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Abstract The spin dynamics in magnetically dis-
ordered GdCu, nanoparticles, varying the nanopar-
ticle size in the range 53 to 7 nm, has been scruti-
nized. Dynamic y,- susceptibility measurements
have revealed the existence of dissipation at 7, =18
K, which is associated to the spin freezing transition,
for all the ensembles. Besides, the superantiferromag-
netic ensembles ({D)> 24 nm) also showcase a dis-
sipation contribution close to the vicinity of the Néel
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Two magnetically disordered phases observed in GdCu,
magnetic nanoparticles. Non-conventional time dependent
AC susceptibility ageing and memory effects phenomena
used to probe the disorder spin dynamics. Non-frustrated
high-temperature magnetically disordered phase associated
to uncompensated AF grain boundaries. Spin glass low-
temperature phase driven by surface (53-24-nm-sized
nanoparticles) and whole nanoparticle (13- and 9-nm-
sized) magnetically frustrated moments. The joint analyses
of time-dependent AC susceptibility plus specific heat
measurements allow to depict that superantiferromagnetic
GdCu, nanoparticles (53- to 24-nm-sized) evidence two
different magnetically disordered phases, while for the
super spin glass ones (13 and 9 nm), only the frustrated
low-temperature disordered phase remains.
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transition, T), =40.2 K. This dissipation, which takes
the form of two humps located at 7;, =33.5(5) K and
T, =40.0(5) K, is associated to uncompensated anti-
ferromagnetic moments. Time-dependent phenom-
ena (ageing and memory effects) are only evidenced
below the spin freezing transition, evidencing that
solely this low-temperature disordered phase is driven
by the frustration of RKKY exchange interactions.
Consequently, GdCu, nanoparticles display a dual
disorder-driven magnetic dynamics, which are the
one ascribed to the magnetically frustrated moments
located at the nanoparticle surface; and that of
uncompensated antiferromagnetic moments located
within the nanoparticle core.

Keywords Magnetic nanoparticles -
Antiferromagnetism - Frustrated magnetism - Spin
dynamics

Introduction

Over the last years, the spin dynamics of magnetic
ensembles, including mesoscopic ones, has received
increasing interest. Their technological transfer, spe-
cially focused on the spintronics fields, has been
the driving force motivating the experimental and
theoretical efforts to clearly understand how the size
reduction to the nanoscale affects the magnetic prop-
erties (Golosovsky et al. 2021; Baczewski et al. 1989;
Jefremovas et al. 2020a, 2021; Zhao et al. 2019).
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Within this context, antiferromagnetic (AF) nano-
ensembles have attracted a lot of interest in recent
years, owing to their inherent assets (e.g., anomalous
Hall effect, anisotropic magnetoresistance, long-
distance spin-wave propagation (Marti et al. 2014;
Nakatsuji et al. 2015; Lebrun et al. 2018). It is also
worth mentioning that the complex magnetic arrange-
ments found in AF materials makes them potential
candidates for hosting exotic spin textures, as it is the
case of skyrmions (Zhang et al. 2016; Fukami et al.
2020; Jungwirth et al. 2016; Jungfleisch et al. 2018;
Everschor-Sitte et al. 2018; Park and Kim 2021). It is
within this context that the determination of the spin
dynamics governed by disordered and frustrated mag-
netic interactions is key, since the magnetic frustra-
tion arising from RKKY interactions have shown to
be helpful in stabilizing these topologically protected
spin textures (Greedan 2006; Zvyagin 2013; Tokura
and Kanazawa 2020; von Malottki et al. 2017; Yuan
et al. 2017).

Among the Rare-Earth binary alloys, the GdCu,
bulk alloy displays an AF structure (Rotter et al.
2000b), which is maintained down to 24-nm-sized
magnetic nanoparticles (MNPs), all along with the
onset of a frustrated Spin Glass (SG) phase at low
temperature (Jefremovas et al. 2020b). Among the
R elements, Gd**-ions display a half-filled 4f shell,
implying absence of spin-orbit interaction. This leads
Gd** to be in an intermediate situation between that
of 3d and 4f magnetism. The S-state of Gd*" also
implies the lack of magnetocrystalline anisotropy
for this ion, which certainly eases theoretical mod-
eling and calculations. Thus, Gd>* has been more
and more included in compounds to understand their
magnetism at the basis, as it has been the case of the
recent study reported by P.G. Welch et al., where the
spin dynamics of the Heisenberg pyrochlore anti-
ferromagnet Gd,Pt,0 was unraveled (Welch et al.
2022). Furthermore, Gd** displays, along with Tb*,

one of the greatest effective magnetic moments (4,4

=7.94u5), which constitutes another asset to deter-
mine subtle modifications in the interaction among
the magnetic moments. This has been useful, for
instance, to reveal the existence of two-length scales
reported for nanocrystalline Gd (Dobrich et al. 2009),
or, more recently, to reveal how the RKKY magnetic
interactions were altered by the size reduction (Jefre-
movas et al. 2020b). In this latter work, Jefremovas
et al. have determined 24 nm to be the limit size for
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the bulk AF state to survive within the nanoparti-
cle core, together with a surface SG phase, building
the so-called superantiferromagnetic (SAF) state.
The RKKY interactions of smaller nanoparticles are
unable to establish a collective AF ordered state,
and a Super Spin Glass (SSG) arrangement is settled
instead. This lead GdCu, to display a particular mag-
netic order/disorder configuration depending upon
the nanoparticle size. Indeed, a detailed study of the
underlying spin dynamics is key to understand the
modifications of the RKKY exchange interactions at
the nanoscale.

Hence, in the present work, we carried out
dynamic y, susceptibility measurements, both in the
temperature and frequency domains (7,f), and in the
time domain (f), to unravel the nature behind the mag-
netic order/disorder phases found in GdCu, MNPs.
Complementary, specific heat ¢, measurements were
analyzed to better determine the nature of the mag-
netic transitions. The present characterization is not
so commonly found in the literature, and supplements
the static picture of the magnetic properties of GdCu,
MNPs reported in Jefremovas et al. (2020b).

Experimental details

Polycrystalline GdCu, pellets have been obtained in
an arc furnace (MAM-1, Johanna Otto Gmbh) under
an Ar atmosphere (99.99%). The resulting pellet was
crushed, sealed-off under Ar pressure (99.99%) to
avoid the oxidation, and grinded for times ranging
between 0.5 and 5 h in a high-energy planetary ball
mill (Retsch PM 400/2). By doing so, we produced
6 different ensembles of MNPs, with average crys-
tal sizes of 40, 32, 25, 18, 10 and 7 nm (Jefremovas
et al. 2020b). A correspondence between the average
crystal size and the mean nanoparticle size can be
made taking into account a factor 4/3 (Guinier 1994).
Therefore, the corresponding mean nanoparticle sizes
are 53(5), 43(5), 33(5), 24(2), 13(1) and 9(1) nm.

The magnetic characterisation was performed by
means of dynamic y,(t.f,T) (time, frequency and
temperature, respectively) measurements. These
were carried out in two QD-MPMS (SQUID) mag-
netometers, one of which is located at the Uppsala
University (Sweden), and the second one, at the
Universidad de Cantabria (Spain). The ensembles
of MNPs were measured in different temperature
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ranges between T =5-300 K. Oscillating fields uyh
=0.1 and 0.313 mT, and frequencies ranging from
0.17 Hz to 2 Hz were employed. To probe memory
effects and ageing phenomena, several protocols
can be found in the literature (Nordblad and
Svedlindh 1998; Jonsson et al. 2000; Jonason et al.
1998; Joshi et al. 2020; Svedlindh et al. 1992).
Here, we have probed both time-dependent phe-
nomena by tracing the out-of-phase y’' component
of the dynamic y,. susceptibility, as it allows to
detect in more detail the subtleties concerning the
spin dynamics (Nordblad and Svedlindh 1998;
Svedlindh et al. 1992; Jefremovas et al. 2022).
Shortly, memory effects have been probed from the
difference between the out-of-phase y’' component
measured (i) during cooling ( )(Z:; aling)’ and (ii) upon
n”

warming (y ). There is a difference between

warming
the measuring protocol used while cooling and
warming. This way, during the cooling, a stop is
made at 7,,, =15 and 30 K for 7 > 10% s. During this
time, the system gets aged, and a particular spin
disorder configuration (domain) can be settled.
Then, the warming curve is measured without mak-
ing any stop. The memory effect is then evidenced
by the occurrence of a drop in y!" yming — " oling
temperatures slightly below 7,. Coming to the age-
ing phenomena, these can be easily detected by the
inspection of the y” vs. r dependency. Moreover,
the robustness of the SG-like frustrated interactions
has been further investigated by applying a temper-
ature cycling protocol. This consists of measuring
the y” vs. t dependency at a certain temperature T,
within the SG phase (in our case, T, ~ 0.87,) for a
sufficiently long period of time (r ~ 10* s). After the
waiting time, the temperature is raised to 7, + AT.
In the case of the present work, AT was selected
such that 7, + AT was 0.857, and 1.17,. Then, the
temperature is lowered back to T, and x"(t) is
measured again for 7 ~ 10*~10° s. This cycling pro-
tocols mimics the one reported in
?svedlindh1992time,ageing_Eli ().

Finally, heat capacity (c,) measurements were
performed using a QD-PPMS instrument (Uni-
versidad de Cantabria) in the temperature range T
=2-300 K. The measurements were collected in
the absence of magnetic field. Measurements were
performed following the relaxation method (Bach-
mann et al. 1972), and the data analyses follows the

surface-core separation already detailed in Jefremo-
vas et al. (2021, 2022).

Results and discussion
Dynamic magnetic susceptibility vs. temperature

Figure 1a and b showcase the y,(T) components (in-
phase y’ and out-of-phase y"’, respectively) measured
at the frequency of f =0.17 Hz for the 6 ensembles
of MNPs. There, the occurrence of a cusp in both
in-phase (Fig. la) and out-of-phase components
(Fig. 1b) is clearly noticeable in the low-temperature
region (T < 25 K). This has been interpreted as the
onset of a SG-like phase, whose freezing dynamics
has been characterized in great detail in Jefremovas
et al. (2020b). Therefore, from herein, we will focus
on the high temperature region, i.e., the one close to
the Néel transition.

Therefore, in Fig. 1a, a peak associated with the
AF transition is found at Ty = 40.2 K for MNPs larger
than 24 nm, being absent for the smallest ones (13
and 9 nm). The temperature value of this peak does
not evidence a size-dependence, as expected (Coey
2010). Paying attention now to the out-of-phase
component displayed in Fig.1b, additionally to the
onset of a low-temperature peak (7, ~ 18 K), linked
to the SG phase, a dissipation contribution is clearly
detectable in the temperature range between 30 and
40 K, but only for the case of (D)> 24 nm MNPs.
More precisely, this dissipation takes the form of two
humps, located at T, =33.5(5) K and T;,, =40.0(5)
K for all these superantiferrromagnetic (SAF) MNPs.
The peaks broaden and reduce in magnitude with the
size reduction, being completely wiped out when the
limit size for AF order to remain is overcome (i.e.,
below 24 nm). The observation of dissipation con-
nected to AF order is totally unexpected, as these
should not exhibit, in principle, any contribution
to the out-of-phase component (Coey 2010). There
is, however, one scenario where dissipation can be
expected for AF MNPs, and it is found within the
context of uncompensated magnetic moments asso-
ciated to antiferromagnetic domains. This interpreta-
tion follows the same ideas previously proposed for
NiO AF grain boundaries (Takano et al. 1997), and
it is congruent with the static My -(H) characteriza-
tion described in Jefremovas et al. (2020b), where the
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Fig.1 a) (b)) In-phase (out-of-phase) components, measured
at f=0.17 Hz and # =0.131 mT, normalized by the in-phase
(out-of-phase) value attained at the freezing (glass) transition.
It is worth noting in b) the presence of 7, =~ 33.5 K and 7,
~ 40 K peaks, additionally to the one of T, ~ 18 K ascribed

evolution of the coercive field H- with MNP size (D)
reached a maximum for 24-nm-sized MNPs. A sim-
ple estimation based on the AF unit cell, which com-
prises 3 crystallographic-ones along b direction (Rot-
ter et al. 2000a), leads to an AF correlation length
of 3b ~ 2.1 nm. Hence, the 24-nm-sized MNPs, for
which a core size of (D) ~ 20 nm can be estimated
(Jefremovas et al. 2021, 2022; Rojas et al. 2007), are
large enough to host up to 11 complete AF unit cells
and the AF grain boundaries within. The fact that this
dissipation takes the form of two well-defined and
separated cusps is in further agreement with the AF
structure of GdCu,.

According to neutron diffraction and muon spec-
troscopy resonance analyses (Rotter et al. 2000a;
Gygax et al. 2002; Rotter et al. 2000b), GdCu,
arranges into a commensurate AF structure carrying
non-collinear cycloidal propagation. There are two
different domains possible, one with a left-handed
and another with a right-handed cycloid. Each of
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to the freezing transition. ¢) depicts evolution of the y” vs. T
measured at f between 0.17 and 510 Hz for the 33-nm-sized
SAF MNPs. d) displays the non-linear y; component measured
up to 55 Hz for the SAF 33-nm-sized MNPs. Note that, in ¢)
and d), the susceptibility units are 4 emu/gOe

these two domains should carry frequency-depend-
ent dissipation, a fact that can be observed in Fig. 1c
for the 33-nm-sized MNPs, as there is a progressive
decrease of the y” component at T, and T, with
increasing f. Furthermore, the trace of a high-temper-
ature double-peak signature is also traced by the non-
linear y; response, included in Fig. 1d. The lack of
these two peaks also in the non-linear response cor-
responding to the SSG MNPs (13- and 9-nm-sized)
necessarily connects this high-temperature dissipa-
tion to the AF structure.

Time-dependent phenomena: memory effects and
ageing

Ageing and memory effect phenomena are intimately
connected to the out-of-equilibrium dynamics of non-
ergodic systems (SGs), thus proving the existence of
highly correlated RKKY-frustrated spins (Svedlindh
et al. 1992; Nordblad and Svedlindh 1998; Jonason
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Fig.2 a) Out-of-phase y” component of GdCu, 33 nm
measured at f =0.2 Hz. Note the y” units are expressed in u
emu/g-Oe. Memory effects are evidenced by the drop in the
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played in the bottom inset, which also includes the differ-

ence corresponding to 24-, 13- and 9-nm-sized MNPs. The
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et al. 1998; Binder and Young 1984; Jonsson et al.
1995; Mydosh 2014). Figure 2a depicts the tempera-
ture dependence of out-of-phase component, meas-
ured while cooling down and letting the system stay
at T, = 15 and 30 K for 7 > 10% s; and upon warming
without making any stop. The inspection of the
)(:V’arm[ng -z oling difference showcased at the bottom
inset allows to clearly detect memory effects below T’
<15 K, as a drop in the difference is observable at
temperatures below T, = 0.83 7, =18 K. This effect,
which is triggered by the out-of-equilibrium dynam-
ics ascribed to the freezing transition, shows up for all
MNPs except for the 53- and 43-nm-sized ones. The
lack of memory effects at the larger MNPs reveals
that the AF-coupled core is still robust towards the
magnetically frustrated surface phase. By comparing

the drop in the ;(V’V’urming - )(c,':)oling difference, two dif-
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effects. The top inset displays the y” vs. ¢ curves recorded at
T,, =30 K. b) and ¢) display the cycling protocol results of
33-nm-sized and 9-nm-sized MNPs, respectively. The relaxa-
tion is measured with f =0.2 Hz at T,, =15 K before and
after the temperature cycling. It can be seen that the SG state
is completely reborn when the rise is of T, + AT =1.067,
in both MNP ensembles. Inset in ¢) compares the relaxation
measured at T, = 12, 15 and 18 K for the 9-nm-sized MNPs

ferent trends can be deduced: (i) for the SAF MNPs
(33 and 24 nm), the size reduction seems to reduce
the memory effects, as the ;(V’V’arming - X oling differ-
ence is broader for the 18 nm ensemble as compared
to the 33-nm-sized one. This is congruent with the
stated more robust SG phase of the 33-nm-sized
MNPs (Jefremovas et al. 2020b), as the RKKY
exchange interactions are less affected by the micro-
strain. Then, once the AF order is destroyed, and a
SSG state is settled, (ii) memory effects get more
intense as the nanoparticle size is reduced. Accord-
ingly, the SSG MNPs (9-nm-sized) display stronger
memory effects than those showcased by the 13-nm-
sized ones. Both SSG ensembles display stronger
memory effects compared to the SAF ensembles.
This can be deduced from the sharpness of the

" n : :
Xrvarming ~ Xcooling drop. Moreover, the inspection of
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the top-right inset in Fig. 2a evidences the lack of a
clear time-dependence associated to the high temper-
ature dissipation (compare with Fig. 2b and c, where
the time-dependence obeys the expected decay for
spin glasses at several T,, < T,). This backs up the
idea of a non-frustrated disordered phase, which is
congruent with uncompensated AF moments, as it
has been explained in the previous section.

In order to test the robustness of the SG phase,
temperature cycling have been performed. To this aim,
the MNPs were aged for ¢ ~ 103 s at Tag = 15 K. Then,
the temperature was rose to Tag + AT ~ 0.88, 0.97 and
1.06 7, and cycled back to T,,. Immediately, the mag-
netization was recorded for ¢ ~ 10* s. Figure 2b and ¢
show results for these measurements performed in 33
nm (SAF) and 9 nm (SSG) sized MNPs, respectively.
As it can be seen, both MNP ensembles achieve a com-
pletely reborn SG landscape (rejuvenation) when the
cycling step is performed above T, (T + AT > 1.067),
as the ¢’ post-cycle (1> 10% s) is equal to the former y”
pre-cycle (¢ =0s). Also, in both MNP ensembles, the
smaller the AT, the slower the relaxation towards equi-
librium, which indicates that larger free-energy barriers
are built. This reveals that the domains of correlated
spins are larger (Jonason et al. 1998).

If we stick close to the rejuvenation limit by paying
attention to the cycle performed at T + AT =0.97T,,
it can be observed how, despite the different global
states (SAF and SSG), the SG freezing dynamics cor-
responding to 33- and 9-nm-sized MNPs behave in a
very similar fashion. In this way, the y”/y"(t = 0)
value at both 33 nm and 9 nm MNPs after the temper-
ature cycle is around y" / ¥"(t = 0) =0.98, whereas it
is already y”/y"(t = 0) =1 (fully recovered) for 24-
and 13-nm-sized ones (not shown). This implies that
the domains built for the former (33 and 9 nm) are
larger, as the particular SG configuration is not com-
pletely reborn after the cycling. The reason beneath
this feature further supports the static picture, from
which it was deduced that the most interacting SG
phase is settled for 33-nm-sized MNPs (Jefremovas
et al. 2020b). Once the SSG state is established, the
smaller the MNPs, the more robust the frustrated
interactions among the spins.

Specific heat measurements

Specific heat analyses have been carried out separat-
ing the contributions stemming from the core and
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the surface, following the same procedure as the one
published in Jefremovas et al. (2021, 2022). To this
aim, the experimental specific heat cp is assumed to
be the result of the lattice contribution c¢;,,;., (formed
by the addition of the electronic and the phononic
ones, i.e., ¢, + ¢), plus the magnetic ¢,,,,. In the
case of GdCu,, since Gd>* are S-state ions, no crys-
talline electric field (CEF) contribution is present in
the GdCu, specific heat. Each core and surface con-
tributions are weighted by the geometrical core and
surface-to-volume ratios, respectively, which have
been estimated in the same way as in precedent works
(Jefremovas et al. 2021, 2022). Accordingly, the core
and surface contributions are N, =2.0 (33 nm), 1.0
(13 nm) and 0.9 (9 nm), and N, =3 — N, respectively,
as the number of atoms is N =3). Therefore, the spe-
cific heat is modeled following:

T\ r05/T 4
e = Nelre- T+OR( ) [ 2255+

N 1
+Ns[n . T+9R(§)fg””dx et ] ey

(=12

Following this procedure, the green line in Fig. 3a rep-
resents the obtained ¢, for 33-nm-sized MNPs. Val-
ues of y =6.7 (2) mJ (molK?)! and 07, =277(3) K have
been obtained for this particular size, which agree well
with the ones obtained for bulk alloy (not shown), and
reported for polycrystalline bulk GdCu, (Podgornykh
and Kourov 2007). The obtained y* and 0}, values for all
the MNP sizes are listed in Table 1. There, it can be seen
that both parameters increase with the size reduction, a
fact that can be understood according to the increasing
surface disorder and surface-to-core ratio.

The inset of this figure shows the magnetic entropy
Spag against the temperature. This S§,,,, has been

mag
obtained according to:

300,
§P = "8 T 2
ma / LT @

The experimental magnetic entropy (18 J/mol-K)
and the calculated Sf:’;g(3001() =R[InQ2J + D] =
17.29 J/mol-K are in good agreement. The value of
Spnare is already ~ 18 J/mol-K at 7'=100 K. This indi-
cates that the energy levels are fully populated at a
lower temperature than expected. This trend, which
holds for all the GdCu, MNPs, may be indicative
of the existence of quadrupolar and/or higher order
interactions (Luong and Franse 1995; Morin and

Schmitt 1990).
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Fig. 3 a) Measured specific heat (orange) together with the
Clanice (green) and the c,,,, contributions for GdCu, 33 nm
MNPs. The inset includes the magnetic entropy corresponding
to this MNP size, where it can be seen that saturation is almost

Table 1 Values for surface Sommerfeld coefficient y°, Debye

Temperature, 9;, and N, ratio, for GdCu, 33-, 13- and 9-nm-

sized MNP ensembles, obtained according to Eq. 1

(D) (nm) 7’ (mJ mol~' K~?) 65, (K) N,
33 15.8(1) 144(1) 2.0
13 26.1(6) 238(1) 1

9 33.9(1) 265(2) 0.9

Figure 3b depicts the c,,,, vs. T dependency for
bulk, 33-, 13- and 9-nm-sized MNPs. It is worth not-
ing the two sources of c,,,, evidenced by the bulk and
33-nm-sized alloys. Accordingly, the AF-coupled
magnetic moments give rise to a A-like peak anomaly,
located at T ~ 40 K. This contribution should show
a slight left-shift with the size reduction, owing to
the reduction of the amount of AF-coupled moments
(Garcia-Saiz et al. 2014; Chevalier et al. 2006).
Nevertheless, no shift is found in our GdCu, alloys,
as it was also the case of the M -(T) curves shown
by Jefremovas et al. in (2020b). This underlines, in
agreement with the dynamic y,(t,f,T) characteriza-
tion, the robustness of the AF order. Additionally to
the AF 1-anomaly, at temperatures below T, a broad
hump, which can be ascribed to a Schottky-like con-
tribution (Gopal 2012), emerges for these bulk and
33-nm-sized MNPs. In the present case of GdCu,,
the occurrence of this Schottky contribution should

T (K)

achieved around Ty =40 K. b) ¢,,,, contribution corresponding
to bulk, 33-, 13- and 9-nm-sized MNPs. Inset zooms the region
surrounding the hump contribution to c,,,,. All the measure-
ments have been performed under no external applied field

be ascribed to the Zeeman splitting of the eightfold
degenerate energy level, rather than to CEF effects (as
Gd*" is L = 0) or spin wave propagation (Luong and
Franse 1995; Luong et al. 1985). Furthermore, the
fact that the excess of c,,,, drops to zero for T > Ty
rules out the possibility of a CEF-motivated contri-
bution to ¢, (Gopal 2012), and it is congruent with
the results reported for GdCu, single-crystal (Koy-
anagi et al. 1998) and for GdCu, bulk antiferromag-
nets (Podgornykh and Kourov 2007). Both contribu-
tions (AF A-anomaly and Schottky contributions)
are so close to each other that they overlap, resulting
in a single broad cusp, rather than in two separated
signatures.

On the other hand, the ¢, (7) dependency of
the SSG 13- and 9-nm-sized MNPs evidences a
broad cusp at T ~ 31 (13 nm) and T ~ 27 K (9 nm),
with a tail (asymptotic decrease to zero of the c,,,,)
that extends up to 7 ~ 100 K. The cusp intensity is
reduced with respect to the one of bulk and 33 nm
MNPs, and it is also found at lower temperatures.
The interpretation of the c,,,, of these SSG MNPs
is very alike to the one already commented for bulk
and 33-nm-sized MNPs. Even though the AF interac-
tions are not strong enough to give rise to a collective
well-defined ordered state within these SSG MNPs,
they still exist within the sample, as they are a basic
requirement for magnetic frustration (Mydosh 2014).
Consequently, it could be possible that some regions
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of the MNPs give rise to an effective local field,
which splits the multiplets (Zeeman splitting), result-
ing in a contribution to Conag: Of course, as the AF
order interactions are further diminished by reducing
the MNP size (increasing disorder), this splitting gets
smaller, thus, the hump shifts towards lower tempera-
ture value. Finally, the c,,,, asymptotically decreases
to zero, a fact that contrasts with the drop observed
for bulk and 33-nm-sized MNPs. This tail shall be
ascribed to the SG-frustrated moments, which may
give rise to (tiny) contributions to the specific heat
at higher temperatures (Martin 1979; Mydosh 2014;
Gopal 2012; Arons et al. 1994).

Conclusions

The dual magnetic disorder dynamics in ensembles of
GdCu, magnetic nanoparticles (53- to 7-nm-sized) has
been unraveled. On the one hand, at low temperature
(T, <18 K), an interacting SG phase is well-established,
evidencing rejuvenation and memory effect phenom-
ena. This frustrated phase comes as a result of the size
reduction to the nanoscale, driven by (i) the surface frus-
trated moments for the case of SAF nanoparticles (53-,
43-, 33- and 24-nm-sized), and (ii) the whole nanopar-
ticle, for the case of SSG-ones (13 and 9 nm). On the
other hand, a high temperature (7,,; ~ 33 K and 7, ~
40 K) non-frustrated disordered phase has been found
only for the SAF nanoparticles. This dissipation, which
does not evidence a time dependency of the AC suscep-
tibility, and therefore magnetic ageing, is not present for
the SSG nanoparticles. This necessarily connects the
high-temperature dissipation to a disorder driven by the
uncompensated AF moments, found at the AF grain
boundaries. The observation of two cusps for this high-
temperature disorder is intimately related to the cycloi-
dal propagation of the GdCu, magnetic structure, which
includes left and right-handed domains. Our results
demonstrate the importance of ageing and specific heat
as powerful tools to unravel the subtleties concerning the
spin dynamics in magnetic GdCu, nanoparticles.
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