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I. ABSTRACT

A multi-functional Gd5Si,3Gesr thin film deposited by pulsed laser ablation in the form
of an ensemble of nanoparticles was studied for 18 thermal cycles via electron transport
measurements together with structural and magnetic characterization. A general negative
thermal dependency of the resistivity (p) is observed, which contrasts with the metallic-like
behavior observed in bulk Gd;Si,Gey , compounds. This general trend is interrupted by a
two-step, positive-slope transition in p(T) throughout the [150,250|K interval, corresponding
to two consecutive magnetic transitions: a fully coupled magnetostructural followed by a
purely magnetic order on heating. An avalanche-like behavior is unveiled by the dp/0T(T)
curves and is explained based on the severe strains induced cyclically by the magnetostruc-
tural transition, leading to a cycling evolution of the transition onset temperature (97"}, /0n
~ 1.6 K/cycle, n being the number of cycles). Such behavior is equivalent to the action
of a pressure of 0.56 kBar being formed and building up at every thermal cycle due to the
large volume induced change across the magnetostructural transition. Moreover the thermal
hysteresis, detected in both p and magnetization versus temperature curves, evolves signif-
icantly along the cycles, decreasing as n increases. This picture corroborates the thermal
activation energy enhancement - estimated via an exponential fitting of the 9p/0T(T) in the
avalanche regime. This work demonstrates the importance of using a short-range order tech-
nique, to probe both pure magnetic and magnetostructural transitions and their evolution

with thermal cycles.

II. INTRODUCTION

There has been a recent interest towards the micro and nano-scales opportunities for mul-
tifunctional materials [1-3]. In particular, for materials with strong magnetostructural cou-
pling, such size-reduction effort can prompt new applications as well as help unveil their
complex magnetostructural transitions through different methods and analysis. Since the
discovery of the Giant Magnetocaloric Effect (GMCE) at room temperature on GdsSiaGes
bulk compound by Pecharsky and Gschneidner Jr. [4], the R5(Si;Gei_,)s (R=Rare-earth)
family has been subjected to intensive research [5-7|. The GMCE results from the strong spin

lattice coupling present in these materials, which leads to magnetostructural transitions with



large heat release or absorption (when magnetic field is applied or removed, respectively)|8|.
Their transition temperature can be adjusted by substituting the Rare Earth element or
by tuning the Si,Ge concentration (x) [9-11]. Despite the remarkable MCE, their large
magnetic hysteresis combined with the heavy Rare-Earths increasing prices constitute an ef-
fective limitation on the scale-up processing of these materials. However, their multi-stimuli
and highly responsive properties such as, giant magnetoresistance [12], colossal magnetostric-
tion [8, 13| and large barocaloric effect|14] are of high-level scientific interest. In particular,
fundamental physical questions remain unknown, including the intriguing martensitic-like
magnetostructural transitions these materials undergo, their dynamic behavior and their
dependence on microstructural features (critical-size limit, grain boundaries). In fact, such
fundamental questions are universal to other strongly magnetovolume coupled materials|[15],
such as Mn-Fe-P-Si [16], La-Fe-Si [17] and their hydrides [18] and the Heusler alloys [19] -
all with potential use in new caloric applications and related technologies |20, 21|. Therefore
the importance of having a deeper knowledge on martensitic-like transitions is extensive to
the whole multifunctional materials field. In the last 10 — 20 years a huge and successful
effort was made in the static or quasi-static characterization of these materials, however,
significantly less attention was given to the materials behavior under large number of cycles
(mimicking a real-life device), which are crucially important for technological applications,
such as magnetic refrigeration among others [22, 23]. Such studies become even more criti-
cal as these materials strong spin-lattice coupling normally implies huge structural changes.
In particular, Sousa and coworkers [24], have performed a thorough electrical resistance
measurements study under thermal cycling on a GdsSip4Gesg bulk compound, conclud-
ing that the martensitic-like transition evolves through a sequence of discontinuous steps or
avalanches. In parallel, Perez-Reche and coworkers detected the acoustic emission across the
magnetostructural transition of a GdsSioGey sample, confirming its burst-like character and
evidencing the differences between heating and cooling cycles [25]. Waske and coworkers no-
ticed the transition asymmetry between cooling and heating protocols on a La-Fe-Si sample
highlighting the importance of such features on the performance of a magnetocaloric mate-
rial (MC) in a real-life device [26]. Although a variety of interesting and useful techniques
have been applied in these studies, herein we highlight the electrical transport measurements
given its short range nature, associated with the electron mean free path (nanometer scale),

which allows to access detailed information on the mechanisms ruling these transitions at



the micro and nanoscale [27-29|. So far, only the works devoted to bulk compounds were
mentioned, however an increasing research task force is being dedicated to study these ma-
terials at the micro and nano scales. Recently, FeRh mesostructures (micron-sized stripes)
with large surface/volume ratio were studied by Uhlir and co-workers, who unveiled a strong
thermal asymmetry and an avalanche-like nature of their magnetostructural transition [30].
In addition to microdevice refrigeration, including solid-state microrefrigerators [31] with
thermal switches |21], the micro and nanoscale magnetocaloric materials have a wide range
of applications such as magnetic nanofluids [32], flexible energy harvesting devices [33], hy-
perthermia cancer treatment [34] and negative thermal expansion [35] as thorougly reviewed
in the following references [3, 36-39]. In the past few years, our team has been focused on the
size-confinement of the R5(Si,Ge;_, )4 compounds [35, 40-43] with a particular focus on the
transitions kinetics and their evolution with both thermal cycles [43] and heat treatments
[42]. As the micro and nanoscale miniaturization is still at an early stage, there are many
open questions to be answered. In this work we aim to contribute to answer the following
questions: what are the differences between a magnetostructural and a purely magnetic tran-
sition evolution, are there precursor effects or any major asymmetries or is there microcrack
formation. In order to reply these, the Gd5Si,Ge,, materials were chosen and in particular
the GdsSi,3Ges 7 composition, as it presents a giant (0.8%) and anisotropic volume change,
a giant magnetocaloric effect and in the granular thin film form presents two decoupled
magnetic transitions [40]. At room temperature, the atomic structure of this nanogranular
thin film is composed of a mixture of two concurrent orthorhombic phases: O(I) and O(II),
with 35 and 65% fractions, respectively. Below 150K, only the O(I) phase exists, whereas
at the magnetostructural transition temperature (Ths ~ 190K) it converts incompletely
(65%) into O(IT), while 35% remain in the O(I) phase with ferromagnetic order up to T ~
250K. The O(I) has a smaller unit-cell volume (0.8% smaller) than O(II) and their unit cells
can be break down in two rigid slabs that lie in the ac plane and are stacked by interslab
Ge3+>Ge3 bonding [or its absence in O(II)] along the b axis, as reported in several previous
works [5, 6, 9]. Therefore, to tackle the above questions, electrical transport measurements
in a wide temperature range ([100, 300]K ) and for several thermal cycles (1-18 cycles) were

performed on a polycrystalline 800 nm thick Gd5Si, 3Ges 7 thin film.



III. EXPERIMENTAL DETAILS

A polycrystalline 800 nm thick Gd;Si; 3Ges 7 thin film was grown on top of a SiOs (1 pm)/Si
substrate through a femtosecond pulsed laser ablation of a polycrystalline Gd;Si;3Ges
bulk target. More information regarding the thin film production can be found in reference
[40]. The electrical resistivity was measured with the standard four-point potentiometric
method using a dc current of 2 mA, stable to 1:105. The four electrical contacts were
established by Gold sputtering four points evenly spaced along a straight line and Silver
paint to bond them together with Copper wires on top of a ~ 3 x 6 mm piece cut from the
larger deposited thin film. The voltage was measured with a Keithley 182 nanovoltmeter with
a resolution of 10 nV during the measurements. The thin film was glued with a thin layer of
GE varnish to a massive Copper block support in order to minimize any possible temperature
gradient, and its electrical resistance (R) was measured uninterruptedly along 18 thermal
cycles (cooling and heating) in the [100 - 300] K temperature range with a 0.5 K min~!
rate. The magnetization as a function of temperature measurements were performed in a
commercial (Quantum Design MPMS-5S) Superconducting Quantum Interference Device
magnetometer with an applied field of 1000 Oe, on cooling and heating in the [5, 300] K

temperature interval with a rate of 1.33 K min~".

IV. EXPERIMENTAL RESULTS
A. Electrical Resistivity p(T)

The [100,300]K temperature interval was chosen in particular because this range contains the
magnetostructural (1st-order) and the purely magnetic (2nd-order) transitions [40]. Figure
1 displays the results obtained in the 1st, 4th and 18th thermal cycles. One observes that the
six p(T) curves (3 cooling/heating pairs) overlap almost completely from 100 to 150 K, and
above 275 K, both within and between thermal cycles. Within the transition(s) [150-275]K
interval, there is a considerable thermal hysteresis in p(T) heating and cooling curves and
also sudden p(T)-discontinuities (burst-like processes that will be detailed below). (i) While
heating, the intrinsically hysteretic magnetostructural transition [O(T),FM]|—[O(II),PM] de-
velops smoothly, starting at ~ 160 K and reaching a maximum rate of change at T = T/h —

T7® ~ 191 K for the 1st heating run - such T" value remains unaltered up to the 18th cycle.
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FIG. 1: Gd;Sis.sGeg 7 thin film electrical resistivity as a function of temperature in the 100-300 K

temperature range for the 1st, 4th and 18th cooling and heating runs.

The temperature range where the magnetostructural transition occurs, [150,200]K, shows
no remarkable p-discontinuities and retains the same p(T) shape under thermal cycling. In
contrast, the interval associated with the purely magnetic transition [200, 250|K, always
starts with a sharp p-step, observed at T~ 210 K in the first heating run. This value
shifts considerably to higher temperatures in successive thermal cycles (e.g. T ~ 244 K
in the 18th heating cycle), and some fine details of the transition evolve as well. (ii) While
cooling, the magnetic transition is signalled by a smooth descendant beginning ~ 13 K be-
low the heating curve and then develops in a dense succession of small p-irregularities (see
in Figure 1) which ends at the onset of the interval associated with the magnetostructural
transition. There, it evolves by a smoother decreasing behavior whose maximum rate of

change is achieved at T, = T™ ~ 177 K. The absolute magnitude of p in our film (~ 5400



pS2.cm) is very large compared with the commonly reported values for the Rs(SizGei—z)4
compounds, p~ 500-1000 p£2.cm in the [100-300] K range [28, 44-46]. This high residual
resistivity (p,) is most likely due to the low conductivity between grains and is insensitive
to thermal cycling, contrasting with the bulk counterpart cases [24, 27|. Moreover, its low-T
and high-T negative dp/0T thermal dependence also contrasts with the typically positive
thermal dependence observed in the bulk counterparts. The origin of this negative slope
will be discussed below and is detailed in reference |35]. As shown below, one can approxi-
mate the residual resistivity by p.(T) = a — bT in the upper temperature range, above 250
K, where a=5978 uQ.cm, b=1.768uQ.cm K~'. By subtracting p,(T) linear term from the
total resistivity p(T) measured in the 18th thermal cycle one obtains p (T)= p(T)- p,(T)
for heating and cooling, as displayed in Fig.2. The p(T) curves resemble the typical p(T)
behaviour presented by the Rs5(Si,Ge;_.)s compounds and nicely disentangle both transi-
tions and their thermal hysteresis. Furthermore, it also allows to weight the role of each
transition on the overall resistivity change as represented in Figure 2. One notes that the
magnetostructural transition is responsible for A,O/MS ~ 63% resistivity variation whereas
the magnetic one is responsible for Ap 3 ~ 37% of the total resistivity variation across the

two transitions, Ap 7.

B. Temperature dependence of Jp/0T

A better insight into the above features, enabling the disentanglement of finer details of the
magnetostructural and magnetic transitions when they partially overlap, can be gained with

the analysis of the dp/JT curves.

1. Heating runs

Figure 3 a) displays dp/0T curves for two heating runs: the 3rd (overlapped transitions)
and 18th (separated transitions). The magnetostructural transition produces a smooth and
positive Lorentzian-like 9p/0T curve, with its peak at T, — T ~ 191 K and the same
curve shape and magnitude for both runs. Thus, the lattice and the magnetic structures
must have the same physical characteristics around T} for all heating runs. In contrast, the

magnetic transition starts with a very sharp positive spike in 9p/0T at T}, equivalent to a
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FIG. 2: The 18th cycle heating and cooling p (T) curves, obtained by subtracting the high-
temperature negative slope of p(T). Grey dashed lines are just linear extrapolations of the low
and high-temperature regions. The estimated overall AplT at T =250K is decomposed in two parts
Ap v and Ap'pr. A po(T) discontinuity is also highlighted in red and is about 10% of the overall

. . /
variation Ap .

p-discontinuity. Since it is observable at the macroscopic level this represents an avalanche-
type process that affects the electronic conduction in the film. Then follows a relaxation-like
regime (see Figure 6) with a few smaller spikes, which evolve and smoothly fade away.
Considering T" as the abrupt onset of the magnetic transition, under the adopted thermal
cycling conditions, one sees that it is considerably shifted to higher temperatures under
cycling: T'=213K in the 3rd and 246K in the 18th heating run, as seen in Figure 4 b).
A more complete set of heating dp/0T curves (3,5,7,15 and 18th) is displayed in Fig.4 a)

confirming the described characteristics.
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FIG. 3: Resistivity temperature derivative, dp/0T, in the [125, 300]K interval for the 3rd and
18th heating runs (a)) and 1st and 17th cooling runs (b)). T signals the temperatures at which
O0p/0T is maximum across the magnetostructural transition, i.e. in the [150, 210]K interval. 7"
and T signal the first spike and the crossover of dp/9T back to negative values, respectively. They

represent, the onset and the end of the magnetic transition, respectively.

2. Cooling runs

Figure 3 b) displays two 0p/0T curves obtained under cooling (1st and 17th runs) with
the same time rate as for the heating runs (0.5K min~'). In general terms, the curves
resemble those obtained under heating. In particular, at temperatures sufficiently above
T, they have the same negative resistivity coefficient, 9p/0T = -8.6 x 10™* pQ.cm K™,
With subsequent cooling dp/dT smoothly grows through a relaxation-type regime, as under
heating, now described in the opposite sense. As the sample enters the central part of its
magnetic transition, a succession of wiggly spikes of similar magnitude develop on top of
an average Lorentzian-like dp/0T bump (Fig.3 b)). In the 1st run, despite the spiking blur
effect overlapping with the forthcoming magnetostructural transition, a rough estimation
of its onset is possible: T, ~ 190K. For the 18th run (well separated transitions) one
has TZ ~ 219K and a well developed Lorentzian-type dp/0T anomaly associated to the

magnetostructural transition, with T, ~ 175K in all cooling runs. Fig.4 b) shows the linear

rise of T” on heating and cooling versus the corresponding cycle number (n). Regarding T,
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FIG. 4: Resistivity temperature derivative, dp/JT, in the [100, 300]K interval for the 3rd, 5th, 7th,
15th and 18th heating runs (a)). b) Evolution of T, and T} on the number of cooling and heating
runs, respectively. Linear extrapolation estimation gives a 1.3K/cycle and 1.6K/cycle, respectively.
In figure b) inset the same linear behavior, with a 1.8K/cycle slope, is observed for cooling and

heating of T against the number of runs.

it keeps the same value for each type of run : T, ~ 175K under cooling and ~ 191K for
heating.

C. Magnetization temperature dependence before and after cycling

The thin film magnetization temperature dependence was measured before and after the
resistivity cycles, while heating and cooling under a magnetic field H = 1000 Oe. As can
be seen in Figure 5, before and after resistivity cycling curves follow the same path down to
around 275K, where they split, with the magnetization after cycles (mqy) lying below the
curve before cycles (mp). Their difference increases slightly across the magnetic transition,
however the major changes are observed along the magnetostructural transition: i) mq(T)
departs further from the my(T) and ii) there is a clear decrease of the thermal hysteresis
presented by the both pairs of heating and cooling curves. As is clear from the temperature
derivatives curves, dm/0T(T) no significant change is observed in the transitions (magne-

tostructural and magnetic) temperatures (defined as the temperatures for which dm /9T (T)
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FIG. 5: a) Magnetization as a function of temperature while heating (darker curves) and cooling
(lighter curves), before (upper blueish curves) and after (lower and orange curves) the resistivity
cycles under an applied magnetic field of H=1000 Oe. b) Magnetization temperature derivative,

OM/0T, as a function of temperature.

reaches a local minima). The magnetic transition is only slightly affected by resistivity cycles
as can be confirmed by comparison with the two pairs of dm/JT(T)s curves presented in Fig-
ure 5 b), becoming slightly narrower and less intense. A more drastic change is observed in
the shape and intensity of the Om/0T(T) across the magnetostructural with a large maxima
decrease. In fact, after cycling, the maximum of the magnetization temperature derivative
occurs at the magnetic transition, in clear-cut contrast with the measurements before cy-
cling. Another observable feature is the overall magnetization decrease after thermal cycling
that had already been observed in a previous study [43]. Such feature has been assigned as
a consequence of a cycle induced structural disorder mechanism, which is further corrobo-
rated by the decrease of long-range crystal order after cyclings and the mentioned loss of
magnetization in the magnetically ordered states and consequent increase of paramagnetic

component, reported previously [43].
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FIG. 6: a) Electrical resistivity as a function of temperature while warming during the 1st cycle. b)
Unit cell volume versus temperature, estimated by Rietveld refinements of several diffractograms

measured as a function of temperature.
D. Negative Thermal Expansion

In order to better understand the overall negative thermal dependence of the p(T) curve
it is important to correlate it with the unit cell behavior. Hence, the thin film atomic
structure temperature dependence was studied by Synchroton X-ray diffraction as detailed
in a previous work [35]. The diffractograms were obtained as a function of temperature in 5K
step in the [100, 340]K interval. The unit cell parameters were estimated through Rietveld
refinements of the mentioned diffractograms, resulting in an unusual thermal dependence.
As can be observed in Figure 6 b), a negative thermal expansion was observed in two

temperature regions - below and above the structural and magnetic transitions, which are
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here identified as LR and HR states. Such behavior has been assigned to a size-induced
effect that softens the atomic lattice and consequently is expected to change drastically
the phonon spectra in comparison with the bulk counterpart. As shown in Figures 6 a)
and b) the resistivity and the unit cell volume evolve generally in a very similar way with
temperature: a negative thermal dependence before 150K, a two-step positive dependence in
the [175, 250]K range and again a negative (with larger negative slope) thermal dependence
in the [250,300]K interval. In fact, the ratios of the two slopes (at HR and LR) of the
two quantities (p and V) result in a very similar value: (0p/0Tyr) / (0p/0TLR) = bur /
brr ~ 2.25 and the volume V(T) slopes ratio, (0V/0Twug) / (O0V/OTLr) = Bur / Brr ~
2.16. This correlation highlights the sensitivity of the electrical resistivity measurements to

crystallographic changes.

V. ANALYSIS AND DISCUSSION

As a preliminary analysis, an overall comparison between these results and the ones ob-
tained for bulk compounds should be performed. To our knowledge, there are no reports on
transport measurements of a bulk Gd;Si;3Ges s compound, however a comparison can be
made with Ge-rich Gd;Si,Ge;_, compounds. In the Gd5Siy4Ges ¢ bulk compound [47], an
overall high resistivity behavior was found for T > 50 K - with a high resistivity (HR) state
at higher temperatures and a low resistivity (LR) state at low temperatures. In fact, as re-
viewed by Mudryk and coworkers [5], such resistivity evolution across a first-order transition
is similar in all studied R5S7,Ge;_, compounds. Moreover, the thermal hysteresis across the
first order transitions is commonly observed in bulk electrical resistivity studies, which is
caused by the large magnetovolume coupling present in these materials. Despite these com-
mon features there is a striking difference to the bulk p(T) curves: the negative p(T) slope
here shown both at the LR and HR states. In the parent compounds the overall electrical
resistance exhibits a positive temperature dependency, typical of a metallic behavior.

As shown above, this change in the resistivity thermal dependence (from positive in bulk to
negative values at the nanoscale) is a direct consequence of the change in the behavior of
the volume thermal expansion. At the nanoscale, the volume thermal behavior assumes an
unique negative thermal expansion behavior that contrasts with the conventional positive

thermal expansion observed in the bulk counterparts [35]. The p(T) and V(T) correlation
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results from the linear dependence of the phonon contribution to the total resistivity of a
metal/alloy on the thermal expansion coefficient [48]. Therefore, the size-induced negative
p(T) thermal dependence is a direct consequence of the nanoparticles negative thermal
expansion.

A closer look at p(T) in the LR state evidences that there is a small quadratic contribution,
as can be confirmed by the slightly positive linear temperature dependency of dp/0T(T)
in this temperature range (Figures 3), where dp/0T = A + BT. Consequently p(T) =
AT+BT?+C. Such a quadratic temperature dependency can be associated with the electron
scattering on spin waves (electron-magnon scattering), as was also found on their bulk
counterpart [49]. In fact, this hypothesis is reinforced by the constant and temperature-
independent dp/dT value observed in the HR state, ~ -8.6 x 107* uQ.cm K=!, where no
long-range magnetic correlations and consequently no electron-magnon scattering can occur
and the typical electron-phonon interaction dominates.

The general evolution from a high resistivity (HR) state at higher temperatures towards a
low resistivity (LR) state at low temperatures can be attributed to several mechanisms and
here just two of them will be highlighted: (i) the decrease of conduction electrons with the
increase of unit cell volume across the magnetostructural transition and (ii) the increase in
the electron-phonon scattering above the transition temperature. The former one was firstly
explained by Choe and coworkers when they showed, using the Zintl-Klemn formalism,
that the isolated Si, Ge atoms and their dimers (Si)Ge-Ge(Si) have different formal charges
associated, namely -4x2 and -6e, respectively, i.e. dimmers need less electrons then two
unbounded Si,Ge atoms (two electrons less) [50]. Hence, since the LR structure |[O(I)| has
two dimers formed and the HR structure [O(II)| has none, the corresponding charge balanced
formula for the O(I) is [(Gd®T)5(T% )2(3e-)] whereas for the O(II) is [(Gd3T)5(T*7)4(-1e-)],
resulting in 3 electrons available for the conduction band against one vacancy. In a unit cell,
the number of free electrons increases linearly with the number of (Si)Ge-Ge(Si) dimers.
Its effect on the resistance behavior had already been pointed out by Sousa and coworkers
and Hall measurements consistent with this scenario were performed by J. Stankiewicz and
coworkers [51]. The later effect (ii), proposed by Levin and coworkers, simply argues that,
since the higher temperature structures are more loosely bonded and hence more disordered,
it means that their electron-phonon scattering will be higher [44]. In comparison with the

bulk behavior, the overall resistivity change from the LR to the HR state, Apr ~ 4% is lower
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than the ~ 20 and 66% observed in the Gd5Si; 7Gea 3 [52] and Gd;Sig4Ges ¢ bulk compounds
[47]. This smoothing is also noticeable in the temperature window width where the transition
occurs (hysteresis area), as it is much larger (~ 100K) than the bulk counterparts (typically ~
40K). Such broadening and smoothing can be attributed to a phase-separated state resultant
of strain disorder - a distribution of volumes implies a distribution of nanoparticles intrinsic
strain as explained previously [40] and modeled by Amaral and Amaral [53].

As previously mentioned the two-step nature of the resistivity evolution can be explained
by attributing each step to a specific magnetic transition: low temperature step to the mag-
netostructural transition and high temperature one to the purely magnetic transition. Such
correspondence can be made because: 1) the steps and magnetic transitions are coincidental,
i.e. occur at the same temperature and 2) as detailed in Figure 2, Ap’MS and Ap’M are
accountable for 63% and 37% of the overall resistivity change, Ap'r, corroborating nicely
with the 66% and 33% phase fractions undergoing the magnetostructural and magnetic
transition, respectively, estimated by the Synchrotron X-ray diffraction data [40].
Concerning the observed dp/0T bursts and the literature on Gds(Si,Ge), compounds, it is
important to remark that their presence had already been reported in electrical resistance,
calorimetric and magnetization measurements of Ge-rich Gds(Si,Ge;_,)s and Gd5(SiaGes)
bulk compounds [24, 54, 55|, where they were pointed out as fingerprints of an avalanche
mode transition. As illustrated by Sousa and coworkers [24], this means that the system
evolves through a series of discontinuous steps or avalanches of the order parameter with
an associated energy loss and consequent thermal hysteresis, as observed here. Further-
more, it is important to remark the asymmetry between the smoother and the more abrupt
avalanche natures during cooling and heating runs, respectively. Such asymmetry is well
known in martensitic transformations, where the avalanches are more intense in the reverse
direction (heating) than in the forward (cooling) direction [56, 57|. In the Gd5Sis, Ges and
La(FeSi);3 bulk materials [25, 26| the observed asymmetry was inverse, i.e. higher avalanches
for cooling, which is caused by the inverted symmetry relations between the high (O(II)) and
low temperature (O(I)) atomic structural phases. Although in this case, the avalanche-like
behavior appears to be associated with the purely magnetic order transition, it is important
to remark the strong influence of the magnetostructural transition. Severe strains are cre-
ated due to the large volume changes across the magnetostructural transition both inside

each nanoparticle and in between neighboring nanoparticles. We hypothesize that these
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magnetostructural induced strains are inhibiting the purely magnetic transition of the O(I)
arrested phase. FEventually, the magnetic transition is carried away abruptly when sufficient
thermal energy is provided in avalanche-like steps possibly associated with different sets
of similar-size nanoparticles. In order to deepen the understanding of this earthquake-like
behavior, the 0p/0T(T) data was subtracted to an exponential baseline and was plotted
against a relative temperature, t = T - T" as depicted in Figure 7. The subtracted dp/0T
curve was fitted with an exponential law, dp/0T ~ A exp (-t/A), where Ay is the initial
amplitude at T and X represents the relative temperature at which the Odp/9T drops down
to around one third of its initial value, Ag, i.e. dp/IT(T" + A\)~ 0.367A. Tt was found that
both Ay and A vary slowly with the thermal cycles, with A ~ 6.8 K for the 1st cycle and ~
8.84K for the 18th cycle. The A\ value gives an estimation of the energy involved in these
discontinuous local transitions.

To trace the evolution of these avalanches with thermal cycles, the characteristic temper-
atures that signal the beginning (T") and end (T") of this burst-like regime were plotted
in Figure 4 b). A linear dependency was found for both temperatures, with T" evolving
slightly faster than T" with the thermal cycles. Moreover T evolves similarly on heating
and on cooling, whereas T evolves faster on heating in comparison with cooling experiments.
Taking into account the drastic volume changes (AV/V ~ 1%) these nanoparticles undergo
across this transition it is possible to conjecture that such transition temperatures evolu-
tion is due to the build up of internal stresses associated with each compression-expansion
cycle, that eventually completely suppresses the magnetostructural transition as seen previ-
ously [43]. According to Morellon and coworkers, an increase in the transition temperature of
OT¢ /0P ~ 3K kBar~! is expected for the bulk GdsSio4Gess (which also undergoes a O(II)-
O(I) structural transition)[58]. The linear and monotonic increase of 7", (1.6 K/cycle) can
be associated with an equivalent pressure of 0.56 kBar occurring every cycle. This picture is
further corroborated by the fact that above 200K, the system is clearly at a phase-separated
state and such states are usually very sensitive to stress and other stimuli. Levin and cowork-
ers |27] discarded this explanation as they argue that such a high pressure combined with
the brittle nature of these bulk materials would probably destroy the sample. However in
this case, the nanoparticles stacking form a lower density material, ensuring more liberty for
each nanoparticle to expand and contract without the formation of any major crack. In fact

the absence of crack formation is supported by the constant value of the residual resistance,
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FIG. 7: 0p/0T(T) for first cycle on heating subtracted by the exponential baseline depicted at the
inset as a function of relative temperature t= T - T". The red line represents an exponential law
fitting to the subtracted OR/OT(T) data. In the inset, the associated first cycle p(T) data is plotted

against absolute temperature.

in contrast to what happens for all Gd;Si,Ges—, bulk materials |5, 24, 27|. This picture of
the evolution of mechanical stresses, due to adjacent grains undergoing transitions at slightly
different temperatures, has been termed as a stress-coupling mechanism and was at the basis
of a simulation model used to understand the phase transitions of strongly magnetovolume
bulk and loose powders [59]. In a generalized view, this picture suggests that there is a size-
induced enhancement of the magnetovolume coupling of the high-temperature transition,
associated with an enrichment of the interplay between the two magnetic transitions.

Another interesting feature is the ~ 25% reduction of the thermal hysteresis area across

these transitions. As explained in previous report, the large volume reduction/increase
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across the structural transition on cooling/heating leads to a gradual arrest of the low-
volume phase that hinders the structural transition and eventually suppresses it (after one
thousand cycles) [43]. Such effect was also verified in other Gd5Si,Ge,—,, compounds [24, 60|
and also in other compounds families presenting a first-order transition, namely the NiMnGa
[61] and Manganites [62]. In all the cited examples it was always the low-volume phase
that became arrested. Sousa and co-workers [24] explained that the complex free energy
landscape exhibited by Gds(Si,Ge)s compounds at temperatures near transition are at the
origin of mesoscale phase separation. Then the path followed by the system along the
transition will be greatly influenced by disorder, which in this case might be represented
by inter and intraparticle boundaries, arrested O(I) phase, amorphization, among others.
Hence, each time the system crosses the transition it will change this disorder which in turn
will change the system percolation path across the transition and the avalanche formation
and propagation. Such picture corroborates with the obtained A increase with the thermal
cycles, as the system in order to avoid large energy barriers prefers to evolve in smaller steps
that summed up take longer (or demand higher energies) to go trough, but become much

more reproducible, as reported by Perez Roche [25].

VI. CONCLUSIONS

In this work, a high resolution transport measurement study was performed on a
Gd5Siy,.3Ges 7 thin film deposited by pulsed laser ablation in the form of an ensemble of
nanoparticles. This study was extended for 18 thermal cycles allowing to deepen the un-
derstanding of the system evolution. A general negative thermal dependency was observed,
contrasting with the metallic-like behaviour of bulk Gd5S7,Ges_, compounds, which is at-
tributed to a size reduction effect on the thermal expansion behavior (that is positive at
the bulk scale, but becomes negative at the nanoscale). This general trend is interrupted
by a two-step positive, metallic-like thermal dependency that is caused by two consecu-
tive transitions: a magnetostructural at lower temperatures and a purely magnetic order at
higher temperatures. A strong correspondence between the phase fractions undergoing each
transition and the resistivity change across each step can be made. A general picture for
the avalanche-like behavior observed in the high temperature step was proposed based on

the severe strain induced by the magnetostructural transition. This picture is compatible
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with the cycle evolution of the temperatures at which the avalanche-like regime begins and
ends assuming an internal stress formation that builds up at every thermal cycle due to the
large volume induced change across the magnetostructural transition. The magnetic and
electrical resistivity thermal hysteresis reduction with thermal cycles was explained via the
evolution in smaller steps that require higher energies to go trough, but become much more
reproducible. Furthermore, the invariance of the residual resistivity values under cycling,
contrasting with the bulk counterparts behavior, is a clear indication of the absence of major
cracks in the overall thin film, which might be result of the higher freedom degree in this
low-density material. Hence, this work demonstrates the importance of using a short-range
order probe, such as the electron mean free path, to sense mesoscopic physical mechanisms.
These short-range order techniques will have an enhanced relevance on the inspection of
micro and nanostructures as pointed by Miller and co-authors [36] and soundly exemplified

by Uhlir and co-workers recent report [30].
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