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Abstract

Chemical substitution is one of the most efficient tools to tune and optimize magnetic and mag-
netocaloric properties of the giant magnetocaloric materials. In particular, Indium substitutions
could be useful both for tuning properties of these interesting intermetallic materials and to unveil
their local-scale behavior across the magnetostructural transition via hyperfine techniques. Hence,
in order to investigate the effect of Indium additions on the crystal structure, micro-structure,
magnetic and magnetocaloric properties, a series of In-containing samples derived from the base
Gd58i1 9Geg g stoichiometry were prepared. The major findings are that while In is insoluble in
the 5 : 4 phase, it will instead promote the emergence of the impurity 5 : 3 phase and segregates
into this phase. Hence, In leads to major crystallographic changes, which enhance atomic disorder
and disrupt the Si to Ge ratio in the 5 : 4 phase. Subsequently, a higher 5 : 4 unit cell volume
and a lower magnetic ordering temperature are found in the In-substituted samples. Finally, the
magnetocaloric properties of the In-substituted samples reveal a detrimental effect on the maximum

magnetic entropy change.
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I. INTRODUCTION

Room temperature magnetic refrigeration became more attainable with the discovery of the
Giant Magnetocaloric Effect (GMCE) near room temperature (RT) in the Gd;Si;Ge, com-
pound [1]. Particularly in the last decade, intense efforts have been devoted on one hand
to the optimization of prototype devices and on the other hand to the understanding of
the physical mechanism behind the giant magnetocaloric effect in a wide range of different
materials [2-9]. Thus, many R5Si,Ge,_, compounds (where R is a rare earth element) have
been synthesized and studied [4, 10-12], leading to the conclusion that the GMCE is a con-
sequence of a strong coupling between spin and lattice degrees of freedom [13-15]. At RT, an
optimal GdsSioGey sample should crystallize in the monoclinic structure (M) (P112, /a space
group), in the paramagnetic state (PM) [14, 16, 17|. This compound undergoes a simul-
taneous structural and magnetic (magnetostructural) phase transition to an orthorhombic
structure [O(I)] (Pnma space group) and ferromagnetic (FM) state, [M,PM]—[O(1),FM],
at its Curie temperature, To ~ 275 K upon cooling, or when magnetic field or pressure
are applied isothermally above T¢ [13, 14, 16-18]. In particular, the structural transition
occurs from a higher volume monoclinic structure towards a lower volume O(I) structure.
These two structures can be seen as a stack of structurally rigid atomic layers along the
ac plane which are connected or disconnected to each other if the interlayer Si/Ge3-Si/Ge3
atomic distances are larger or smaller, respectively [19]. The [M]—[O(1)| structural tran-
sition occurs via the adjacent movement of these layers, which leads to the contraction of
the interlayer Si/Ge3-Si/Ge3 atomic distances. This magnetostructural phase transition is
the physical mechanism responsible for the observed temperature variation of AT,; ~ 15
K when a magnetic field of 5 T is applied adiabatically: the so-called giant magnetocaloric
effect [1, 13, 14].

Since 1997, a thorough effort has been made to identify and explore different GMCE tuning
mechanisms such as application of hydrostatic pressure [15, 20|, scale-reduction |9, 21, 22|,
and chemical substitutions [4, 23-26|. In the later, there are two main possibilities: a)
rare-earth (for Gd) substitution and b) transition metal (for Si and/or Ge) substitutions
by different chemical elements. In a) the Gd substitutions by Tb and Pr revealed that T,
and consequently the operational temperature at which the GMCE occurs, decreases with

increasing Th and Pr concentrations, which expectedly, scales with the de Gennes factor



[27]. A similar study was performed on the Gds;Ge, series, where a decrease of the magnetic
ordering temperature with increasing concentration of Y was also observed, attributed to the
dilution of the magnetic Gd sites by the non magnetic Y atoms [28]. More recently, Rudolph
et al. have shown how the Gd substitution by Sc increases T up to a critical concentration
(where Sc replaces as much as 4 at. % of Gd), while for higher Sc concentrations, a rapid
decrease of T and a change of the magnetic transition nature (from first to second order)
is observed [29]. There are significantly more studies on the Si, Ge substitutions. Generally,
it was concluded that the substituting element valence electron concentration (VEC) plays
a defining role in the structure stabilization: decreasing VEC (e.g., by substituting Ga
for Ge)|30| leads to the stabilization of the O(I) structure, while a VEC increase (e.g.,
substituting Si by P) leads to the preferential formation of the O(II) structure |31]|. Besides
changing VEC, there are other factors influencing the structural and magnetic properties of
Si, Ge substitutions as illustrated by Pereira and co-workers [32]: by substituting Ge with
Fe, the authors have found that the phase composition was significantly altered, in particular
by the stabilization of the neighboring 5:3 phase. Such phase was found mostly on grain
boundaries and gave rise to long-range strain fields along the 5:4 grains, which mimic the
effect of applying hydrostatic pressure.

The presence of the impurity 5:3 phases in GdsSi,Ge,_, polycrystalline samples have been
detected during the 1960s, when the R5Si,Gey_, were originally discovered by Holtzberg
et al. [33]. The impurity phases, which tend to appear in addition to the main 5:4 phase
with the desired Si:Ge ratio, can be classified in two types: off-stoichiometric (which have
the atomic ratio Gd : (Si,Ge) # 5:4| [34-37]) and stoichiometric (which have the intended
Gd:(Si,Ge) = 5 : 4 ratio, but the Si:Ge ratio is different from the intended stoichiometry
[1, 10, 38]). The former phases are, ususally, the closest neighbors of the wanted Gd:(Si,Ge)
= 5 : 4 in the Gd-Si-Ge phase diagram (namely the Gd:(Si,Ge) = 5 : 3 and 1 : 1 phases)
[39, 40]. In particular, the presence of the neighboring 5:3 is due to a partial eutectoid-like
decomposition that occurs during the cooling to RT after solidification [34-36, 39, 40]. On
the other hand, the various 5:4 phases form because the x ~ 0.5 composition is just at the
border between the M and M+O(I) (phase mixture) regions according to the x-T phase
diagram of Gd;Si,Gey_, [18, 41]. Thus, the naturally occurring inhomogeneities due to the
Si and Ge distribution in the atomic lattice result in different S : Ge ratios throughout the

whole sample volume and consequently in the formation of phases with different atomic and



magnetic structures. A common phenomenon is the formation of phases with Si excess (x >
0.55), which stabilizes the O(1) structure with T ranging from 300 K (for x = 0.55) to 340
K (for x = 1) [14, 41]. The presence of 5:4 and 5:3 phases together in these compounds both
decreases the GMCE |14, 42-44], which is critical for technological applications, and com-
plicates the basic study of their rich magnetic properties. Therefore it becomes important
to optimize sample synthesis and their corresponding thermal treatments.

In order to broaden the understanding of the atomistic mechanisms controlling the mag-
netostructural transitions in GdzSi,Ges_, compounds, the hyperfine techniques could be
extremely useful since they unveil both the electric field gradients and the magnetic hyper-
fine fields, potentially revealing each atom’s role during the magnetostructural transition.
Despite preliminary tests performed with Méssbauer studies [45], there are, to our knowl-
edge, no reports on the Perturbed Angular Correlations (PAC) technique applied to these
materials. In most PAC studies, it is required to implant radioactive impurities into the
materials lattice, which decay via a double gamma-gamma emission cascade. The angular
correlation between the two gamma emissions can be detected and this angular correlation
can be perturbed by the interaction of the hyperfine parameters of the host atomic lattice,
such as the electric field gradient and the magnetic hyperfine field with the nuclear moments
[46-48]. !1In is one of the most commonly used isotopes in PAC studies due to its relatively
large half-life and availability.

To our knowledge there has been only one report of minor Indium substitution on Si and
Ge sites in the GdsSioGey compound [49]. Yuzuak et al. have shown that a sample with
small Indium content with the nominal GdsGes go55i1.905In0 05 stoichiometry presents a two-
step magnetic transition at ~ 270K and at ~ 298K likely associated with the presence of
both M and O(I) atomic structures. Furthermore, the presence of the impurity 5 : 3 phase
was detected by x-ray diffraction and the magnetic entropy change was slightly reduced
in comparison with the Indium-free parent compound [49]. In order to ensure that the
implanted ''In radioactive probe incorporates into the atomic lattice, an important study
must be performed before: the assessment of the In substitution location in the material
to be studied. In this context, we have performed a thorough evaluation of the effect of In
substitutions in GdsSi,Ge,s_,, in particular with GdsSi; 2Ges g parent composition, on the

micro-structural, crystallographic and magnetic properties.



II. EXPERIMENTAL DETAILS

In order to incorporate In in the Gd;Si; 2Gesg compound, three approaches were followed:
partially replacing both Si and Ge by In aiming for the following chemical formula -
Gd5Si12-05:Ge2s—05.1n, (x= 0.05,0.10 and 0.15); partial replacement of Ge only by In
aiming for the Gd;Si; 2Ges sy In, (y= 0.10 and 0.30); and, finally, partial replacement of Gd
only by In aiming for the Gds_,In,Si; 2Ges g (z= 0.15 and 0.30). All polycrystalline samples
were synthesized by arc melting of the stoichiometric amounts of the constituent elements in
purified Ar atmosphere. After the initial melting, three remelts were performed in order to
promote homogeneity throughout the samples. Weight losses during the melting were neg-
ligible and therefore the as-weighed compositions were assumed unchanged. Additionally,
the samples were placed in a quartz tube and were annealed under vacuum (P< 1 x 107°
mbar) at 1473 K for 90 min followed by quenching in water in accordance with previous
sample optimization studies [42, 43]. In order to inspect samples morphology and chem-
ical distribution Scanning Electron Microscopy (SEM) combined with Energy Dispersive
Spectroscopy (EDS) and x-ray elemental mapping were used. The SEM/EDS setup used in
this study was FEI Quanta 400FEG ESEM / EDAX Genesis X4M. SEM and EDS analysis
were performed at room-temperature. Room-temperature powder x-ray diffraction (XRD)
measurements were performed for all samples (reduced to powders in an agate mortar with
an agate pestle) using a Philips X Pert Pro diffractometer with Cu K, radiation and in
Bragg-Brentano geometry for the 20° < 20 < 90° interval. Crystallographic analyses were
performed via Rietveld refinements of the XRD patterns using the software package FULL-
PROF [50]. Superconducting Quantum Interference Device (SQUID) was used to measure
magnetization as a function of temperature in the range of 5-300 K and to measure isother-
mal M(H) curves with applied fields up to goH = 5 T in temperature regions close to the

respective magnetic transition temperatures of each sample.

III. EXPERIMENTAL RESULTS
A. Structural Characterization

Powder x-ray diffraction patterns showed that in each sample the main phase crystal struc-

ture is O(II). Figure 1 shows details of the XRD patterns of samples where In nominally
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FIG. 1: X-ray diffractograms of Si, Ge (a), only Ge (b), and only Gd (b) inset) In substituted sam-
ples in the highlighted 30-36 20 range, representative of the highest intensity diffracted peaks. The

peaks marked as "+" or asterisks represent the Gd:(Si,Ge) 5 : 4 and the 5 : 3 phases, respectively.

substitutes: Si and Ge (x= 0.05,0.1,0.15 and 0.2) (a)), only Ge (y= 0.1 and 0.3) (b)), and
only Gd (z= 0.1 and 0.3) (b) inset) in the 20 30°-36° range. In this 26 interval, which is
the region exhibiting the highest intensity Bragg peaks for all samples, there are three main
features worth highlighting. The first is the shift of the Bragg peaks of the In substituted
samples towards lower angles when compared with the Gd;Si; ;Ges g parent compound, par-
ticularly visible in the most intense peaks at 20 ~ 31.5° and 20 ~ 33.4°, assigned to (1 3
2) and (0 4 2) Miller indices of the Orthorhombic O(II) Pnma space group, and marked in
Figure 1 with the + signs. For all peaks, the deviation is higher for samples with higher In
content, meaning that there is an increase in the O(II) phase unit cell volume. The second
main feature is the appearance of new peaks, namely at 20 ~ 34.8° marked by asterisks in
Figure 1 for all In substituted samples (x, y and z # 0) whose intensity is higher for higher
In content samples. This peak is assigned to (1 1 2) of the impurity Gd;(Si,Ge;_,)s phase,
as was also observed in previous studies [43, 51-53]. In addition, extra peaks associated
with this phase (20 ~ 32.2°, 30.2° and ~ 31.8°) are noticeable in the Ge and Gd substituted
samples. In order to extract more information from the XRD patterns and hence confirm the
Gd5(Si,Ge;_,)3 phase presence, Rietveld refinement analysis was performed for all samples.
For the parent compound, it was sufficient to use the O(IT) (Pnma space group) phase to fit

correctly all peaks in the diffractogram, indicating its single phase nature, whereas for all In



substituted samples (x, y and z # 0) the inclusion of the Gds(Si,Ge,In)s (P6s/mcem space
group) phase into the refinement was necessary. The refinement corroborated the 20 ~ 34.8°
peak assignment to the (1 1 2) of the 5 : 3 impurity phase, as initially suggested by peak
indexing from literature. The refinements reveal a rapid increase of the concentration of the
5 : 3 impurity phase with the In content, for all In substituted samples as depicted in Figure
2 a). The 5 : 3 phase amount shows an increase up to ~ 8 % for x and z = 0.2, whereas
for Ge only substitutions it increases further, up to ~ 12 % for y = 0.3. Interestingly, the
weight phase fractions evolve in a similar manner independently of the intended site of the
In substitution as can be seen in 2 a). In addition, the O(II) unit cell volume obtained using
Rietveld refinement is presented in Figure 2 b) for all In substituted samples. Even though
the data are rather scattered, the O(IT) unit cell trends higher with increasing In content.
The upward trend has one major deviation when y = 0.3.

Interestingly, although the 5 : 4 unit cell volume presents an apparent increase with in-
creasing In amount, not all the unit cell parameters increase, revealing a strong anisotropic
behavior. In particular, for the Si,Ge substitutions (x # 0), the a parameter decreases
(Aa/a ~ 0.17%), whereas b (Ab/b ~ 0.08%) and ¢ ((Ac/c ~ 0.21%)) increases with In
content. Such anisotropic behavior is similar to the one found along the structural transi-
tions exhibited by these compounds, where the largest changes are observed along the ac
plane, in contrast with higher rigidity in b direction. Furthermore, as can be seen in Ta-
ble S2 of Supplementary Information File, the Si/Ge3-Si/Ge3 interlayer distances exhibit
a coherent decreasing tendency regardless of the Indium type substitution, presenting the
following relative changes (A(Si/Ge3-Si/Ge3)) for each Indium substitution mode: for x =
0.20, A(Si/Ge3-Si/Ge3) ~ -9.8%; for y = 0.30, A(Si/Ge3-Si/Ge3) ~ -10.0% and for z =
0.15, A(Si/Ge3-Si/Ge3) ~ -3.2%. In comparison with the lattice parameters evolution with
Indium content in the different substitution types (Table S1), the interlayers Si/Ge3-Si/Ge3
distances present relative variations, which are more than one order of magnitude larger
than the lattice parameters variation. In accordance with the relative changes of the unit
cell parameters, the interlayers Si/Ge3-Si/Ge3 distances contract mostly along the a-axis.
The O(II) unit cell volume increase may occur due to the In incorporation into the O(II)
matrix, which would necessary imply an expansion of the unit cell volume since smaller Si
and Ge are being substituted by a larger In atom. However, such reasoning would not explain

the increase also observed in the Gd substituted sample, since Gd radius is larger than In,



and therefore a more detailed microstructural characterization is required, discussed in the
next section. Moreover the two features observed here, the apparent O(II) unit cell volume
increase and the appearance (and increase of concentration) of the 5 : 3 phase amount with
increasing content of In with higher atomic radii (than Si or Ge) are common phenomena
and have been reported in previous substitution studies, for example for low contents of Sh

[54], Sn [55] and Pb [56].

882.0
100 —a)e\ O x b)
] ‘~\~o~ . y O P Pid )
95 o o z - 881.5
80 o
X4 T o ]
® X y z '. O L8810 &
g 85 O . O % 5 4 Q
S £ O m O %53 o =
5 1 o o.. =
§ 15 - o -8805 32
£ 1 u .
e T - °
o o L 880.0
5 a -
&= <
. 3
04 o
T T T T T T T T T T T T T T T T T T T T T T T 879.5
000 005 010 015 020 025 030 000 005 010 015 020 025  0.30
X, ¥, z (Indium content) X, ¥, z (Indium content)

FIG. 2: a) Weight phase fractions of 5:4 (blue circles) and 5:3 (red squares) as a function of Indium
content extracted by Rietveld refinements of the x-ray diffractograms for Si,Ge (x substitutions
represented as open circles/squares with centered dot), only Ge (y substitutions represented as
closed circles/squares) and only Gd-substituted (z substitutions represented as open circles/squares)
samples. b) Orthorhombic 5:4 unit-cell volume as a function of Indium content extracted by Rietveld

refinements. The dashed blue line is a guide to the eye.

B. Microstructure and elemental mapping

A useful tool to check whether the In atoms are being incorporated into the main O(II)
phase or into the impurity 5 : 3 phase is the x-ray elemental mapping, that complements
the microstructural and stoichiometric analysis by SEM and EDS. Figure 3 presents the
SEM micrograph images obtained by backscattered electrons (in the left column) and the
elemental chemical x-ray mapping of the same areas (in the right column) of each of the

four elements: Gd, Si, Ge and In. Figure 3 a) is a representative example of the parent
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FIG. 3: Scanning electron micrograph produced by backscattered electrons of a) GdsSijoGeos

(x,y,z = 0) parent compound sample, and on the left column of b) GdsSiy.125Ges.725In0.150, X =
0.15, ¢) GdsSi; 2Gea7Ing 1, y = 0.10, d) GdsSi; 2oGeasIng s, y = 0.30, e) Gdygs5Ing 15511 2Geas, z =
0.15. On the right column, the elemental mapping for Gd, In, Si and Ge of the same sample area
represented by the micrographs on the left side is shown. In b), ¢), d) and e) brighter regions are
clearly distinguishable from the background darker matrix - such contrast represents phases with

different chemical formulae.

10



compound surface, which reveals a uniform and homogeneous sample where only one phase
is detectable, in contrast to what is observed for all samples containing In, Figures 3 b),
¢), d) and e). EDS was performed in several spots of the observed matrix and the result
was a composition close to the nominal Gds;Si; 2Geyg (within a typical 5% error). The
micrographs of In-containing samples, where In nominally substitutes for Si and Ge (z # 0),
only for Ge (y # 0) and only for Gd (z # 0) are presented in Figures 3 b), ¢) and d) and e),
respectively. A distinctive feature in b)-e) micrographs in comparison with a) is the presence
of brighter, typically linear regions within the darker matrix. Because backscattered electron
images contrast depends on the average atomic number of the atoms near-surface volume,
the brighter regions in these images represent phases with higher atomic number meaning
a higher Gd fraction. EDS analysis of these brighter regions shows that their composition
is close to Gd:(Si,Ge,In) 5 : 3 phase (within the error bar) with a significantly higher In
content than in the darker matrix. This evidence is further supported by the chemical
elemental mapping (right column in Figure 3), where in the brighter regions, the Si and
Ge maps clearly show darker areas, signalling the low concentration of these elements in
the 5 : 3 phase, and Gd maps show brighter areas, signalling the higher content of Gd
in these regions. The In mapping also undoubtedly demonstrates that In is rejected from
the darker matrix, concentrating within the bright linear features that correspond to the
5 : 3 phase. Interestingly, in the report by Yuzuak and co-workers, a small quantity of the
5 : 3 phase was also observed and EDS analysis unveiled that the majority of the Indium
segregated towards this phase [49]. Similar linear and bright features were found previously
in the non-substituted GdsSi,Ge,s_, compounds [35-37, 43, 57, 58] as well as in substituted
Gd5Si,Gey—, compounds |23, 24, 32, 38, 59| and were also associated with the 5 : 3 impurity
phase in the form of In-rich linear strip-like grains. This hypothesis is further corroborated
with the x-ray diffractograms where only the In containing samples present peaks which
are associated with the 5 : 3 phase. In fact, such contrast is enhanced for samples with
higher In content. This observation, together with the x-ray powder diffraction results
showing the increase in the 5:3 phase fraction as a function of Indium content presented in
Figure 2, represents a strong evidence that Indium segregation promotes the formation and
enhancement of linear 5:3 impurity phase regions. Furthermore the x-ray elemental mapping
brings more insight about these regions. As can be seen in the elemental maps on the right

in Figure 3, these regions are poorer in Si and Ge, retain or slightly increase the Gd amount,

11



and are richer in In. In the Indium maps the dark/bright contrast is much higher when
compared with the other elements, allowing us to infer that only a small amount of In is
incorporated into the 5 : 4 darker matrix, whereas the majority of In incorporates in the
brighter 5 : 3 phase regions.

On the other hand, both Si and Ge maps show smaller amounts of these elements in these
brighter regions, also in accordance with the Gds(Si,Ge,In)3 composition hypothesis. Hence,
the chemical formulae of these two-phase materials would more appropriately be written as
(1 — a)Gd5(Si,Ge)y + (a)Gd5(Si,Ge,In)s. Very similar segregation phenomena occurred
also with Fe in Fe-substituted Gd;SioGey samples [32, 38|, Ga-substitutions [24] and Co-
substitutions |60].

Moreover, Figure 3 b), shows clearly the presence of mechanical cracks transverse to the
5 : 3 strip-like features - highlighted by the dashed green ellipsoids, signaling a stress-strain
phenomenon which might be caused by the interplay of the 5 : 3 and 5 : 4 phases and their

different mechanical and thermal expansion properties.

C. Magnetic and Magnetocaloric Behavior

In order to characterize the magnetic behavior of all synthesized samples (non-substituted
and Indium-substituted x, y and z # 0), firstly their magnetic susceptibilities as functions
of temperature were measured under a magnetic field of 0.05 T. For clarity, only the Si
and Ge substituted (x # 0) magnetic susceptibilities curves are represented in Figure 4 a)
(normalized to their maximum value, at T = 5 K). The Ge- and Gd-substituted samples (x =
0, y and z # 0) susceptibilities are found in Figure S1 in the supplementary information file.
The x=0 parent compound sample reveals a sharp paramagnetic to ferromagnetic transition
on cooling at T = T¢ ~ 177 K, in rough accordance with the temperature that should be
expected for such composition (168 K) [10]. Such magnetic transition is retained for all x # 0
samples, however their magnetic susceptibility, x(7), curve profiles are significantly changed
in the temperature window 100 K< T < 250 K. In particular, slightly above and slightly
below T, x(7T') exhibit tail-like features, whose magnitudes are enhanced with increasing
In content as can be confirmed in Figure 4 a). The x = 0.05 x (T) curve exhibits a slightly
lower T and a broader transition than the parent compound. The x = 0.10 and x = 0.15

X (T) curves display further T decrease and smoothing tendency, in particular for T >
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Te (which will be discussed further below). The T¢ evolution with Indium substitution is
pictured in Figure 4 b), for Ge/Si substitution (x # 0), only Ge substitution (y # 0) and
only Gd substitution (z # 0) as blue open with point in center, red closed and yellow open
circles, respectively. These temperatures were assigned as the minima of the temperature
derivatives of each magnetic susceptibility curve. Interestingly, for x # 0 samples, T¢
decreases as Indium content (x) increases in a non-linear fashion, which suggests that T¢
approaches a constant value for higher In content. In contrast, for y # 0 and z # 0 samples,
T¢ increases with In content in a non-linear fashion too. As will be detailed below, such
contrasting T'c behaviors are thought to be a direct consequence of the different Si:Ge ratios
within the 5:4 phase, which can lead to a T¢ enhancement /reduction and a unit cell volume

contraction/expansion if the Si:Ge ratio is larger or smaller than the nominal values [10].
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FIG. 4: a) Magnetic susceptibilities as functions of temperature of the parent compound (x=0) and
Si and Ge substituted for Indium samples (x=0.05, 0.10, 0.15) normalized to their highest value at
T = 5 K. In the inset the temperature derivatives of the magnetic susceptibilities of these samples
are presented. b) Curie temperature as a function of Indium content for Ge/Si substitution (x #
0), only Ge substitution (y # 0) and only Gd substitution (z # 0) represented as blue circles, red

triangles and yellow squares, respectively.

In order to estimate the saturation magnetization, M vs H isotherms were measured at T =
5 K for all samples (Figure S2 in supplementary information file). The magnetic moments of

(Gd atom estimated from the saturation magnetization measured at 5 K are listed in Table 1.
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Apart from sample x — 0.05, which yielded a 15% lower value, all samples exhibited magnetic
moments between 7 and 7.7 up in agreement with the theoretical Gd value (7 up per Gd*3
ion). Moreover, the reciprocal magnetic susceptibilities as function of temperature (x~*(T))
were also analyzed for all samples and for x # 0 samples they are presented in Figure 5 in
the 5 - 300 K range. All x~!(T) curves exhibit a linear behavior at high temperatures, in
the 260-300 K range, in accordance with the expected Curie-Weiss behavior and hence by
performing linear fits it was possible to estimate the paramagnetic Curie-Weiss temperatures,
6,, and the effective magnetic moments, p.r¢ (values reported in Table I). As can be seen,
the 0, is close to T¢ for the x=0 sample, whereas for all the other samples it is consistently
smaller than the corresponding T¢'s for x,y,z # 0. As can be seen in Figure 5, for all the x
# 0 samples x~1(T) curves exhibit deviations from the linear Curie-Weiss behavior in the
Te < T < Tg, where T is known to be the Griffiths-like phase formation temperature
[61, 62]. In accordance with estimations from previous reports, the parent compound (x=0)
has a Tg ~ 280 K [4, 62|, whereas the x # 0 samples exhibit a decreasing tendency for T
with increasing Indium content, ranging from 280 K (x = 0) to 250 K (x = 0.15).

TABLE [I. Magnetic and magnetocaloric properties of Si  and Ge substituted
Gd5Si1.2-050Ge2g—05:In; (x = 0.05,0.10 and 0.15) alloys, alloys with the substitution of
Ge by In - Gd5Si1.2Gegg—yIn, (y = 0.1 and 0.3) and alloys with the substitution of Gd by In -
Gds_,In,Si; 2Geg g (2 = 0.15). For the parent compound, x,y,z = 0, T value was estimated from

[10]. ASMAX are reported for uoAH = 5T.

Chemical formula x,y,z Msat Tc 0,  peyss Tq ASMAX TEC(15)  TEC(10)
pup K K pp/Gdt? K JKg 'K !'JKg!K1!'JKg?!K!

GdsSiy2Gesg 0 - 177181 823 280010 46 NA NA
GdsSiy175GearrsIngos x=0.05 6.00 176 142  7.77 270 43 380 450
GdsSiy15GearsIngg  x=0.10 7.18 164 129  7.38 265 36 270 315
GdsSi11195Geama5Ing 15 x=0.15 7.4 166 141  7.69 255 26 220 270
GdsSi1.2Ges7Ing 10 y=0.10 7.11 183 167 7.32 230 29 260 330
GdsSiy2Ges5In0.30 y=0.30 7.7 213176 8.4 250 20 170 210
GdygsSiy2GeagIng s z=0.15 7.5 186 182 7.1 250 23 210 230

Several M vs H isothermal curves were measured for each sample in order to estimate the
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FIG. 5: Inverse magnetic susceptibilities of x # 0 samples as a function of temperature plotted
together with a linear fit to their highest temperature ranges. The temperature of the deviation from
the linear, Curie-Weiss paramagnetic behavior, is highlighted by vertical dashed lines, signalling

the onset of the Griffiths-like phase.

magnetic entropy change, ASm, for a magnetic field change, uoAH = 5 T, as a function
of temperature and hence indirectly assess magnetocaloric effect. The ASm(T) curves for
x,y,z # 0 are presented in Figure 6 a). As can be seen, the ASm(T) peak value, ASm*4X
decreases consistently with the increase of Indium content for all x,y, z # 0 samples. In
accordance with the T versus Indium content evolution there is an increase of the temper-

MAX "is reached for y and z # 0 samples. The ASm™4X were

ature where the peak, ASm
measured and the temperature averaged entropy change TEC(10) and TEC(15) - a figure

of merit to indicate the materials suitability for magnetocaloric cooling applications [63] -

15



were estimated and their values are reported in the last three columns of Table I.

The Temperature averaged Entropy Change (TEC) is a material-based figure of merit. It
is calculated over a range of temperatures, AT}, that a given magnetocaloric material
undergoes when is subjected to a specific magnetic field change. It is calculated by dividing
the area below a ASm curve in a Tyiq - AT na/2 and Tiq + AT yia/2, where T4 is chosen
by selecting, over the entire ASm(T) curve, the temperature value for which TEC(ATy; )
is maximized [63].

As can be seen, there is an overall decreasing tendency of ASm™4X TEC(10) and TEC(15)
values as the Indium content increases, regardless of the In substitution nature. In Figure 6
a), the peak values (ASm™4X) are displayed as a function of each sample’s respective Curie
temperature to the power of -2/3, T¢~%3. As can be seen in this figure, regardless of the In
substitution, the ASm™4¥ follow a linear trend versus T¢~2/3, corroborating the expected

mean field result discussed in the literature [64, 65].
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FIG. 6: a) Magnetic entropy change as a function of temperature of parent compound (from
reference [66], Si and Ge substituted (x = 0.05, 0.10 and 0.15), only Ge substituted (y=0.10 and
0.30) and Gd substituted (z = 0.15) samples obtained under a magnetic field change of ApygH =
5 Tesla. b) Maxima of magnetic entropy change curves are plotted against each respective Curie

temperatures to the power of -2/3 together with a linear fit represented by a grey dashed line.
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D. Discussion

The extensive characterization of the parent and In-substituted samples presented above calls
for a comprehensive discussion in order to analyze the most important features reported here.
In particular, from the crystallographic and microscopic characterization it becomes clear
that In substitutions lead to the formation of the 5 : 3 phase. As reported in the literature,
the 5 : 3 phase is present in the form of In-rich linear strip-like grains with micrometer
widths , which are embedded in the majority 5 : 4 phase matrix. In addition to promoting
the 5 : 3 phase, elemental x-ray mapping clearly demonstrates that the majority of Indium
is not soluble in the 5 : 4 phase matrix, even after high-temperature annealing, but instead,
In is almost entirely segregated to the 5 : 3 phase - which explains why the 5 : 3 phase
fraction increases with increasing Indium content.

In a previous work [43] it was shown that post-heat treatment similar to the one performed
in this work reduces the concentration of the 5 : 3 phase from 25% in as cast sample down to
2-7%. However such behavior was not observed in this work for the In-substituted samples.
As follows from the Gd—In phase diagram, GdsIny phase does not exist, yet the Gdslns
phase forms peritectically in the 35 - 40% Indium atomic concentration range [67]. Hence,
despite the care taken with the sample preparation, In-doping promotes the 5 : 3 phase
stability at the expense of the 5 : 4 phase.

The formation of the 5 : 3 phase leads to consequences in the microstructure, crystallographic
and magnetic properties, namely: i) an enhanced chemical disorder of Si and Ge atoms in
both the majority 5 : 4 and the minority 5 : 3 phase, ii) a strain disorder induced by the
intermixing of both 5 : 4 and the minority 5 : 3 phase, and iii) the obvious reduction of the
overall magnetization change (OM /0T rate) at the 5 : 4 Curie temperature. The first two
consequences lead to the broadening of Bragg peaks and simultaneously to the broadening
of the magnetic transition. From previous reports, where the substitutional element was
also segregated towards the 5 : 3 phase, the enlargement of the unit cell volume of the 5 : 4
phase has been explained by the Si preferential localization in the 5 : 3 phase |32, 59]. Such
Si segregation leads to a Si deficiency in the 5 : 4 phase and, consequently, a higher Ge/Si
ratio, which in turn implies a growth of the unit cell volume as reported in the literature
[4, 10] and clearly observed in this work for Si,Ge substituted samples (x # 0). However,

interestingly, the Curie temperature behavior as a function of substitutional element content,
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i.e. the T decrease as In content increases for x # 0, contrasts with the previous reports
where the substitutional element was also segregated towards the 5 : 3 phase and where
the T increased as a function of substitutional Fe content. Such T increase has been
explained by the internal strain enhancement induced by the Fe-rich 5 : 3 phase, which
would operate similarly to external pressure, reinforcing the magnetostructural coupling
and hence enhancing T¢ [32]. Although a more detailed study should be performed (namely
the comparative study of mechanical properties of the 5 : 4 and 5 : 3 phases), in this work
an opposite effect appears to be happening, i.e. a likely Si-deficiency in the 5 : 4 phase leads
to the enlargement of the 5 : 4 unit cell. In fact the enlargement of the 5 : 4 unit cell seems
to promote cracks transverse to the linear 5 : 3 features as was frequently observed in the
SEM micrographs - highlighted by the dashed ellipsoids in Figure 3 b).

As expected by the magnetostructural phase diagram of the Gds(Si,Ge), family [10], a
larger unit-cell volume is associated with weaker magnetic exchange interactions (which can
even become antiferromagnetic for large enough unit cells, such as observed in the Gd;Ge,
compound) and consequently with lower T¢. Although only one In-substituted sample was
studied previously, a T¢ reduction in Indium containing sample from ~ 277 K down to ~
270 K was observed [49].

In contrast to the Si and Ge substituted samples (x # 0), in the Ge-only substituted samples
(y # 0) T¢ increases with the increasing In content. As can be seen in Figure 2 b), the
5 : 4 unit cell volume of y # 0 does not exhibit a clear tendency (also in contrast with the
x # 0 samples) when In content increases. In this case we believe that there is a trade-off
between the Si-deficiency (due to the above mentioned higher Si segregation towards 5 : 3
phase) and the Ge-deficiency (as only Ge is being substituted by In), which is leading to a
magnetic exchange interaction enhancement and, consequently, to larger T values. Such
stoichiometric explanation for the T¢ evolution with In content is further supported by
the evolution of the Griffiths-like phase ordering temperature, T¢. Although the knowledge
about emergence and the nature of the Griffiths-like phase in these compounds is still scarce,
there has been consistent evidence that it is intrinsically associated with short-range (few
nanometers) magnetically ordered regions whose crystal structure is thought to be low-
volume, GdsSiy, O(I) structure [58, 61, 62, 68]. Therefore, T¢ should change with Ge/Si
ratio in a similar fashion as the T of the O(I) structure. Considering such reasoning, it is

expected that as the Ge/Si ratio increases, the T of the respective O(I) phase decreases
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(considering the change in T(), as, in particular, is clearly observed for the x # 0 samples,
reported in Table I.

In addition, the tail-like behavior presented by x(7') curves below and above T, whose
magnitude is enhanced with increasing In content (Figure 4 a)), is thought to be associated
with the chemical disorder introduced and enhanced by the In content. This is similar to
earlier observations in La-substituted Th;SioGes, where despite the complete incorporation
of La into the 5 : 4 phase, chemical disorder was also enhanced [23, 68]. In those works we
suggested that the partial substitution of La for Tb produced a greater chemical disorder
favoring the formation of magnetic clusters in the Griffiths phase and therefore producing
an increase in the magnetic susceptibility in the T <T <T region.

Recently Kou and co-authors [69] found that, despite the different substitution natures, the
Zr-substitution on a GdsSi; 5Ges s sample was shown to induce: similar interlayers Si/Ge3-
Si/Ge3 distances contraction as found in this work (Table S2 in Supplementary Information
File). In that work the authors argue that interlayers Si/Ge3-Si/Ge3 distances contraction
leads to a decrease of Ge population at this atomic position and a decrease of short-range
chemical ordering. This hypothesis is sustained by the change in magnetic properties behav-
ior of Zr-substituted samples, which is also observed on our In-substituted samples, namely:
1) the magnetic susceptibility versus temperature curves (x(T)) exhibit a smoothening near
Tc, with the emergence of tail-like features both below and above Tc, leading to a less sharp
transition (likely associated with a shift from a 1! order to a 2"¢ order transition); 2) their
T¢ also decreases for the substituted samples, and 3) a decrease of the maximum entropy
change on substituted samples is observed [69]. The smoothening of the magnetic transition
can be explained by emergence of competing magnetic interactions in the substituted sam-
ples, via an enhancement of the antiferromagnetic coupling. Whereas the decrease of Tg,
can be a direct consequence of the increased chemical disorder.

Finally, the study of the magnetocaloric effect, in particular the ASm(T) curves for x,y,z # 0
revealed two major changes with In content: the shift of the of the temperature of the ASm
— ASmMAX and the overall decrease of ASm™4X regardless of the In-substitution type. A
third feature is observed for larger Indium content - the broadening of the ASm(T) curve.
The latter feature can be understood as a consequence of the enhanced disorder (chemical
and strain) with increasing In content - it has been shown that chemical and/or strain

disorder leads to broader magnetic transitions, which in turn results in broader ASm(T)
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MAX

curves [70]. The overall decrease of ASm and in particular its linear dependence with

T¢~2/3 was also previously theoretically and experimentally shown [64].

IV. CONCLUSIONS

In summary, we found that Indium additions promote the formation of Indium-containing
5 : 3 impurity phase altering the stoichiometries of the main 5 : 4 phase and the materials
microstructure. Elemental X-ray mapping clearly demonstrates that Indium is practically
insoluble in the 5 : 4 giant magnetocaloric phase regardless of the nominal, as-weighed
stoichiometry and is predominantly confined to the 5 : 3 phase. The compositional depen-
dence of the 5 : 4 and 5 : 3 phase fractions with Indium content, as obtained by x-ray
diffractograms and their respective Rietveld refinements, corroborate this interpretation as
the concentration of the 5 : 3 phase increases with Indium content regardless of the nature
of the In substitution. Moreover, the presence and higher content of the 5 : 3 phase has
major consequences on the atomic and magnetic structure mostly because it leads to higher
atomic disorder and to an unbalance between Si and Ge on the 5 : 4 phase: the 5 : 4
unit cell (O(II)) becomes enlarged and correspondingly the magnetic ordering temperature
and the Griffiths-like temperature decreases (this is clearly observable for the Si and Ge
substitution). Another consequence of the atomic disorder is the broadening of magnetic
susceptibility versus temperature curves, suggesting a change of the magnetic transition na-
ture from first- to second-order and a subsequent reduction of the magnetic entropy change
peak with increasing In content. Regardless of the In substitution nature it was observed
that the magnetic entropy change peak evolves with T¢~%/® as previously derived from the
mean-field model. Therefore, with this work it was shown that Indium substitution can tune
the atomic and magnetic structure of the giant magnetocaloric material Gd;Si; 2Ges g, but
in an indirect way as the element segregates in an impurity 5 : 3 phase. In the future, further
studies on the miscibility of Indium in 5 : 4 versus in 5 : 3 phase, namely via thermodynamic

and kinetic ab — initio calculations could help unveil the Indium role in this system.
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Indium chemical substitution is promising for tuning and for unveiling magnetocaloric
atomic scale behaviour:

Independently of the Indium site substitution on Gd5Si1.2Ge2.8 (by Si and Ge, only
Ge and only Gd), Indium is insoluble in the magnetocaloric 5:4 phase.

Instead, Indium promotes the impurity 5:3 phase and segregates almost completely in
this 5:3 phase;

Indium substitution promotes: atomic disorder, disruption of Si/Ge ratio on the 5:4
phase, increase of unit cell volume and has a detrimental effect on Gd5Sil.2Ge2.8
magnetocaloric effect.
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