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ABSTRACT: Exploring low-grade waste heat energy harvesting is
crucial to address increasing environmental concerns. Thermo-
magnetic materials are magnetic phase change materials that enable
energy harvesting from low-temperature gradients. To achieve a
high thermomagnetic conversion efficiency, there are three main
material requirements: (i) magnetic phase transition near room
temperature, (ii) a substantial change in magnetization with
temperature, and (iii) high thermal conductivity. Here, we
demonstrate a high-performance Gd;Si, ,Ge; s thermomagnetic
alloy that meets these three requirements. The magnetic phase
transition temperature was successfully shifted to 306 K by
introducing Ge doping in GdSi,, and a sharper and more

symmetric magnetization behavior with saturation magnetization of M,
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ferromagnetic state. The addition of SeS,, as a low-temperature sintering aid, to the Gd—Si—Ge alloy improved the material’s density
and thermal conductivity by ~45 and ~275%, respectively. Our results confirm that the (GdsSi, 4Ge; ¢)9(SeS,)o alloy is a suitable
composite material for low-grade waste heat recovery in thermomagnetic applications.
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B INTRODUCTION

Low-grade waste heat harvesting is appealing as ~63% of
overall energy is dissipated in the form of low-grade waste heat
(hot-side temperature below 100 °C)."”’ Thermomagnetic
(TM) generators are a promising method for low-grade waste
heat recovery and will have a wide range of practical
applications in electronic sensors and devices.””'' Near
Curie temperature (T.), the temperature at which a TM
material (TMM) changes from the ferromagnetic (FM) state
to paramagnetic (PM) state and vice versa, TMMs possess
large magnetization (Mq), which turns into a low magnet-
ization value (M) above T..'”"’ In a complete TM cycle, a
device can harvest the magnetic energy, defined as E, =
+1oAMH, where 4, and H are the magnetic field constant and
applied external magnetic field, respectively.'* The material’s
efficiency for the conversion of thermal input energy (Q,,) into
useful output energy via thermomagnetic material is defined as

_ E. _ ,uDAMH
T=%,7 a,
efficiency, it is noticeable that a large change in the magnetic
moment, ie, AM = M4 — M., in a small temperature
difference (AT = Ty, — Teoq) is a key material property for an
efficient TM device.” A TMM showing reversible and second-
order phase transition would be a suitable choice for the
minimum energy loss during the TM cycle. A large value of
power density (Pp), defined as P = E, f, harvested by TM
devices is achieved by increasing the magnetic energy (E,,) and

From the expression of energy and
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cycle frequency (f). This condition demands a large change in
the magnetic moment together with high thermal conductivity
(k) for efficient and quick heat exchange in the vicinity of the
AT across its magnetic phase transition.®

In the past several years, different types of materials
including transition metals (Fe, Co, Ni), rare earth elements
(Gd, Tb),"” intermetallic compounds (La—Fe—Co—Si-
based),’>'® metallic antiperovskites (Sn,,Ga,gCFe;,
Gage,CMn;, ), '® oxide perovskites (Lagg,Bag;;MnOs,
Lay,Ndy Nag,Mn0;),"””° and amorphous glasses
(Gd,5Cos,) have been investigated due to their potential for
TM applications.””* Among these, gadolinium (Gd) fulfills
the fundamental requirements to be used as a TMM near room
temperature.””~>* With a reasonable change in the magnetic
moment (AM ~ 77 emu/g with AT = 30 K), moderate « (6.6
Wm™ K™), and T ~ 293 K, Gd has been widely explored,26 62
and its device performance has been investigated using 63
numerical modeling and experimental techniques.”’~>* Con-
sidering the value of T, pure Gd requires additional cooling s
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Figure 1. (a) XRD patterns of as-synthesized powder samples of (i) Gd, (ii) GdsSi,, (iii) GdsSi,,Ge, ¢ and (iv) (GdsSi,4Ge;6)os (SeS;)o1- (b)
Differential scanning calorimetry (DSC) curves for Gd, GdsSiy, Gd;Si, 4Ge, ¢, and (GdsSi, 4Ge 6)0.6(SeS, )01 compounds. (c) SEM and EDS images
of (GdsSi,4Ge;6)0(SeS,)o1 showing the distribution of Se and S in the microstructure.

66 below 300 K, which makes the device design complex. In
67 addition, Gd is brittle and forms gadolinium hydroxide in
68 contact with cold/hot water, which degrades its mechanical,
6o thermal, and magnetic properties.””*>” Several Gd-based
70 materials have been investigated by alloying with silicon
71 and/or germanium.’*"** The alloying of Si/Ge with Gd to
72 form a GdSi—GdGe pseudobinary system allows the tuning of
73 magnetic phase transition T in a wide temperature range of
74 40—340 K.*’ Besides the allowed freedom of tunable magnetic
7s properties, GdSi—GdGe pseudobinary systems make these
76 materials prominent for magnetocaloric/thermomagnetic
77 properties; however, studies on the densification of these
78 alloys are lacking due to the brittle nature of this material that
79 prevents it from making the shape of cylinder or plate. Also, an
80 investigation of thermal properties is needed to determine the
81 bulk size of materials to know the applicability of these alloys
82 for thermomagnetic applications. In addition to the silicon and
83 germanium doping in Gd, making alloys of Gd with transition
84 metals (Mn, Zn, Ni, Pd) and rare earth elements (Nd and Pr)
85 has been found useful in the improvement of the thermal and
86 magnetic groperties favorable for the magnetocaloric applica-
g7 tions.""~* Tt is worth mentioning here that in the field of
88 magnetocaloric effect, Gd—Si—Ge alloys have been widely
89 investigated to find their potential applicability for magnetic
90 refrigeration applications, mainly below room temperature. In
o1 this direction, Gebara et al. systematically investigated the
92 nature of phase transition of GdGeSi-(X)-type alloys (where x
93 = Ni, Nd, and Pr) using heat and magnetic transport
94 techniques.*”** The alloys GdgoGe;sSis and Gd,sGe;sSisNig
9s have the structural phase transition, which is confirmed as a
96 first-order phase transition and shows a large magnitude of
97 change in magnetic entropy (ASy ~ 12 J/kg:K). From the
98 application perspective, such a large ASy; is good for magnetic
99 refrigeration. In the case of Gd;sGe;sSisPrg and
100 Gd,sGe sSisNd;, the nature of phase transition was noticed
101 as second order, with a lower value of ASy = ~5 J/kg-K.

—

—

Besides the good magnetocaloric effect shown by Gd—Ge—Si- 102
X alloys, the phase transition temperature of all of these 103
compounds is reported at much below the room temperature 104
(300 K). On the other hand, in our daily lifestyle, plenty of 10s
low-grade waste heat energy is available in the temperature 106
range of 300—320 K, which can be effectively harvested by 107
Gd—Si—Ge-based alloys by utilizing the thermomagnetic 108
effect.” For this application, the material’s magnetic phase 109
transition temperature should lie within the same temperature 110
region, and finding the best composition of material with such 111
magnetic properties is highly desirable. Motivated by this idea, 112
the tuning of the magnetic phase transition temperature of 113
Gd—Si—Ge materials in a temperature range of 300—320 K is 114
studied in the present work. 115

A comprehensive investigation of the thermal transport and 116
magnetic properties of Gd—Si—Ge-based materials with T 117
values near room temperature is lacking. In addition, low- 118
temperature densification and sintering methods are needed 119
that do not cause deterioration of magnetic, mechanical, and 120
thermal properties. For the materials sintered at high 121
temperatures, there are chances of decomposition, precip- 122
itation, and structural phase change that will affect the 123
magnetic properties. To overcome these problems, an 124
engineered Gd-based alloy with tuned T between 300 and 125
310 K, higher AM, improved x, and better mechanical 126
properties is needed.”®"? 127

Here, we systematically study the effect of selenium disulfide 128
(SeS,), as a new low-temperature sintering aid to substantially 120
improve the TM properties of Gd—Si—Ge-based alloys near 130
room temperature. We fabricated GdsSi, and Gd;Si,,Ge, ¢
compounds through induction melting and densified the alloy 132
by optimizing the SeS, percentage to improve the thermal 133
conductivity by 90% while preserving the large magnetization. 134
The physical property characterization confirms that the 13s
synthesized alloy is appropriate for TM applications at room 136
temperature. 137
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B EXPERIMENTAL PROCEDURE

The chunks of Gd (99.9%, MSE supplies), Si (99.9999%, Alfa Aesar),
and Ge (99.999%, Thermo Fisher Scientific) were weighed in a
stoichiometric proportion for the synthesis of Gd;Si, and
GdsSi, ,Ge, s compounds. The raw materials were melted by
induction melting in a boron nitride crucible under an argon
atmosphere (gas flow pressure 30 Pa). The as-melted ingot was
cylindrical with a dimension of ~20 mm diameter and ~5 mm height.
The ingot was pulverized into a fine powder by hand grinding (~20
min) using a mortar and pestle. The different weight percentages of
SeS, (97%, Alfa Aesar), as a low-temperature sintering agent, were
mixed homogeneously with Gd;Si, ,Ge, 4 alloys. The compositions are
designated as (GdsSi,4Ge,¢);_(SeS,),, where x = 0.0S, 0.10, 0.15,
and 0.20. The powders were then consolidated in a cylindrical
graphite die with an inner diameter of 12.7 mm using the spark
plasma sintering (SPS) technique. The sintering temperature was 200
°C (heating rate with 1 °C/min) under a constant 40 MPa pressure
for 2 min of soaking time. Further, the power of SPS was switched to
obtain the sintered pellet at room temperature with a natural cooling
condition. The TM pellets with a 12.7 mm diameter, a S0 mm
diameter size, and an ~2 mm height were prepared for thermal and
magnetic property measurements.

Crystal structure and phase identification were studied on the
powder sample by X-ray diffraction (XRD) technique using a
PANalytical Empyrean (X-ray tube with Cu K, source, wavelength
1.54 A, voltage: 45 kV, current: 40 mA). The microstructure and
elemental mapping were analyzed by a field emission scanning
electron microscope (FESEM, FEI Verios), equipped with energy-
dispersive X-ray spectroscopy (EDS, Oxford Aztec). The energy of
the electron beam was set to 10 keV for the SEM mapping. The
density (p) of the samples was measured using the Archimedes
principle. Curie temperature (T¢), specific heat capacity (C,), and
heat flow were investigated using differential scanning calorimetry
(DSC, 214 polyma NETZSCH) with a heating and cooling rate of 15
K/min. Temperature-dependent thermal diffusivity (D) of the
samples was measured by using a Laser Flash instrument (LFA-467
HT HyperFlash). The thermal conductivity (k) of the samples was
then calculated from the relationship x = p-C,-D. Temperature-
dependent magnetic measurements in the range of 300—350 K were
performed using a vibrating sample magnetometer (VSM, Lakeshore
8600).

B RESULTS AND DISCUSSION

The room-temperature XRD patterns of fine powders of each
composition in comparison to those of Gd are shown in Figure
la. For the Gd;Si, sample, all of the XRD peaks correspond to
the orthorhombic I crystal structure of GdSi,, classified by the
same crystal symmetry and space group as Pnma (space group
number 62, Pearson symbol 0P36).>”*> With the doping of Ge
at the Si site in the Gd;Si, system (Figure 1a), Gd,Si,,Ge; ¢
possesses the same crystallographic phase as found for the
Gd,Si, structure. In the GdsSi, ,Ge, ¢ sample, all XRD peaks
are consistent with the data reported in the literature.” No
structural phase change is noticed with the addition of SeS,
into GdsSi, 4Ge, 4. The only difference is in the intensity ratio
of peaks, mainly in the 260 range of 25—45° (Figure la). The
XRD data of Gd consist of Bragg reflection peaks, which
correspond to the hexagonal closed pack (hcp) structure,
classified by the space group P63/mmc, No. 194, and match
well with the earlier report.”

Figure 1b shows the heat flow measurement as a function of
temperature obtained from DSC measurement for Gd, Gd;Si,,
Gd;Si, 4Ge s, and (Gd;sSiy 4Gey6)09(SeS,)o1 compounds. Si
addition shifts Tc of Gd-based TMMs toward higher
temperatures, and Ge is found to move the transition toward
lower temperatures. The T¢ of Gd, Gd;Siy, and Gd;Si, ,Ge, 4

compounds are ~290, 330, and 306 K, respectively. The phase
transition temperature of Gd and Gd;Si, is consistent with the
earlier report.” In Gd;Si,,Ge; ¢ the DSC shows a drastic
decrement in the phase transition temperature. The phase
diagram of Gd;Si;—Gd;Ge, suggests that Gd;Si, and
Gd;Si, 4Ge, ¢ preserve the orthorhombic crystal structure,”
and the earlier reports indicate that there is no change in the

crystal structure across the phase transition temperature of 210

Gd;Si, and GdsSi,,Ge, ¢ compositions.”” Gd forms an hcp
structure at ambient pressure, and any change in the crystal
structure occurs with applied external pressure.*” In the
present investigation, all of the compounds have been studied
under ambient pressure. Therefore, the phase transition for all
compounds can be attributed to the magnetic phase transition.

The observation of a step-down change in the DSC heating
curve due to the magnetic phase transitions is similar to the
structural phase transition driven by thermodynamic phase
changes.”™*" Likewise, a step-up change can be observed in
the DSC cooling curve (Figure 1). In the cooling cycle, the
phase transition temperatures of Gd, Gd;Si,, and Gd;Si, ,Ge 4
are shifted to ~283, ~ 322, and ~298 K, respectively. The shift
in transition temperature toward lower temperature is mainly
due to the effect of the heating—cooling rate applied to the
dynamical thermal phase investigation using DSC measure-
ment.

An epoxy binder agent has been widely used as a sintering
aid for brittle ceramic materials owing to its excellent adhesive
nature."*’ However, due to its nonmagnetic properties, low
density, and low k, it is not a preferred choice for TM
applications. This is mainly because of the formation of a
nonhomogeneous thick layer of epoxy resin with lower density
between the grains of TMMs. Such layers act as a scattering
barrier for phonons and prevent heat flow propagation in the
materials via grain-to-grain heat transfer. Owing to the large
variations in mass density and difference in phonon mean free
path of the activated phonon wave packets of epoxy materials
and inorganic TMMs, the scattering probability of phonon

211
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234
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237
238
239

wave packets (including low-mid and high range of 240

frequencies) increases. Here, we demonstrate SeS, as an
appropriate low-temperature sintering aid for improving the

241
242

density and x of TMMs. SEM image and EDS analysis of 243

(Gd,Siy 4Ge; )09(SeS,)o,; show a uniform distribution of Gd,
Si, and Ge elements, whereas the spaces between TMM grains
are Se- and S-rich (Figures 1c and S1). SeS, binder distributes
throughout the alloy and fills the area between the grains.

The low-temperature consolidation of GdSi,,Ge, was
performed at 200 °C using spark plasma sintering (SPS) for 2
min. SeS, plays a key role as a sintering aid for binding
Gd;Si 4Ge, ¢ particles to each other. Such low-temperature
sintering prohibits phase change, grain growth, and precip-
itation in TMMs and maintains the magnetic properties as the
magnetic domain structure within each grain is not affected at
200 °C.

In order to demonstrate a TM device, the synthesized
powders need to be sintered to an appropriate desired shape.
Initially, we tried to densify pure GdsSi,,Ge,¢ through SPS;
however, even at temperatures above 1000 °C, it did not sinter
into a uniform dense sample, and more importantly, the

244
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250
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254
255
256
257
258
259
260

magnetic properties dropped. The sintered sample was full of 261

microcracks, and the alloy was unstable at room temperature.
The sintering agent, SeS,, with a density of 3 g/cm’® and a
melting point of 111 °C, was next used to densify the powders
into a pellet. Figure 2 demonstrates the effect of the SeS,
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Figure 2. (a) Density evolution and (b) temperature-dependent thermal conductivity of Gd;Si, ,Ge, ¢ materials as a function of the SeS, weight
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Figure 3. (a) Magnetization plot for induction melt ingots of Gd, Gdssi,, Gd;Si, ,Ge, ¢, and SPS samples (Gd;Si, 4Ge, ¢);_(SeS,), (x = 0.0, 0.1,
0.15, and 0.2) measured at 300 K. (b) Magnetization versus applied field measured at 300 K, (c) magnetization versus temperature measured at 0.1

T field, and (d) the rate of change of magnetization versus temperature.

266 concentration on the density and thermal conductivity of the
267 GdsSi, 4Ge, 4 alloy. The density of all compositions increases
268 monotonically with an increase in the SeS, concentration. The
269 density of the Gd,Si,,Ge, ¢ alloy with epoxy (prepared as a
270 reference sample) reaches a maximum of 4.06 g/cm?, which is
271 the lowest value compared to that of SeS,-contained alloys.
272 Although the prepared ingot of Gd,Si,sGe;, obtained from
273 induction melting is in a cylindrical shape (shown in Figure
274 SSa) and appears to be a solid shape, several cracks are formed
275 and it gets brittle while cutting into the desired shape for
276 further measurement. The measured density of a chunky piece
277 of GdsSi, 4Ge, s is 4.13 g/cm’. The densities of
278 (Gd;sSiz 4Gey 6)0.05(S€85)0.0s (GdsSiz4Geyg)o.0(SeSs)o.1,
279 (Gd;Sir4Ge6)0s5(SeS2)015 and (GdsSiz4Gey6)o5(SeS,)o, are
280 found to be 4.26, 5.34, 5.86, and 6.01 g/cm?, respectively. Such
281 an improvement in density is due to the adhesive nature of
282 SeS, with a melting point of 111 °C, which fills the pores.

283 The measured values of specific heat and thermal diffusivity
284 are shown in Figure S2a,b, respectively, in the Supporting
285 Information. Temperature-dependent specific heat (C,) of all
286 compositions shows a kink near the phase transition
287 temperature (Figure S2b). During the magnetic phase
288 transition, the rearrangement of the spins inside the magnetic
280 domain affects the magnon—phonon interactions within the
200 domain, as well as at the grain boundaries. In the PM regime,
291 there is a weak variation in the Co which might be due to the
202 thermal agitation effect on randomly oriented spins within the
293 magnetic domain as well as between the different neighboring

domains. The thermal conductivity is improved by adding SeS, 294
in the Gd—Si—Ge alloy due to a simultaneous increase in 295
density and thermal diffusivity. The thermal conductivity 296
increases around the phase transition temperature, while 297
variation in the thermal conductivity of the FM phase (T < 298
T. = 306 K) and the PM phase (T > T.) as a function of 299
temperature is negligible. This is advantageous for the fast heat 300
exchange between the material and the working environment. 301
This tendency toward heat flow behavior suggests that 302
magnetic phase transition has a very weak effect on the 303
phonon propagation through the magnon—phonon coupling 304
once a stable magnetic phase region is achieved. In the high- 3os
temperature regime, magnetic ordering breaks down, and the 306
PM phase does not affect the scattering probability of the 307
phonon wave packets. In this strong scattering limit, the 308
phonon mean free path does not get much affected and results 309
in carrying almost the same heat flow. 310

The phase transition in TMMs is due to the change in 311
magnetic ordering; therefore, the change in thermal con- 312
ductivity across the phase transition region is broader and has a 313
small variation in its magnitude. Structural phase change such 314
as magnetic phase transition is a time-dependent phase 315
transition and requires a specific amount of time for ordering 316
and disordering, which results in a comparatively large 317
variation in thermal diffusivity near phase transition.”* "% 318
The maximum thermal conductivity in the FM phase is found 319
to be ~2.15 W/m-K in the case of the 30
(Gd;Siy 4Gey6)055(SeS,)o15 alloy, shown in Figure S3 in the 321
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Figure 4. (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization data with temperature for (GdsSiy4Ge,)oo (SeS;)o; and (b)

magnetization data measured at 360 K.

Supporting Information. The increasing trend in the
magnitude of the thermal conductivity is observed up to the
composition of (GdSi,,Ge,¢)os5(SeS,)o15 (ie, x > 0.15). A
further increase in the SeS, concentration results in a decrease
in the magnitude of thermal diffusivity. Such behavior might be
due to the optimum limit of the SeS, concentration in
Gd;Si, 4Ge, 4 for achieving the maximum heat diffusion. Above
the threshold amount of SeS, (x > 0.15), the sintering aid
suppresses the heat flow, even though the density of
(Gd;Siy 4Gey6)05(SeS,)q, is enhanced. A large improvement
in the magnitude of « is very useful for increasing the frec%uency
of the thermal cycle of TMMs at the device level.>*>~*?

The isothermal magnetization (M—H) plot for the induction
melt GdsSi,,Ge,; ¢ ingot and (GdsSi,,Ge;g)1-.(SeS,), (x =
0.0S, 0.1, 0.1S, and 0.2) measured at 300 K in comparison with
Gd and Gd;Si, is shown in Figure 3a. All samples show FM
behavior with negligible coercivity. The M—H behavior
suggests that the materials have almost zero energy loss during
the TM cycle, and the M—H has a sharp slope around the zero
magnetic field and reaches the saturation magnetization (M)
value with an applied field strength of ~2 T. The as-melt
Gd;Si 4Ge; ¢ has the highest M value of ~71 emu/g. The
value of M, decreases when the as-melt sample is mixed with
SeS,. This is due to the additional nonmagnetic content in the
matrix of TMM, which occupies a fraction of the magnetic
material.

Although the addition of SeS, downgrades the saturation
magnetization of the Gd;Si, 4Ge, 4 alloy, the shape of the M—H
curve and the negligible coercivity remain the same for all
SeS,-contained samples. This feature reveals that the non-
magnetic SeS, does not change the magnetic nature of the
Gd;Si, 4Ge, ¢ alloy rather than a small effect on the saturation
magnetization. As shown in Figure 3a, the shape of the
magnetization curve is sharper for GdsSi, and
(Gd;Siy 4Gey6)00(SeS,)o; as compared to the pure Gd
material. This feature of M—H behavior results in a large
magnetic energy (E,,) at a temperature just below the phase
transition. The saturation magnetization of
(GdsSi,4Gey6)0.5(SeS,)oy is found to be higher in comparison
to that of GdgSi, measured at the same temperature.
Considering the physical, thermal, and magnetic properties
of all samples, (GdSi,,Ge;)oo(SeS,)o; shows the most
optimum thermomagnetic properties compared to those of Gd,
Gd,Siy, and Gd;Si, ,Gey 4.

Figure 3b shows the magnetization as a function of
temperature at an applied magnetic field of 0.1 T (=1000
Oe) for Gd, GdSi,, and (GdsSi,,Ge;6)09(SeS,)o; in the

temperature range of 293-360 K. For GdSi, and
(GdsSi,4Gey6)00(SeS;)01, the magnetic phase transition
region is clearly above room temperature, while pure Gd has
a lower magnetic phase transition than room temperature. The
addition of Si to Gd increases the T to 330 K, and Ge can
compensate for the T to lower temperatures. This strategy is
found to be more effective in tuning the T, value within a

369

300—320 K temperature range, whereas the doping of 376

transition metal or rare earth elements in Gd—Si—Ge
suppresses the T, values in 200—290 K, which is far below
the room temperature.”” The magnetic phase transition
temperature for (GdsSi,sGe;6)09(SeS,)o, shifts to 306 K,
which makes this compound attractive for low-grade waste
heat recovery near room temperature. This phase transition
temperature is consistent with that observed from the DSC
plot (Figure 1b). At higher-temperature regions (>360 K), the
values of magnetization of all samples drastically reduce to M <
1 emu/g. Other important observations include the sharper
and larger change in magnetization around T¢ for the
(Gd;Siy.4Gey 6)o5(SeS, )0, alloy.

In the (Gd;Siy,Gei6)oo(SeS,)o; alloy, the change in
magnetization (AM) across its phase transition temperature
is larger as compared to Gd;Si, whereas its magnitude is
slightly smaller than that of Gd when measured at a magnetic
field of 0.1 T. This can also be confirmed by the dM/dT versus
T plot as shown in Figure 3c. It can be observed from Figure
3b that (Gd;Si, 4Ge; 6)00(SeS,)o1 has a T of ~ 306 K. Having
a T value closer to room temperature makes
(Gd;Siy 4Ge; 6)09(SeS,); more suitable for TM application
in comparison to the Gd with a T¢ of ~ 293 K much below
room temperature. The value of AM (Mpy — Mpy) at a
magnetic field of 0.1 T for (GdsSi,4Ge;g)00(SeS;)o; and
Gd;Siy is equal to ~30 and ~24 emu/g, respectively. The
improvement in AM for (Gd;Si, 4Ge; 4)09(SeS,)o1 is ~25% as
compared to that for Gd;Si,. Such a large AM observed in the
Gd—Si—Ge-based material near room temperature is a
remarkable improvement in the magnetic properties within

377

408

the Gd-based TM alloys. As shown in a comparative plot of 406
magnetization in both FM and PM phases of 407

(GdsSi,4Gey6)1-+(SeS,), (x = 0.0S, 0.1, 0.15, and 0.2) (Figure
S4, Supporting Information), the magnetization values are
decreased after x = 0.1 in the base composition. This suggests
that (Gd;Si, 4Ge;6)0(SeS,)o1 provides good magnetic proper-
ties as compared to those of the alloys without SeS,.

In order to investigate the nature of magnetic behavior in the
vicinity of the magnetic phase transition temperature, we have
performed zero-field cooling (ZFC) and field cooling (FC)
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416 magnetization measurements of the (Gd;Si, 4Ge;¢)00(SeS;)01 from two different batches prepared with different diameter 459
417 alloy at 0.1 T in the temperature range of 300—360 K as shown sizes of pellets (12.7 and S0 mm diameter) is shown in Figure 460
418 in Figure 4a. In the PM phase regime, both ZFC and FC data S6. The MH curves of two independent batches of samples 461
419 overlap each other above 320 K. In the PM region, the with composition (GdsSi,,Ge;6)o5(SeS,); have the same 462
420 magnetic moment within the domain is expected in the magnitude and similar shape, confirming the reproducibility 463
421 disordered configuration due to the thermal agitation and with the scalable point of view of making samples having 464
422 therefore has no difference in ZFC and FC data. However, different dimensions. This confirms that our approach can be 465
423 there is a significant difference in ZFC and FC data below 320 upscaled without losing the material’s performance. 466

424 K, and this difference increases to ~3 emu/g when the material

425 reache§ the state of the F'M .p}%ase. Thi§ suggests 't}_lat B CONCLUSIONS .

426 (GdsSi, 4Ge; )09(SeS,)o1 has intrinsic magnetic characteristics
427 and goes through the PM-to-FM transition when it is cooled We have developed a high-performance thermomagnetic alloy 4cs
428 below the Curie temperature. Also, the M—H curve for the PM of (GdSSi2.4Ge1.6)0‘9(Se82)0‘1 using a two-step synthesis 469
429 Phase measured at h]gh temperatures’ as shown in Figure 4b, technique: (1) induction melting was initially applled to 470
430 confirms the PM nature of all three samples by showing an synthesize the GdSi,4;Ge, ¢ ingot and (ii) the melt ingot is 471
431 almost linear behavior. pulverized into a fine powder, SeS, is added as a sintering aid, 472
432 For a good TM material, large changes in the magnetic and then the mixture is densified with low-temperature spark 473
433 moment and Curie temperature are the most important and plasma sintering (SPS). This composite alloy shows a Curie 474
434 primary decisive physical quantities, whereas x and p are temperature of ~306 K. The large change in the magnetic 475
435 secondary. Figure 5 shows a comparative plot of three main moment within the vicinity of phase transition is preserved, 476
while density and thermal conductivity are significantly 477
80 — ot improved by adding a small amount of SeS, as a sintering 478
_ : £ feo aid in the Gd—Si—Ge alloy. While the sintering of the Gd—Si— 479
g 3 Ge alloy is challenging even at high temperatures, the low- 480
g 60 - - Mpmax (emulg) ) ¥ [55T temperature sintering aid is found to be very effective in 4s1
s o K (WimK) P 1“2l B processing the materials into desired shapes like pellets and 482
€ 40] -m pgico) » % Fso ™ rings. Microscopic analysis suggests that SeS, is distributed at 483
] S ¢ [ 3 -E the grain boundaries of the Gd—Si—Ge alloy, which is a key 484
% AT L1 § 145§ solution in strengthening the mechanical properties and 4ss
ézo- - : (GdgSiy 488y hy.x(SeSy)y| T [ aChIEVI.ng high density. The optlmlzed comp.osue materials 486
s | . E (GdsSi,4Gey6)00(SeS,)01 show a high magnetic performance 487
" I é 40 of My, ~ 67 emu/g and a simultaneous large thermal 4ss
! L L L ' o conductivity of 1.25 W/m-K at 300 K and a density of 5.34 g/ 489

0.00 0.05 0.10 0.15 0.20 3 .
. cm® in the FM state. Our study proposes that 49
X, SeSy weight (GdsSi, 4Ge; 6)09(SeS, )01 can be a suitable composite material 491
Figure 5. Comparative plot of magnetization (M,,,), thermal for low-grade waste heat recovery in thermomagnetic 45
conductivity, and density as a function of the SeS, weight amount applications. 493
mixed with the Gd;Si, ,Ge, ¢ alloy.

B ASSOCIATED CONTENT 494
436 physical quantities measured at room temperature (i.e., 300 © Supporting Information 495
437 K), ie., magnetization (M), thermal conductivity (x), and The Supporting Information is available free of charge at 496
438 density (p) as a function of the SeS, weight percentage. The https://pubs.acs.org/doi/10.1021/acsami.3c03158. 497

439 values of magnetization shown in Figure S are reported at an
440 applied magnetic field of 2 T and a temperature of 300 K. By
441 looking at the variation in M, k, and p, it can be concluded that
442 the optimized composition to achieve the best TM properties ‘
443 is  (GdSiy 4Ge; 6)09(SeS,)o1. This can be attributed to of (Gd5$12;4Ge}~6)l—x(sesl)x (x = 9'05’ 0.1, 0'15.’ and so1
444 preserving the large magnetization along with significant 0.2); variation in thermal conductivity corresponding to so2
44s improvement in the density and thermal conductivity in the‘ 390 K (FM) and 320 K, 360 K (PM) temperature; 503
446 (GdgSi, 4Ge, 6)os(SeSy)o,. A similar selection strategy has been variation in the magnetization values, i.e., M,,,, (at 2 T) 504
447 previously reported by comparing the TM groperties of Gd for both ferromagnetic pl_lase (300. K) and paramagnetic sos
448 and La—Fe—Co—Si compounds elsewhere.””” The material phase (360 K) along with the dlfferen‘ce M, 300 K = 506
449 with a symmetrical shape of the M—H curve is more suitable Mmaxy35.° x as a function of SeS, x weight amount in s07
450 for magnetization and demagnetization during the TM cycle.* '(Gd5812.4Ge1‘6). 1-+(Se8)). (x =0, O'QS' 0'1{ 0.15, O.'Z); 508
451 A material with a sharp M—H curve with improved AM is ingot of Gd5512.4Ge1.6. obtained after 1nduct19n me}tmg; 509
452 considered a good candidate for TM application. Therefore, SPS pellets of (Gd5812<4Ge1~6)°»9(SeSZ)O;l having diame- st0
453 (GdSiy4Ge ¢)0o(SeSy)oy, with a large change in magnet- ters. of 1;.7 and SQ mm; measured density of two pellets s11
454 ization and magnetic phase transition near room temperature, having different dla‘meters of 12.7 and 50 mm; measur‘ed s12
4ss shows potential to be used for TM applications. We prepared therme.ll copducthlty of the two p ellets.p re.pared with s13
456 SPS pellets with two different diameters (12.7 and S0 mm) and SPS with different diameters; an.d magnetization curve of s14
457 achieved similar density and thermal conductivity (Figure SS, t},le two Peue“ prepared with SPS with different s1s
458 Supporting Information). The magnetization data of samples diameters, ie, 12.7 and S0 mm (PDF) s16

SEM image and EDS mapping of 48
(Gd;Siy 4Gey6)09(SeS,)01; temperature-dependent spe- 499
cific heat and temperature-dependent thermal diffusivity soo

=
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