitic structure becomes
complex, consisting of a mixture of phases. Both non-modulated
and modulated martensitic structures were observed, indicating
a structural heterogeneity in the low-temperature region. The
dominant martensitic phase was identified as an L1 -type tetrag-
onal structure with space group P4/mmm, commonly found in
Ni-Mn-based Heusler alloys.['31819] Additional diffraction peaks
were escribed to a 7 M modulated monoclinic structure with
the space group C2/m. The formation of modulated martensitic
structures, such as 5, 7, 10, and 14 w, is typical for Ni-Mn-X (X =
Ga, Sn, In) Heusler alloys, which is affected by both composition
and processing methods.[?*2!] These modulations are believed to
occur in order to reduce the energy at the interface between the
austenitic and martensitic phases.

A crucial parameter associated with the first-order marten-
sitic transformation is the relative change in unit cell volume
(AV]V = (V,-Vy)/Vy), where V, and V,; are the unit cell vol-
umes of the austenitic and martensitic phases, respectively. Accu-
rately determining AV/V across the transformation region from
XRD data can be challenging due to the presence of latent heat ef-
fects and temperature instabilities associated with the first-order
phase transition. To address this issue, an extrapolation method
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has been employed to estimate AV/V values across the trans-
formation (see Figure 2a).'*] The calculated percentage varia-
tions in volume for each composition are presented in Table 1.
Table 1 demonstrates that the SnGe2 ribbon exhibits the small-
est transformation-induced volume change among the tested rib-
bons. A reduced AV/V ratio is generally considered as an indica-
tion of improved geometric compatibility between the austenitic
and martensitic crystal lattices.['®] Such compatibility is crucial
for the reversibility of the transformation and typically leads to
lower internal stresses, reduced transformation hysteresis, and a
narrower transformation front.[1622]

3.1.1. Transformation Characteristics

Figure 2b presents the DSC cooling and heating curves for all
melt-spun ribbons. Each sample exhibits a distinct endothermic
peak, corresponding to the martensite-to-austenite transforma-
tion. With increasing Ge content, the reverse transformation start
(A,) and finish (Af) temperatures shift to higher values. Specif-
ically, an initial increase of ~17 K is observed from SnGel to
SnGe2, whereas from SnGe2 to SnGe3 the peak transformation
temperature shifts slightly (by about 4 K) toward lower value.
Since Sn and Ge have the same number of valence electrons, the
electron concentration (e/a) remains unchanged with Ge doping.
Therefore, the observed shift in transformation temperatures
cannot be attributed to variations in e/a. Instead, it is more likely
linked to the smaller atomic radius of Ge compared to Sn, which
leads to a reduction in the lattice parameter (see Table 1), modifies
Mn-Mn interatomic distances, and alters the magnetostructural
coupling. Herein, the transformation entropy change (AS,) was
estimated from DSC heating data. The enthalpy change (A H) was
obtained by integrating the area under the endothermic peak of
the DSC curve, and AS,, was then calculated as AH divided by
the average transformation temperature, defined as (A,+ Af)/2.
The resulting AS,, values are summarized in Table 2. The in-
set of Figure 2 b shows the surface morphology of SnGe2 sam-
ple at 250 K. According to the DSC results, the sample is in
the martensitic phase at this temperature. The most prominent
feature in the image is the well-defined twin structure within
individual grains. The formation of the twin structure is a key
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Figure 2. a) Unit cell volume versus temperature dependences for SnGe1,
SnGe2, and SnGe3 ribbons calculated using Rietveld analysis of the X-
ray data; b) DSC cooling and heating curves for all ribbons. Inset: SEM
image of SnGe2 showing twin microstructure of martensitic phase and
Curie temperature of austenite phase Té.

mechanism for minimizing the overall strain energy associated
with the martensitic transformation from the high-symmetry
austenitic phase to the low-symmetry martensitic phase.

3.1.2. Microstructure and Chemical Homogeneity

To gain insight into the effect of grain size on the martensitic
transformation temperature, SEM images were captured for all

www.advelectronicmat.de

the samples at room temperature. Microscopic analysis of the
melt-spun ribbons (wheel-contacted surface) (Figure 3), reveals
that increasing the Ge doping level results in a noticeable reduc-
tion in grain size. While the decrease in grain size is relatively
minor in the SnGe2 sample, it becomes clearly pronounced in
SnGe3. In the SnGe3 sample, the reduced grain size acts as a
kinetic barrier to MT by increasing grain boundary area, which
tends to suppress the MT temperature, as supported by prior
studies.[2*?] This effect competes with the thermodynamic im-
pact of a reduced unit cell volume, which typically leads to an in-
crease in the transformation temperature. This may explain why,
for SnGe3, only a small shift of about 4 K toward lower temper-
atures is observed compared to SnGe2, despite the reduction in
unit cell volume. Furthermore, as shown in Figure 3d, the SnGe3
sample contains a significant amount of ultrafine grains smaller
than 1 um, which may further contribute to the broadening of the
transformation and its suppression.

EDS measurements with the uncertainty of 0.5 at. % were con-
ducted to clarify the chemical composition and its uniformity
across the total ribbon area. Five spots, both on the free surface
and on the wheel-contact side, of each ribbon were analyzed. The
averaged measured compositions for SnGel, SnGe2, and SnGe3
are presented in Table 1. These values closely match the nominal
compositions of Ni,, CogMn,,Sn,,Ge,, Ni,, CogMn,,Sn,Ge,, and
Ni,, CogMn,,Sn,Ge,, respectively, indicating precise control over
elemental ratios during synthesis. In addition, the good agree-
ment between the free and wheel-contact surfaces suggests a uni-
form elemental distribution across the ribbon thickness.

SEM images of the ribbon surfaces are shown in Figure 3. They
demonstrate a significant result: the grain size decreases from
~20 um in SnGel to about 10 um SnGe3 sample as a function
of Ge doping. This pronounced grain refinement with higher Ge
doping is attributed to the influence of Ge on the solidification
dynamics, leading to the formation of finer grains. Each crystal-
lographic grain exhibits a well-oriented martensitic microstruc-
ture. However, the grain structure as a whole does not show
a crystallographic texture on the ribbon surface. In Figure 3c,d
one can see precipitates at the grain boundaries of the SnGe3
ribbon.

The XPS analysis was used to obtain more evidence of the high
chemical homogeneity of the ribbons under study. XPS method
examines the atomic electronic configurations and element spa-
tial distribution in the material. Figure 4a shows the wide-scan
survey spectrum, where the core-level signals of Ni, Co, Mn, Sn,
and Ge can be clearly identified. To gain insight into the va-
lence states and possible surface oxidation, we conducted high-
resolution core-level scanning. The core-level spectra of Ni, Mn,
and Co exhibit binding energies characteristic of their metallic
states, with peaks centered at 852.7 (870.0) eV, 641.2(653.0) eV,

Table 2. Values of the martensitic characteristic temperatures and austenite Curie temperature (Té), the MT hysteresis width (AT}) defined as the
diFFerence between the peak positions of the first derivative of cooling and heating branches of the M(T) curve measured at a magnetic field of 0.1 T;

ISO (

from the Maxwell relation) and AS, (from the Clausius—Clapeyron equation) at 7 T, and AS,, (from DSC).

Ribbons M, My A At T2 ATheg  ASil/kgK Maxwell — AS,[)/kgk] C-C AS,[)/kgK] DSC
SnGel 308.2 300.8 3232 327.4 4219 205 26.2 211 26.9
SnGe2 331.4 323.6 339.3 3433 4115 121 35.5 32.9 38.5
SnGe3 325.5 319.5 337.1 341.7 391.1 16.1 27.1 30.1 37.2
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Figure 3. SEM images of Niy,CogMn34Sn;;.,Ge, ribbons: a—c) wheel-side surfaces of SnGe1, SnGe2, and SnGe3 ribbons, respectively, showing progres-
sive grain refinement with increasing Ge content; d) grain size distribution on the free surface of SnGe3. Dashed lines in (a) and (b) have been added

to make the grain boundaries more easily visible.

and 780.7(796.5) eV for Ni2p; , (Ni2p, ,), Mn 2p; , (Mn 2p, ;) and
Co 2p;, (Co2p; ,), respectively.l>] For Ni, a shoulder at ~855 eV
and satellite features between 861 and 873 eV are observed, indi-
cating minor surface oxidation.[?] The core-level spectra for Sn
and Ge are presented in Figure 4e,g. Metallic Sn° is identified by
the peaks at ~24.0 eV (Sn 4d; ,), 486.3 eV (Sn 3ds/,) and 494.5 eV
(Sn 3d,/,), while metallic Ge® appears at 29.4 eV (Ge 3d). In ad-
dition, oxidized components are detected at 25.2 eV (Sn** 4d; ,),
495.6 eV (Sn** 3d,/,), and ~31.7 eV (Ge** 3d). The simultane-
ous presence of the metallic peaks strongly indicates that Sn and
Ge maintain their metallic states within the bulk of the material,
whereas oxidized components are considered as located on the
ribbons surface. To resolve potential peak overlap between Ge 3d
and Sn 4d, a separate high-resolution scan of the Ge 2p,/, orbital
was carried out (inset of Figure 4e). A distinct peak at ~1219.4 eV
was observed, and it was found to increase progressively as the
Ge doping increased, confirming the effective incorporation of
Ge into the volume of alloy matrix. This outcome is further sup-
ported by a semi-quantitative analysis based on the integrated ar-
eas of Ge 2p and Sn 3d peaks, corrected using relative sensitivity
factors (RSF). The results demonstrate a clear increasing trend in
Ge content across the series, as expected. Together with the EDS
findings, these XPS results provide strong evidence of Ge effec-
tive incorporation into the alloy matrix. To further substantiate
this interpretation, Figure S2 (Supporting Information) presents
a detailed peak deconvolution of the elemental spectrum for a
representative sample of SnGe2.
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3.2. Magnetic Properties

Figure 5 displays the isofield magnetization as a function of tem-
perature, M(T), for the studies ribbons, measured under applied
magnetic fields ranging from 0.1 T to 7 T using both field-cooling
(FC) and field-heating (FH) protocols. These data indicate the
presence of distinct phase changes. Upon cooling from the para-
magnetic austenitic state, the magnetization typically increases
as the samples pass through the Curie temperature of the austen-
ite phase (T2), indicating a transition to a ferromagnetic austen-
ite. This is followed by a sharp decreases in magnetization at
the forward MT in the FC protocol, corresponding to the forma-
tion of the magnetically weaker martensite phase. During sub-
sequent heating, the reverse MT occurs, marked by an increase
in magnetization as the martensite reverts to the ferromagnetic
austenite, followed by a decrease as the temperature exceeds T2,
and the austenite becomes paramagnetic once again. A distinct
thermal hysteresis (AT, ) between the heating and cooling M(T)
curves is evident for all samples, which is the characteristic of a
first-order phase transition (FOPT).[?28] The characteristic MT
temperatures, martensitic start (M;) and finish (M), austenitic
start (A) and finish (Ay), were determined using the two-tangent
method applied to M(T) curve measured ata 0.1 T magnetic field.
They are summarized in Table 2. The austenitic Curie tempera-
ture, T4, was determined from the extremum in the first deriva-
tive of the M(T) curves measured using a different instrument,
as the current machine is limited to 400 K.
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Figure 4. Survey and high-resolution XPS spectra of SnGe1, SnGe2, and SnGe3 alloys. a) Survey spectrum confirming the presence of Ni, Co, Mn, Sn,
and Ge. Panels b—f) show core-level spectra of Ni, Co, Mn, Ge, and Sn, with features corresponding to metallic and oxidized states, as well as satellite

structures where applicable.

Figure 5 shows that with the increase of the magnetic field,
MT anomaly shifts to lower temperatures meaning that the mag-
netic field energetically stabilizes the austenitic phase, which
possesses a higher magnetization compared to the marten-
sitic phase. As a result, the austenite phase becomes ther-
modynamically favorable at lower temperatures under an ap-
plied field. Consequently, less thermal energy is required to
induce the reverse transformation (martensite to austenite),

Adv. Electron. Mater. 2025, 11, €00596 €00596 (7 of 14)

or further cooling is necessary to trigger the forward trans-
formation (austenite to martensite).[>28] Each of the insets in
Figure 5 shows the linear fit of the magnetic field dependence
of the MT temperature, derived from the heating curves, specif-
ically, the austenite start temperature A. The MT tempera-

ture shifts linearly to its lower values with the slope, :ZA;I,
0

equal to -4.8, -2.8 and -2.2 K/T for SnGel, SnGe2 and SnGe3,
respectively.
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Figure 5. Thermomagnetization curves for the Nig,CogMn;qSny;,Ge,
(x=Ta), 2b), and 3 c)) ribbons measured under different applied mag-
netic fields up to 7 T. The inset of each figure depicts the A, versus magnetic
field dependences and corresponding slopes of linear approximations in
K/T.

The associated with MT change in magnetization (A M) signif-
icantly varies with the Ge content. Here, AM is defined as the dif-
ference in magnetization values near the A, and A;temperatures
under an applied magnetic field of 0.1 T. The values of AM were
determined to be 80, 69, and 51 Am? /kg for SnGel, SnGe2, and
SnGe3, respectively. A substantial AM is crucial for a pronounced
magnetocaloric effect (MCE), as it indicates a strong magneto-
structural coupling and enables a significant field-induced shift

Adv. Electron. Mater. 2025, 11, €00596 €00596 (8 of 14)

www.advelectronicmat.de

of the MT temperature.l?”-2] However, in inverse magnetocaloric
MSMAs, the role of AM possesses a well-known challenge, often
referred to as a “dilemma”.[%¥28] On the one hand, a large AM fa-
cilitates the magnetocaloric effect, on the other hand, alarge AM
increases the magnetic entropy change (AS,,), which opposes the
lattice entropy change (AS,,), potentially offsetting the total en-
tropy gain, AS, = AS,,+AS,,.['2%] Therefore, it is desirable to
find the optimal value of AM in order to maximize the useful
MCE.

The width of transformation front, which is defined as A—~A,,
varies depending on the Sn/Ge ratio and ranges from 4 to 7 K
for all the samples (Figure 5). The SnGe2 sample exhibits the
sharpest transformation with a width of 4 K. The broadening
of MT is often attributed to chemical inhomogeneity and vari-
ations in the atomic order, which can lead to a distribution of
MT temperatures within the material.??°! In our case, the nar-
row transformation front is thought to be the result of both sig-
nificant chemical homogeneity (see Section 3.1.3) and good L2;-
atomic order (e.g., see peaks at 20 ~ 25" and 31’ in Figure 1) in
the ribbons.[??]

The width of the MT thermal hysteresis (AT),,), defined as
the difference between the peak positions of the first derivative
of cooling and heating branches of the M(T) curves measured
at a magnetic field of 0.1 T in Figure 5, is 20.5 K, 12.1 K and
16.1 K for SnGel, SnGe2 and SnGe3, respectively. The lower
AT;,, value in the SnGe2 ribbon suggests better crystallographic
compatibility between martensitic and austenitic phases, which
is a key factor in minimizing hysteresis, as discussed by Pfeuffer
et al.l’l Generally, hysteresis arises from both intrinsic factors,
such as magnetic interactions, the electronic structure, and the
fundamental nature of the first-order phase transition (FOPT),
and extrinsic factors, such as microstructure, lattice defects, in-
ternal stresses, grain boundaries, and compositional uniformity.
The finding that SnGel, with the lowest MT temperature, ex-
hibits the largest AT, is in line with reports for certain Heusler-
type MSMAs, where hysteresis tended to increase at lower tran-
sition temperatures.[*®! This can be explained by the disparity in
the shift of the forward and reverse transformation branches,
which is caused by the varying temperature dependence of the
underlying thermodynamic forces, including magnetic effects.
Microstructural features, such as grain size, defect density, and
internal stresses, which can be altered by processing and heat
treatment, also significantly contribute to AT, .[77?*3°] A slight
increase in AT, with applied magnetic field was also noted,
which is consistent with a more pronounced field-induced shift
of the forward MT (on cooling) compared to the reverse MT (on
heating), often linked to the increasing amount of the low tem-
perature FM contribution.?1:32]

The MT temperature has an increasing trend with rising
Ge/Sn ratio. Changes in atomic volume and interatomic dis-
tances are likely responsible for this, as they result from the differ-
ent atomic radii of Sn and Ge. The substitution of larger Sn atoms
with smaller Ge atoms leads to a contraction of the unit cell vol-
ume. This lattice shrinkage modifies interatomic distances, par-
ticularly the Mn-Mn spacing, which is critical for magnetic ex-
change interactions. Furthermore, a reduced unit cell volume can
enhance the hybridization between Ni 3d and Mn 3d electronic
states.[**] Such modifications in electronic structure and bond-
ing between atoms can stabilize the martensitic phase, thereby
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shifting MT to higher temperatures. The less pronounced in-
crease in the MT temperature for the SnGe3 sample, despite
the expected further reduction in unit cell volume, suggests that
other factors might be influencing the process. While atomic size
effects should be prominent, here a lower degree of atomic or-
der in the SnGe3 sample could counteract the effect of volume
change.**] Thus, various factors, such as the precise degree of
atomic order, the specific site occupancy of constituent atoms, the
details of electronic hybridization, and microstructural features
such as grain size, chemical segregation, and internal stress, all
influenced by the melt spinning process, collectively determine
the MT behavior.[*303435]

The Curie temperature of the austenite phase (T2) decreases
with increasing Ge content, reducing from ~421.9 K in SnGel
to 411.5 K in SnGe2 and 391.9 K in SnGe3. This trend indicates
a weakening of net ferromagnetic exchange interactions within
the austenite phase, likely due to the shrinkage of the unit cell vol-
ume and the resulting modification of key interatomic distances
(such as Mn—-Mn and Mn—Co) that govern magnetic coupling.[®!
Even though previous studies suggest that T2 is primarily af-
fected by the nature of interactions at the Ni and Mn sites and
is relatively insensitive to Sn content, it is important to note that
atomic disorder, shaped by processing conditions such as heat
treatment, can also influence the Curie temperature.3*l More-
over, even minor variations in the actual Co content can cause
noticeable shifts in the Curie temperature.[!! For instance, Ito
et al.3% reported a shift of about 54 K in the Curie temperature
upon substituting 2.5 at.% Co for Ni. Since the magnetization
in Ni-Co-Mn-Sn Heusler alloys mainly arises from Mn and Co
atoms, the magnetic ordering temperatures are highly sensitive
to both Mn-Mn and Mn-Co interatomic distances.3°] Thus, a
decline in T2 upon Ge substitution might also result from sub-
tle changes in Co—Mn spacing, potentially enhancing antiferro-
magnetic interactions or altering the overall balance of magnetic
exchange within the crystal lattice.

3.3. Magnetocaloric Effect

The magnetic field induced isothermal entropy change (AS;)
can be calculated from the experimental thermomagnetic curves,
M(T), measured under isofield conditions using a numerical ap-
proximation of the Maxwell relationship (see, e.gl?”38)):

n—-1
1| ([ oM, oM,
ASiSO(]},AH)=ZE <ﬁ) +< - AH 1)
i i/ H J H

i=1 :
i+1

where ( My u, is the first derivative of magnetization at applied

magnetic ﬁeld of H; and AH is the magnetic field step used in
different measurements of thermomagnetization curves. The 3D
charts depicting the dependence of A S, as a function of tempera-
ture and a field changes up to 7 T, are presented in Figure 6. The
maximums of AS,, for the SnGel, SnGe2 and SnGe3 ribbons
under a magnetic field change of 7 T are equal to 26.2, 35.5, and
27.1] kg™t K1, respectively (Table 2). For all compositions, a pos-
itive AS,,, peak is observed, indicating that the entropy of the sys-
tem increases when a magnetic field is applied isothermally. This
behavior is typical for materials undergoing a field-induced re-
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verse martensitic transformation from a low-magnetization (typ-
ically weak magnetic or antiferromagnetic martensite) to a high-
magnetization (ferromagnetic austenite) phase. As mentioned
before, contributions of lattice and magnetic entropy have oppo-
site signs; for an inverse MCE observed during the martensite-to-
austenite transformation, AS,, is typically positive, while AS, .
(associated with the change from a weakly magnetic martensite
to a more strongly magnetic austenite) can be negative.***% Dur-
ing the transformation from the martensitic to the austenitic
phase, the positive contribution from AS,, is often predominant,
leading to an overall positive peak characteristic of the inverse
MCE. A more profound analysis of the entropy variations, par-
ticularly in the case of the SnGe2 sample, which demonstrates a
substantial AS,, can be achieved by examining the interdepen-
dence of various factors. The well-known Clausius—Clapeyron
(C-C) equation for a first-order phase transition, adapted for
magnetic systems, is usually expressed as:

AM

A5 = = T dlpo )

(2)

Here, AS, represents the total transformation entropy, AM
is the difference in magnetization between the austenite and
martensite phases, and dT/d(u,H) is the shift of the MT tem-
perature caused by the applied magnetic field. Both AM and
dT/d(u, H) are critical parameters influencing the achievable AS,.
A larger field-induced shift of MT implies a more significant
amount of the martensitic phase converted into austenite under
a given magnetic field, which is advantageous for maximizing
the extrinsic structural contribution, AS,,,(f}, where fis the vol-
ume fraction of the martensitic phase transformed, to the total
entropy change. However, a larger dT/d(u,H) is often associated
with materials that also exhibit a substantial AM. While a large
AM is generally favorable for a strong magnetocaloric response,
it also signifies a considerable difference in the magnetic order
between the two phases, which in turn affects the AS,,,, contri-
bution to the total entropy change. This creates a scenario where
optimizing these parameters is crucial, as an excessively large
contribution from one might not always translate to the maxi-
mum net AS,. An optimal balance between the magnitude of the
field-induced shift of MT and the change in magnetization at MT
seems to be necessary to achieve a high total isothermal entropy
change, as observed in the SnGe2 sample. The entropy change
obtained from the Clausius—Clapeyron approach (AS,) was cal-
culated and is reported in Table 2. The values are comparable to
those derived from the Maxwell relation and from DSC, confirm-
ing that the Maxwell-based A S,,, values are reliable in the present
work and do not exhibit the artificial spikes around the transition
temperature.

For magnetocaloric applications, it is crucial to obtain a suffi-
ciently large MCE under magnetic fields that are not exceeding 2
T, achievable with permanent magnets. Figure 7 shows a compar-
ison of the AS,, values for a range of Ni-Mn-based Heusler al-
loys, both in bulk and ribbon form, along with our fabricated rib-
bons, measured under a 2 T magnetic field change, to highlight
the difference in magnetocaloric response between bulk and rib-
bon samples. Remarkably, the SnGe2 ribbon exhibits the highest
AS,, among the series, reaching about 22.8 ] kg~! K~1.
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Figure 6. Three-dimensional contour charts of the entropy change (AS;,,) as a function of temperature and magnetic field for SnGe1, SnGe2, and SnGe3
ribbons.
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Figure 7. Comparison of the peak isothermal magnetic entropy change
(|AS;s,]) at 2 T for the present SnGe-series melt-spun ribbons with selected
bulk and ribbon reported, all belonging to the class of Ni-Mn—X (X = In,
Sn) Heusler alloys. Data for bulk materials are taken from: 1,1411 2 1421 3 [43]
41441 5 [45] ¢ [1] 7 [46] g [47] g [48] 70,[49] 77 [46] 12 [50] 13 [28] 14 (28] 75 [28]
16.128] Data for ribbon-form materials are taken from: 1,131 2,52] 3 [33]
4,14 5 [31] ,[34] 71531 8 [511 9 1301 10,[53] 17,1571 12,41 13,[34] 14 (this work),
15,1561 16,541 17,131 18, and 19 (this work), 20.157]

The experiment demonstrates that the form of the MCE ma-
terial, whether it is in bulk or in the form of a melt-spun ribbon,
plays a significant role in determining its functional properties.
The manufacturing process has a significant impact on the com-
position homogeneity and microstructure, including grain size,
crystallographic texture, and defect density.’”] These factors, in
turn, influence the magnetostructural properties and MCE of the
material. In particular, melt-spun ribbons often exhibit composi-
tion variation, finer grain sizes, a higher density of quenched-in
defects, and residual stresses resulting from rapid solidification.
These microstructural features can expand the MT front, result-
ing in a reduction of the volume fraction of the field-induced
austenitic phase, thus reducing MCE.[?* Despite these poten-
tial limitations, our ribbons, especially SnGe2, demonstrate out-
standing magnetocaloric performance. As illustrated in Figure 7,
the AS,,, values of our ribbons not only exceed those of many pre-
viously reported Ni-Mn-based MSMA ribbons, but they also rival
the same MSMAs in a bulk form under similar magnetic field
conditions. The outstanding MCE performance of our ribbons
can be attributed, in the first place, to their exceptional chemical
and structural uniformity, which was achieved through the rapid
solidification of small-sized ribbons (%1 mm wide and ~20 um
thick).

Figure 8 compares the peak values of AS,, and correspond-
ing MT temperatures for the studied ribbons with a wide range
of magnetocaloric materials reported in the literature, all mea-
sured under a 2 T magnetic field change. The SnGe2 ribbon ex-
hibits particularly high performance, which is comparable to or
even exceeds that of several other materials with first-order tran-
sitions, including Heusler-type MSMAs and selected rare-earth-
based compounds. The retention of a strong magnetocaloric re-
sponse in the ribbons can be attributed to several factors, in-
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Figure 8. Comparison of the peak isothermal magnetic entropy change
(|AS;,|) versus peak temperature for the Niy,CogMn39Sny,.,Ge, ribbons
(SnGeT, SnGe2, and SnGe3) with various magnetocaloric materials in dif-
ferent forms (bulk and ribbons) reported in the literature, under a mag-

netic field change of 2 T. Data for other materials are taken from: 1,[°%]
21311 3 [59] 4,601 5 [61] g [62] 7163 g [27] g[27] 10,[28] 17 [45] 12,[64] 13 [65]

14,1 15,1671 16,1681 17,[69] 18, 19, and 20 (this work).

cluding Ge doping, high chemical homogeneity, a uniform mi-
crostructure, and a high degree of atomic order. These factors are
all achieved through the rapid crystallization of melt-spun small-
sized ribbons. Additionally, the ribbon geometry offers practical
advantages, such as a high surface-area-to-volume ratio, which
facilitates efficient heat transfer and can enhance the perfor-
mance of laminate-based active magnetic regenerator (AMR) cy-
cles in cooling devices.['>13] In summary, the combination of a
significant magnetocaloric effect in moderate magnetic fields,
operation at near-room temperature, and geometric advantages
of the ribbon form make these Ge-doped Ni-Co—Mn-Sn alloys
highly attractive for compact and efficient solid-state cooling
systems.

For practical magnetic refrigeration applications, it is partic-
ularly important to evaluate the relative cooling power (RCP)
under moderate magnetic fields. RCP is estimated using the
expression:

RCP = ASY X 6Ty 3)

where ASf‘f is the maximum magnetic entropy change and
ST pwuy 1s the full width at half maximum of AS,, curve at a
field change of 2 T. The RCP values of our nbbons are found
to be 148.5 ] kg™! for SnGel, 90.1 ] kg~! for SnGe2, and 91.5
J kg~! for SnGe3 in this field. This performance is comparable to,
or even better than, many other magnetocaloric materials such
as Ni-Mn-based Heusler alloys and manganites reported in the
literature.[*72] Nevertheless, these values remain below those of
Gd-based compounds, which typically exhibit RCP values on the
order of ~200 ] kg~! under the same field change.l”"!

Itis noteworthy that in recent years Griffith et al.’3 introduced
the temperature-averaged entropy change (TEC) as an additional
figure of merit, which has since been widely employed to assess
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Figure 9. Adiabatic temperature change (AT,,) as a function of tempera-
ture for SnGe1, SnGe2, and SnGe3 ribbons under a magnetic field change
of 1.96 T. The shaded area around the data points represents the measure-
ment uncertainty.

the effective performance of magnetocaloric materials. TEC ex-
pressed as following:

1 Tt SR
Flf /T ATy 150(T)AHdT (4)
ift id—

where AT, is a temperature range, and T, is the central tem-
perature in which the TEC (AT);) reaches the maximum value
for a given ATj,. For ATy, = 10 K under a field change of
2 T, the TEC(10) values for SnGel, SnGe2, and SnGe3 were
found to be 12.1, 9.8, and 8.6 ] kg™! K, respectively. These val-
ues are comparable to, and in some cases surpass, those of other
well-studied magnetocaloric systems including manganites and
Heusler alloys,>”77] while exceeding the performance of state-of-
the-art Gd-based materials at the same field change.!”"!

The results of the direct measurements of AT,; under a mag-
netic field change of 1.96 T are shown in Figure 9. To minimize
the effects of a thermal history, a discontinuous heating proto-
col was employed.l?)] Among the series, the SnGe2 ribbon ex-
hibited the largest AT, reaching ~1.8 K. The observed trend in
peak AT,; values (SnGe2>SnGe3>SnGel) correlates well with
the previously discussed trend in AS, under 2T field, where
SnGe2 also exhibited the most significant MCE. These consis-
tent outcomes demonstrate that the intermediate Ge content in
SnGe2 is optimal to maximize the magnitude of the magne-
tocaloric effect.

TEC (AThﬂ) =

4. Conclusion

In this study, we found that the martensitic transformation and
magnetocaloric characteristics of the Ni,, CogMn;,Sn,, ,Ge, (x=
1, 2, 3) Heusler-type thin ribbons were significantly affected by
the addition of Ge and the specific microstructure that develops
as a result of the melt-spinning process. The substitution of Sn
with Ge influences the MT temperatures and the thermal hys-
teresis of the transformation. The high chemical homogeneity
and fine uniform microstructure of the ribbons, formed as a re-
sult of rapid solidification, are crucial for enhancing the magne-
tocaloric response. That is due to the high steepness of the trans-
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formation front, which causes an increase in the proportion of
the martensitic phase that undergoes a magnetic field-induced
reverse MT. This, in turn, results in more efficient cooling of the
ribbon at lower magnetic field. Among the compositions stud-
ied, the SnGe2 alloy (x = 2) showed the highest magnetic field in-
duced adiabatic temperature change and isothermal entropy vari-
ation. This suggests that a moderate Ge substitution can lead to
an optimal balance between magnetization change and transfor-
mation entropy, effectively addressing the intrinsic trade-off often
encountered in Heusler-type MSMAs exhibiting inverse magne-
tocaloric effect. Furthermore, SnGe2 ribbon has shown the low-
est MT hysteresis which is a result of the improved geometric
compatibility between the austenitic and martensitic crystal lat-
tices. Our highly homogeneous small-size ribbons demonstrate
magnetocaloric responses that are comparable to those of bulk
Ni-Mn-based MSMAs, while outperforming previously reported
ribbon counterparts in this alloy category. In summary, these
findings demonstrate that strategic compositional adjustments
in combination with melt-spinning processing result in the pro-
duction of magnetocaloric ribbons that not only match the per-
formance of bulk materials but also provide inherent benefits for
microscale solid-state refrigeration systems.
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