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a b s t r a c t

The production of Gd5(Si,Ge)4 compounds in reduced dimensionality, through pulsed laser deposition
(PLD), have shown their potential for practical applications. Here, we present nanoparticles ranging from
10 to 27 nm of average particle size of Gd5(SixGe1�x)4, with x ¼ 0, 0.45 and 0.60, obtained using an
Nd:Yag (1064 nm) and an Excimer KrF laser (248 nm). Synchrotron X-ray Diffraction measurements
revealed a reduced unit cell volume in comparison to their bulk counterpart. The x ¼ 0 sample presented
a ~1.99% reduction while x ¼ 0.45 composition, a shrinkage of ~1.81% on the unit cell volume that are a
result of a structural change to a Gd5Si4-type structure [O(I)]. In contrast, x ¼ 0.60 nanoparticles conserve
the bulk crystal structure with ~ 0.95% of volume shrinkage. As a consequence, there is a change on the
magnetic transition order from a first to a second one for all nanostructures followed by a magnetocaloric
response reduction. These observations unveil a direct correlation between the bulk compressibility
values and the unit cell shrinkage, suggesting that the rise of a surface stress plays a major role on the
particle and unit cell dimensions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Materials with multiple ferroic orderings are fundamentally
interesting due to their rich and complex physics being techno-
logically promising candidates for a wide range of applications,
such as energy harvesting, refrigeration, sensors/actuators,
biomedical, among others [1,2]. The important properties of these
multiferroic systems rise from their strong coupling between
structure andmagnetic/electronic features. Reducing these systems
to the micro/nanometric scales can give rise to novel properties
related to intrinsic and extrinsic mechanisms like a negative ther-
mal expansion [3] and magnetoelectric coupling [4], respectively.
Although there is an advantage of innovative appliances emerging
nt of Science Faculty, Porto

ncamposandrade@gmail.com
from the reduction of scale in these systems, controlling their
intrinsic features is of great matter for the optimization of their
production on a large scale [5]. For instance, it is known that most
of the pure metallic materials present a reduction of the lattice
parameters at the nanometric particle size and, consequently, the
unit cell volume [6]. This shrinkage is due to the appearance of a
negative surface tension associated with the surface/volume ratio
increase leading to an intrinsic pressure in nanostructures. Several
studies and theoretical models revealed that this mechanism is
closely related to the bulk properties, more specifically, the volu-
metric compressibility [7,8].

Among the most known systems presenting a strong magneto-
volume coupling, it is possible to mention the La(Fe,Si)13 com-
pounds, Heusler alloys [9] and the Gd5(Si,Ge)4 family compounds
[10]. The latter one, which is the focus of the present study, was the
responsible for the revival of the magnetic refrigeration at room
temperature in 1997 when Pecharsky and Gschneidner discovered
the giant Magnetocaloric Effect (MCE) in the Gd5Si2Ge2
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composition [11]. A limited number of studies on the Gd5(Si,Ge)4
family at low dimensionality can be found up to date. The main
experimental issues concerning the accomplishment of micro/
nanostructures of these compounds rely on phase stabilization and
oxidation [12]. The first attempts to produce nanometric samples is
possible to mention the RF magnetron sputtering [13] and ball
milling [14] techniques, where the formation of oxides and sec-
ondary phases could not be avoided. Currently, the successful ex-
amples of the production of Gd5(Si,Ge)4 nanostructures comprise
the use of pulsed laser ablation techniques. Hadimani et al. were
the first to demonstrate that the femtosecond pulsed laser depo-
sition (PLD) technique using a bulk sample as the target allows the
production of Gd5Si2Ge2 granular thin films with ~600 nm of
thickness [15]. Magnetic and structural characterization revealed
that only ~10% of the sample volume presented the desired phase
after the ablationwith an ~800 nmwavelength laser. More recently,
a Gd5Si1.3Ge2.7 granular film with a thickness of ~790 nm and
~80 nm of particle size was achieved using a fs PLD [16] displaying a
magnetostructural transition and, consequently, a large magneto-
caloric effect, despite the presence of a small fraction of non-
Gd5(Si,Ge)4 phases. These examples soundly demonstrate the po-
tential of using femtosecond lasers where the particle formation
occurs by an instantaneous fragmentation of the targetmaterial out
of the thermodynamic equilibrium conditions. However, the use of
a more conventional technique should be a pursuit to obtain
nanostructured Gd5(Si,Ge)4 samples aiming for practical applica-
tions [17].

As an alternative, a more accessible laser with a nanosecond
pulse duration can be a path to optimize the production of these
nanostructures. For instance, Tarasenka et al. were able to produce
Gd5Si2Ge2 nanoparticles through pulsed laser ablation in liquids
(PLAL) using an Nd:Yag laser with pulse durations of 8 ns [18]. The
authors ablated the starting reactants in separate cells filled with
ethanol. The colloidal solutions were then mixed for a subsequent
ablation in a double-pulse configuration. From this procedure,
nanostructures with particle size ranging between 30 and 60 nm
were achieved. The structural characterization revealed the for-
mation of Gd5Si2Ge2 phase together with other undesired phases. It
is worth noting that the Gd5Si2Ge2-type monoclinic structure for-
mation remains a challenging task even for bulk samples [19]. A
recent study of Tarasenka et al. regarding Gd-Si-Ge colloidal solu-
tions production through the PLAL method showed that the tem-
perature increase is the primary mechanism of particle growth
during ablation that leads to co-melting and chemical interactions
[20]. However, reasonable control of the final sample composition
also depends on the laser fluence, when the separated Gd, Si and Ge
colloidal solutions are ablated together. Besides the requirement of
good local temperature control due to the changes in their melting
points. These observations reveal that nanosecond pulsed lasers
can also be used to produce Gd5(Si,Ge)4 crystal structures at the
nanometric scale. The particle formation process from ablations in
liquids presents a more complex thermodynamic mechanism
where spallation, Coulomb explosion and spinodal decomposition
occur in addition to further laser interactions with the ejected
material [21]. In this regard, an approach to make the Gd5(Si,Ge)4
nanostructures fabrication process more accessible can be achieved
by using a ns pulsed laser using inert gases. Indeed, the nanosecond
ablation in the presence of inert gas is within the classical regime of
beam-matter interactions where the particle formation is given by
atomic nucleation followed by successive collisions that lead to
coalescence and agglomeration [22].

For the reasons here stated, an Nd:YAG laser (1064 nm) was
chosen to produce Gd5(SixGe1�x)4 nanoparticles with x ¼ 0 and a
KrF Excimer laser (248 nm) for the synthesis of x ¼ 0.45 and 0.60
compositions, using Ar gas as an inert medium for particle growth
during the ablation. Once the increase of Si content changes the
structure type for the Gd5(Si,Ge)4 compounds, the stoichiometries
were selected to cover all the possible adopted structures:
orthorhombic-II [O(II)] for x ¼ 0; monoclinic for x ¼ 0.45 and;
orthorhombic-I [O(I)] for x¼ 0.60 composition. To produce the NPs,
the bulk alloys with the chosen stoichiometries were used as the
targets to guarantee the correct compositions. The KrF Excimer
laser wavelength presents a higher penetration depth, while the
laser wavelength closer to UV is an advantage for metals ablation
since reflectance decreases in the UV region, improving the abla-
tion rate during synthesis [23,24]. Also, the selected stoichiome-
tries x ¼ 0.45 and 0.60 are in the limit of a phase mixed region to
demonstrate the feasibility of this technique along with the family
phase diagram. From this process, nanoparticles with 10e27 nm
were obtained with good crystalline features and with no signifi-
cant secondary phases fractions, as confirmed by magnetic, struc-
tural and morphological analysis. In particular, for x ¼ 0.45
composition, there is a change in symmetry from a monoclinic of
the bulk to an orthorhombic-I structure for the nanostructures that
lead to a unit cell volume shrinkage. A linear trend is found be-
tween the bulk compressibility and unit cell volume reductionwith
the Si content (x) in the samples prepared by femtosecond from
Ref. [3] and nanosecond PLD techniques, revealing that the mech-
anism of particle formation is associated with the intrinsic features
of the ablated bulk target.

2. Materials and methods

Targets synthesis: Bulk samples of Gd5(SixGe1�x)4 with
x ¼ 0.00, 0.45 and 0.60 obtained by Tri-arc melting the starting
metals with purity higher than 99.99% weighted to obtain the
correct stoichiometries. The structural analysis of the bulk was
performed through Rietveld refinement of the XRD patterns to
guarantee a good quality of the nanoparticles. Afterwards, these
ingots were cleaned, polished, and put into a stainless steel support
rotating at 1 RPM to be used as the target for the ablation.

Nanoparticles synthesis: Before the deposition, due to Gd3þ

reactivity with oxygen, the chamber was pumped by a turbo-
molecular pump for 2 h and Ar purged in order to remove the
remnant O2. The ingots were ablated, at room temperature, by an
Excimer KrF laser with 248 nm of wavelength, pulse duration of 25
ns with a repetition of 10 Hz and a maximum energy of 550 mJ at
Minho University. As for x ¼ 0 composition, an Nd:YAG laser with
1064 nm of wavelength was used to ablate the target with a
maximum energy of 200 mJ and pulse duration of 20 ns at the
Physics Institute of Fluminense Federal University. In both de-
positions, the target surface was clean by ablating it with low en-
ergy and 10 Hz of frequency for 2 min, under Ar atmosphere, at
1 Torr of pressure. After this process, the substrate was positioned
at a 30 mm distance from the target. At the used gas pressure, the
nanoparticles are formed at the plume, which requires a short
distance between target and substrate to enlarge the amount of
collected material. For technical and simplicity reasons, two types
of substrates were used: 1) carbon-coated grids (Ted Pela, inc.) for
HR-TEM imaging and 2) Si (001) substrate for crystallographic and
magnetic measurements. The deposition rate achieved for all
compositions are of 2 mg/h.

Characterization techniques: The targets structural character-
ization was performed through powder X-ray Diffraction (XRD)
using a Rigaku Smartlab Diffractometer with Cu-Ka radiation, 45 kV
and 200 mA, at IFIMUP. Data were collected in a Bragg-Brentano
geometry at 2q from 200 to 700. As for the nanoparticles, the
powder was removed from the Si substrate and placed between
Kapton tape for the XRDmeasurements at the ID31 beamline of the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
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France. The beam spot on the sample was of 2 � 2 mm and the
energy of the incident beam was 70 keV (l ¼ 0.177 Å). The data
were collected in the 1.5e8 Å�1 Q-range (Q ¼ 4psin(q)/l) using a
Pilatus3 XCdTe positioned at 1.05m from the sample. Calibration of
the detector was done using CeO2 NIST SRM 674b material, and
azimuthal data integration was performed in pyFAI. For all sample
patterns, the crystallographic structures were identified by the
Rietveld refinements using the Fullprof software [25] on the raw
data at room temperature. The nanoparticles morphological char-
acterizations were performed through High-Resolution Trans-
mission Electronic Microscopy (HR-TEM) images using a JEOL
2100Fe200 kV at LABNANO - CBPF. Magnetic measurements of all
samples were performed using a Superconducting Quantum
Interference Device (SQUID).
3. Results and discussion

3.1. Structural characterization

The Gd5(SixGe1�x)4 nanoparticles were produced by ablating the
polished surfaces of the ingots to guarantee the sample stoichi-
ometry, namely, for x ¼ 0, 0.45 and 0.60. The target stoichiometry
transfer and the absence of chemical reactants during PLD are the
main advantages of this versatile technique [23]. The ablations
were performed with an Ar gas flux in a way that the chamber was
kept at a constant pressure of 1 Torr. Due to the presence of inert
gas, when the high-power laser ablates the target surface, the
evaporated atoms randomly collide, forming the NPs in the
generated plume. They are then collected by the substrate, posi-
tioned at 30 mm from the incident surface [5,26]. Transmission
Electronic Microscopy (TEM) and High-resolution TEM (HR-TEM)
images were obtained for all compositions. They are shown in
Fig. 1(aef), where it is possible to notice their spherical
morphology. For x ¼ 0, depicted in Fig. 1(a), particles with an
average size of ~15±0.6 nm and with good crystallinity were ob-
tained, as can be observed from the Selected Area Electron
Diffraction (SAED) shown on the inset. As for the NPs with x ¼ 0.45
composition, presented in Fig. 1(b), a particle diameter of
~27±0.9 nm is obtained. The x ¼ 0.60 NPs presented a ~10±0.4 nm
average size, as shown in Fig. 1(c). The smaller diameters for
x ¼ 0.60 composition, produced under the same conditions as
Fig. 1. HR-TEM images and the obtained particle size distribution for (a) x ¼ 0, (b) x ¼ 0.45
(SAED) in the inset revealing the crystalline feature of the collected nanoparticles. From the a
(e) x ¼ 0.45 and (f) x ¼ 0.60.
x ¼ 0.45 NPs, can be related to the smaller bulk unit cell volume
while the 15 nm for x ¼ 0 is associated with the different wave-
length used for the deposition. The first crystalline feature evalu-
ated on these samples was achieved through integrated angular
intensity extracted from several SAED images of all samples. The
obtained interplanar distances were compared with the three
possible crystallographic structures adopted by the Gd5(Si,Ge)4
family: i) Gd5Ge4-type with an orthorhombic-II [O(II)] structure,
which has the largest unit cell volume, being the x ¼ 0 case; ii)
Gd5Si2Ge2-type with a distorted monoclinic (M), that corresponds
to the x ¼ 0.45 composition phase, and; iii) Gd5Si4-type
orthorhombic-I [O(I)] structure that presents the lowest unit cell
volume [11]. From the observed SAED peaks, O(I) structure could be
indexed for all compositions. Besides, an amplification of one NP for
each sample, shown in Fig. 1(def), allows a clear observation of the
interplanar spacing (dhkl). By measuring the dhkl distances at the
NPs high-resolution images, we obtain dhkl ¼ 2.46 Å for x ¼ 0 that
corresponds to (103) diffraction planes of O(I) phase. While for
x¼ 0.45 and 0.60, a dhkl ~ 2.70 Å is obtained that coincides with the
(202) diffraction plane of the O(I) phase, confirming the SAED
analysis. It is imperative to point out that the associated planes
obtained from the dhkl for all compositions are parallel to the b-axis.
This observation is a strong evidence of the similar growth mech-
anisms during the pulsed laser ablation that are playing a role in the
different Gd5(Si,Ge)4 nanoparticles. For x ¼ 0.60 nanostructures
case, the target crystallographic structure is conserved. Similar to
the observed in previous Si-rich compositions of these compounds
at the micro/nanoscale [14]. Distinctly, there seems to be a size-
induced structural change for x ¼ 0 and 0.45 compositions, which
might be related to the atomic coalescence during the nanoparticle
nucleation process. In this case, the atoms tend to arrange in a
smaller unit cell volume structure, which is the O(I) structure for
this family [12]. A change in the atomic structure symmetry for
magnetic materials reduced to the micro- and nanoscales is
commonly observed [23,27]. However, to the best of our knowl-
edge, there are no reports of a structural transformation for
Gd5(Si,Ge)4 compounds at reduced scales [14,16,18].

Although SAED analysis was used to identify the nanoparticles’
crystallographic structures, X-ray diffraction (XRD) measurements
are more suitable to clarify the TEM results. The normalized pat-
terns for the targets and NPs with x¼ 0, 0.45 and 0.60 compositions
and (c) x ¼ 0.60 compositions with their respective selected area electron diffraction
mplifications in selected particles the interplanar distances were obtained for (d) x ¼ 0,



Fig. 2. Comparison between bulk and nanoparticles XRD patterns for (a) x ¼ 0, (b) x ¼ 0.45 and (c) x ¼ 0.60 compositions where it is possible to notice the broadening and shift of
the peaks. From Rietveld calculations, targets and nanoparticles structures were constructed using the VESTA 3 software [30] for all compositions given from (dei).

Table 1
Lattice parameters and the Pseudo-Voigt profile values obtained from Rietveld re-
finements for targets and NPs of Gd5(SixGe1�x)4 obtained from PLD in Ar atmo-
sphere. The orthorhombic-I and II [O(I) and O(II)] structures belong to the Pnma
space group and the monoclinic (M) to the P1121/a space group.

Parameters x ¼ 0 x ¼ 0.45 x ¼ 0.60

Target NPs Target NPs Target NPs

O(II) O(I) M O(I) O(I) O(I)

a (Å) 7.674 7.604 7.590 7.509 7.512 7.477
b (Å) 14.80 14.72 14.81 14.76 14.78 14.73
c (Å) 7.770 7.724 7.782 7.782 7.797 7.783
g (o) 90.00 90.00 93.13 90.00 90.00 90.00
V (Å3) 882.2 864.6 873.4 862.9 865.7 857.5
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with the depicted Miller indexes of the main peaks given in
Fig. 2(a), (b) and (c), respectively. As can be noted, there is a peak
shift towards lower d-values in the NPs patterns, revealing a
reduction in the lattice parameters, followed by a peak broadening,
typical of nanostructures [6,28]. For the x ¼ 0.45 sample, in
Fig. 2(b), there is a considerable difference in the diffracted peak
positions between NPs and target, consistent with the structural
change observed from the TEM images. In contrast, the x¼ 0.60 NPs
pattern presents similar peaks positions when compared to the
target diffractogram, as shown in Fig. 2(c). Rietveld refinements
were performed to confirm these evidences, and the obtained lat-
tice parameters for the targets and NPs are summarized in Table 1.
The more considerable lattice parameter reduction observed, going
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from the bulk to the nanoparticles, was along the a-axis, being of
0.91%, 1.06% and 0.46% for x ¼ 0, 0.45 and 0.60, respectively.This
lattice shortening reflects a change in the position of the peaks of
diffracted planes parallel to the a-axis in Fig. 2(aec). Most notably,
the peaks associated with the (051) and (042) diffraction planes for
all compositions shift towards lower d-values. The lattice contrac-
tion in metallic materials at reduced scales is a common mecha-
nism. It is related to the surface stress rising from the increase of
surface/volume ratio and to the sensitivity to external conditions
[6] that can bewell described in terms of the capillary stress [29], as
discussed below.

From the NPs XRD patterns calculations, the atomic positions
were also obtained by Rietveld refinements using the bulk struc-
tural factors from Ref. [31] as initial values, with the structures
presented in the right side of Fig. 2. The calculated patterns and
atomic positions are given in Fig. S1 and Table S1, respectively, of
the Supporting Information Document (SID). All of these structures
are constructed by pseudo-blocks piled along the b-axis that are
connected by Si(Ge)/Si(Ge) dimers, positioned at the (Si,Ge)1 sites,
where the covalent bonds are formed when the Si(Ge)1-Si(Ge)1
distance is below 2.70 Å [31]. For the larger unit cell volume of the
O(II) structure, none of these bonds are formed. For the M-phase,
due to the structural distortion, only half of these bonds are formed
and is one of the main distinction with the O(I) structure that
presents all the bonds, as can be observed from Fig. 2(bef) of the
bulk targets. Comparing the x ¼ 0 target [Fig. 2(d)] and the NPs
structure of Fig. 2(g), the reduction on the unit cell volume becomes
evident from the Si(Ge)1-Si(Ge)1 dimers formation for the NPs.
These bonds are not attained at the bulk counterpart due to the
crystallization in an O(II) structure. Distinctly, from Fig. 2(e), the
x ¼ 0.45 target crystallizes in an M-phase where half of the dimers
are formed and, when reduced to 27 nm, all the Si(Ge) are con-
nected, as can be seen in Fig. 2(f). The x ¼ 0.60 composition pre-
sents an O(I)-phase in both target and NPs, where the angle
between Si(Ge)-Si(Ge) bonds along the b-axis give their structural
distinction. . For x ¼ 0 and 0.45 nanostructures, the Ge(Si)1-Ge(Si)1
distance is shortened to 2.46 Å and 2.38 Å, respectively, being the
responsible for symmetry change from O(II) and M phases to an
O(I) structure. In contrast, there is no phase change from the bulk to
NP for x ¼ 0.60 composition. However, a reduced Si(Ge)1-Si(Ge)1
distance of 2.37 Å is observed. The shrinkage for this composition is
due to the Si(Ge)/Si(Ge) dimers alignment along the b-axis, in
addition to the lattice parameter reduction aforementioned. The
blocks approximation is a direct consequence of the structural
packing along the b-axis, where an average relative reduction of
~0.40% on the b lattice parameter for all compositions of NPs occurs.
For the three stoichiometries, there is an improvement in sym-
metry that might be rising from intrinsic surface pressure during
the atoms packing for the nanoparticle formation [3,7,16]. As a
matter of fact, these Si(Ge)1-Si(Ge)1 distances are well below those
observed for the ones Gd5(Si,Ge)4 bulk targets, which also con-
tributes to the distinct NPs structural and magnetic features
[11,19,31].

3.2. Magnetic and magnetocaloric results

Given the strong relation between crystal structure and mag-
netic behaviour on the Gd5(Si,Ge)4 family compounds, magnetiza-
tion measurements are a powerful tool to confirm and extend the
conclusions obtained through XRD and TEM analysis. The
normalized magnetization curves acquired using the zero field
cooling (ZFC) and field cooling (FC) protocols for the NPs are shown
in Fig. 3 together with their respective targets cooling and heatings
magnetization curves. It is known that at the Ge-rich region, the
system will present a first order magnetic transition (FOMT) with
an associated structural change that implies a thermal irrevers-
ibility on the magnetization between cooling and heating mea-
surements [11]. In particular, the Gd5Ge4 (x ¼ 0) stoichiometry,
presents a ferromagnetic (FM) to antiferromagnetic (AFM) transi-
tion at low temperature followed by an AFM to paramagnetic (PM)
transition. Both magnetic orderings changes can be induced by the
applied magnetic field intensity [32]. These transitions become
more evident for low intensities of magnetic field and, for this
reason, the magnetizationmeasurements for the x¼ 0 composition
were obtained for a 0.001 Tof applied field. The curves are shown in
Fig. 3(a), where the FM to AFM temperature (TFM�AFM) and N�eel (TN)
temperatures are highlighted in the derivative curves on the inset.
When the system undergoes to 15 nm of particle size, the bump
around 50 K indicates that the Gd5Ge4 composition present a spin
glass (SG) or a superparamagnetic (SPM) behavior [33]. However,
further investigations should be performed to distinguish and
conclude the behavior of these nanostructure. In addition, the high
temperature transition, that is less attenuated for the nano-
structures, might be related with an AFM ordering of the larger
particles that are above the critical size for the SPM or SG behavior
(see Fig. 1).

As for x ¼ 0.45 target, a thermal irreversibility between 150 and
250 K is observed and corresponds to a FOMT wherein the sample
presents an [O(I),FM]/[M,PM] transition [34]. As can be seen on
the temperature derivative curves, depicted on the inset of Fig. 3(b),
there is a small bump around 290 K for the x ¼ 0.45 target that
corresponds to the second order magnetic transition (SOMT) of the
O(I)-phase [35]. As for the x ¼ 0.45 particles, a single FM/PM
transition is observed at 290 K, which confirms that indeed the
system crystallizes in an O(I)-type structure. On the other hand,
since there is no change in structure, the x¼ 0.60 NPs conserves the
bulk Curie temperature (TC) of 310 K. Nonetheless, the irrevers-
ibility between the ZFC and FC magnetization curves is larger for
the x ¼ 0.60 sample than of x ¼ 0.45 composition which might be
related with the narrower particle size distribution for the higher Si
content system that increases the particles magnetic anisotropy
[28].

For MCE evaluation and order transition investigation,
isothermal magnetization measurements were carried out by
increasing and decreasing the appliedmagnetic field intensity up to
5 T for the bulk targets and nanoparticles, shown in Fig. S3 on SID.
The x ¼ 0.45 target presents magnetic irreversibility and, when the
particle size is reduced to ~ 27 nm, the metamagnetic transition is
vanished, indicating a change to a SOMT regime. A similar behav-
iour is observed for x ¼ 0.60 composition where the disappearance
of the irreversibility is followed by a reduction on the magnetiza-
tion values. These observations are confirmed through the Arrott
plot (AP) curves, also shown in Fig. S3, for the nanoparticles. A
negative slope is observed for x ¼ 0 and 0.45 target, confirming the
FOMT of these systems. As for x ¼ 0.45 and x ¼ 0.60 NPs, there are
positive slopes that are attributed to a SOMT, according to the
Banerjee’s criteria [36]. This change in magnetic transition order is
often observed in nanostructured systems, that is due to an in-
crease on the system anisotropy derived from the larger contribu-
tions of the surface and/or to an enhanced disorder at the nanoscale
[5,28].

The observations from the M(H,T) data is translated on the
magnetocaloric effect, once the magnetic transition has already
shown to change from a first to a second order one. For the present
systems, the magnetic entropy change estimation can be conve-
niently performed using the discrete integrated Maxwell relation:
DS ¼P

idMi=dTi � dH [36,37] with the results from Fig. S2 on SID. It
is worth to pointing out that, since the bulk targets present a FOMT,
the entropy change curves cannot be acquired using the Maxwell
relation [38]. The calculated magnetic entropy change curves for all



Fig. 3. Temperature dependence on the magnetization curves obtained for (a) x ¼ 0, (b) x ¼ 0.45 and (c) 0.60 compositions as NPs and as targets with their respective temperature
derivative curves on the inset.

Fig. 4. Temperature dependence of the magnetic entropy change for the Gd5(SixGe1-x)4
nanoparticles obtained using the integrated Maxwell relation.
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nanostructures are shown in Fig. 4(a). Given the SPM or SG
behavior for x ¼ 0 nanoparticle, the curve presents a maximum at
the lowest temperature and further decreases, corroborating with
Fig. 5. (a) (right-axis)Relative unit cell volume change [ðVNPs � VbulkÞ=Vbulk ¼ DV=V] for Gd5(
content (x).(*) The x ¼ 0.325 value was obtained from Refs. [16]. As for the k values, they w
from the new thermodynamic equilibrium of the nanoparticle with diameter D obtained fr
reduction.
the linear decrease of the saturation magnetization with temper-
ature. For x¼ 0.60 bulk target, there is a reduction on themaximum
entropy change and, consequently, on the RCP values, in agreement
with previous reports [39]. The nanostructures follow the same
compositional trend to the bulk DSmax values [19]; however, with a
larger working range temperature. The temperature span for the
MCE doubles from targets to the NPs. Such behavior is also a
consequence on the increase of disorder from the reduction of
particle size [2,16,28]. In particular, for x ¼ 0.45 composition, the
RCP of 289 J/kg is larger than the value obtained by Hadimani et al.
for the FOMT granular thin film of Gd5Si1.3Ge2.7 produced by a
femtosecond PLD [2,16]. Although a bigger average particle size of
~70 nm was obtained for the thin film, this observation can be
related with the absence of hysteresis losses on the nanoparticles
produced by nanosecond PLD. Notwithstanding, the relative
reduction on the MCE response from the bulk to the nanostructure
in the present work averaging 30% is comparable with the 32%
observed for Gd5Si1.3Ge2.7 thin film when compared with the sys-
tem at the macroscale [16].
3.3. Bulk compressibility and intrinsic surface pressure

The Gd5(Si,Ge)4 family crystallographic and magnetic behaviour
is very sensitive to applied pressure, most notably for the Ge-rich
compositions. For instance, in situ high pressure synchrotron XRD
measurements in a polycrystalline Gd5Si2Ge2 sample revealed that
SixGe1�x)4 nanostructures and (left-axis)the compressibility values (k) as a function of Si
ere extracted from Ref. [16,40]. (b) Illustration of the intrinsic surface tension (st) rising
om the removal of a small piece with D0 diameter responsible for the unit cell volume



Fig. 6. Surface stress values obtained using equation (2) for the Gd5(SixGe1�x)4
nanoparticles produced using femto- and nanosecond PLD techniques.
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the system changes from a M to an O(I)-phase when subjected to
hydrostatic pressures above 21 kbar [40]. By considering the k
values and using the experimental relative reduction on the unit
cell volume, it is possible to estimate the applied pressure on each
structural phase of the grains through the thermodynamic relation:
k � � ð1 =VÞðDV =DPÞ[41]. If we consider the compressibility of
0.60 Mbar�1 for x ¼ 0.45 bulk compound from Ref. [40], the cor-
responding hydrostatic pressure for the observed volume reduction
on the nanoparticles should be around 27 kbar. This value is well
above the critical 20 kbar for a complete change in structure from a
Mphase to an O(I) one. In addition, taking into account the pressure
dependence of TC for a close composition (x ¼ 0.50) of dTC/
dP ¼ 6.1 K/kbar [42], the increase of 40 K in TC corresponds to a
hydrostatic pressure of 6.6 kbar, that is above the critical values for
a shift on the system transition from a first to a second order one. In
this sense, we can conclude that this evidence is a direct conse-
quence of the intrinsic pressure effects from the nanostructure
surface, being in agreement with the structural analysis. Never-
theless, this investigation is not required for x ¼ 0.60 composition,
once it conserves the structure for the nanoparticles. However, it is
worth pointing out that the k values might be distinct for the
nanostructure due to the atomic rearrangement [43].

Given this, the different compositions volumetric compress-
ibility (k) might be related to their NPs structural characteristics. In
this regard, the unit cell volume reduction presented the most
relevant changes at the nanoscale. Indeed, for any system pre-
senting crystallinity, the structural parameters are essential to
understand their physical properties [6]. In Fig. 5, the relative unit
cell volume change ðVNP � VbulkÞ=Vbulk ¼ DV=V , at room temper-
ature, and the k values for bulk samples obtained from the litera-
ture, as a function of Si content, show a linear relationship between
these two physical quantities. The values for granular thin filmwith
x ¼ 0.325 composition, from Ref. [3], was included in these results
to compare with the effect of ablation the target using a pulse
duration of femtosecond. As can be noted, Gd5(SixGe1�x)4 com-
pounds with higher Si content present lower k values, which leads
to smaller volumetric variations for the atoms conformation in a
nanoparticle. Consequently, it is reasonable to identify the bulk
compressibility as the key mechanism controlling the size-induced
unit cell reduction.

Most materials at themicro- and nanoscales present a shrinkage
of their lattice parameters due to surface stress [7], except for some
rare cases, such as hexagonal GaN and SiGe nanoparticles [6]. The
particular example of the lattice expansionwith decreasing particle
size for SiGe nanostructures is attributed to the formation of an
oxide shell [44]. Theoretical models considering only elastic de-
formations for nanostructures have been developed and can pre-
dict the lattice contraction of particles with sizes above 1 nm,which
is closely related to the bulk features [29]. This relation is because,
for solid materials, the surface stress (ss) is not equal to the surface
energy (s). The first, ss, is defined as the reversible work per area
required to compress a particle while the second arises from
intermolecular interactions. The mean stress on the particles’ sur-
face is a result of the defects at the boundaries, i.e., at the grains
interface [8]. To understand this mechanism, we should consider
that only spherical shapes form when a small piece with diameter
D0 is removed from the bulk to form the particles, as shown in
Fig. 5(b). In order to achieve a new thermodynamic equilibrium, a
surface tension (st) emerges contracting its initial radius, leading to
a particle with a diameter D, as illustrated in Fig. 5(b). At the
equilibrium state, the surface stress due to the internal pressure (pi)
is given as [8]:
pi �p0 ¼ 2ss=D (1)

where p0 corresponds to the environment pressure. Since Dp ¼ �
1=kðDV =VÞ, the equation above can be written as follows:

DV
V

¼ � 2k
ss
D

0 ss ¼ �D
2k

DV
V

: (2)

Thus, a linear relationship between the relative unit cell volume
variation and the compressibility is obtained, as observed in this
study. From Eq. (2) and Fig. 5(a),it was possible to estimate the ss
values as a function of the Si content, shown in Fig. 6, where the
relationwith the particle size can be observed. The maximumvalue
for x ¼ 0.325 composition [3] is due to the larger particle size for
this sample. Conversely, the minimum for x ¼ 0 nanostructures is
due to the lower average diameter. It should be pointed out that the
obtained ss values are well below the ones observed for puremetals
that range from 1 N/m to 6 N/m [45]. The versatility of the PLD
technique allows the optimization of free-particles size, thin film
roughness, thickness, composition, etc. The sample features can be
controlled by the experimental conditions, such as chamber at-
mosphere, inert gas flux, target to substrate distance, time of
deposition, laser wavelength, pulse duration, energy, frequency and
fluency [23]. Thus, by changing the deposition conditions, different
particles size can be achieved as shown here and already demon-
strated for other systems [26], including Gd-Si-Ge compounds
produced through ablation in liquids by varying the laser wave-
length and pulse duration [18,20]. Besides, different morphologies
are being compared when the particle size is considered: i) the
ultra-short laser ablation lead to a Gd5Si1.3Ge2.7 (x¼ 0.325) granular
thin film, due to the absence of inert gas [16] and ii) the nanosecond
laser deposition with Ar atmosphere that resulted in nanoparticles
free of substrates. For this reason, it is imperative to produce
structures with different diameters by varying the deposition pa-
rameters such as the laser energy and inert gas pressure. Here, the
presented results demonstrate the possibility to synthesize single-
phase nanostructures of Gd5(Si,Ge)4 with different concentrations,
by using nanosecond laser ablation. Furthermore, the origin of the
unit cell volume reduction of the achieved nanoparticles produced
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through the PLD techniques, using different wavelengths, was
demonstrated to be due to a similar growth mechanism closely
related to the bulk mechanical features.

4. Conclusions

From the results here presented, we can conclude that nano-
second PLD using 1 Torr of Ar atmosphere is an appropriate
approach to obtain Gd5(SixGe1�x)4 nanostructures with x ¼ 0, 0.45
and 0.60 with desirable crystallographic properties. The samples’
quality is a consequence of the meticulous chamber pressure con-
trol where the particle formation occurs from the successive colli-
sions of the ejected materials from the target. As a result, for the
x ¼ 0.45 nanostructures, a change in symmetry from an M to an
O(I)-type structure is observed. For the x ¼ 0.60 composition, the
structural analysis points out the stabilization in a target-like O(I)
structure, similar to the corresponding compound. The same crystal
structures for this NPs indicates a similar formation mechanism at
this narrow Si:Ge ratio by using ns pulsed ablation in Argon at-
mosphere. For all compositions, a shortening in the Si(Ge)-Si(Ge)
dimers are obtained from Rietveld refinements. Such findings are
translated in a change on the magnetic transition order from a first
to a second one for x ¼ 0.45 and 0.60 samples. Distinctly, the x ¼ 0
composition presents a superparamagnetic-like or sping glass
behavior that lead to a shortening on the magnetocaloric response.
This reduction is a direct result of the unit cell volume shrinkage
compared to their bulk counterpart, that was found to be closely
related to the bulk compressibility values. Such observations result
from intrinsic pressure effects due to the surface/volume ratio that
is represented by the surface stress (ss). Thus, revealing that the
growth mechanism of Gd5(Si,Ge)4 nanostructure through PLD are
similar for different laser wavelength and pulse duration.
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