Magnetic phase diagram of superantiferromagnetic TbCu, nanoparticles
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The structural state and static and dynamic magnetic properties of ThCuz nanoparticles are
reported. The nanoparticles were produced by mechanical milling under inert atmosphere with
low milling times < 15 hours. The randomly dispersed nanoparticles as detected by TEM retain
the bulk symmetry with an orthorhombic Imma lattice and Tb and Cu in 4c¢ positions. Rietveld
refinements confirm that the milling produces a controlled reduction of particle sizes reaching down
to ~ 6 nm and an increase of the microstrain ~ 0.6 %. The DC-susceptibility shows a reduction
of the Néel transition (from 49 K to 43 K) and a progressive increase of the spin glass peak (from
9 to 15 K) in the zero field cooled magnetization with size reduction. The exchange anisotropy is
very weak (bias field of ~ 30 Oe) and is due to the presence of a disordered (thin) shell coupled
to the antiferromagnetic core. The dynamic susceptibility evidences a critical slowing down in the
spin disordered state with a tendency to increase of zv and ( exponents when the size becomes
smaller (zv ~ 6.6 and 3 ~ 0.85). A Rietveld analysis of neutron diffraction patterns 1.8 < T < 60
K including the magnetic structure determination reveals that there is a reduction of the expected
moment (~ 80 %) which must be connected to the presence of the disordered particle shell. The
core magnetic structure retains the bulk antiferromagnetic arrangement. The overall interpretation
is based on a superantiferromagnetic behavior which at low temperatures coexists with a canting of
surface moments. We propose a novel magnetic phase diagram as a function of the particle size.

PACS numbers: 75.75-¢,75.50.Lk,75.25.-j

I. INTRODUCTION

The research on magnetic nanoparticles (NPs) has be-
come ubiquitous over the last years due to the rich mag-
netic phenomena arising from the combination of three
key factors: 1) magnetic single domains, ii) surface spin
canting enhanced by the ultrafine size of the particles,
and iii) the magnetic interactions due to the presence of
other particles at distances in which dipolar and/or in-
direct exchange interactions may be acting.’? On top of
this evident attraction, there is an obvious technological
transfer acting as a substantial driving force, related es-
pecially to bioscience and environmental applications.?™”

The basic understanding of those i)-iii) factors is al-

ready achieved.!? Yet, there is a great deal of atten-
tion (and a lack of quantitative evidence) on the fact
that whenever the magnetic NPs increase their concen-
tration in a given system, new global magnetic phenom-
ena flourish. In this situation, the NPs no longer be-
have independently with a supeparamagnetic (SPM) re-
laxation. These phenomena have been successfully in-
tegrated within the term of Supermagnetism, and in-
clude three different magnetic states: a collection of
frozen magnetic NPs in a superspin glass state (SSG), or
the superferromagnetic (SFM) or superantiferromagnetic
(SAFM) coupling between the particles.® A vast major-
ity of the latter field of research has been approached by
analyzing the family of 3d-transition metal compounds



in the form (mostly) of Fe-oxides and Fe NPs forming
different nanostructures.? ' Their production routes are
various, and the basic characterization is relatively easy
to achieve. From a different perspective, most of the
work has been concentrated on ferromagnetic (FM), or
ferrimagnetic (FiM) NPs, whereas the work with antifer-
romagnetic (AFM) NPs provides a valuable information
of the particle shell and surface interface.!?715

In such context it is surprising that the other fam-
ily of magnetic compounds based of /f-elements (Rare
Earth = R) has been barely analyzed at the nanoscale.
It is true that efforts to improve and tailor the proper-
ties of permanent magnets have been pursued seizing the
control of optimized nanometric structures.'® In metallic
state, bulk magnetic /f-alloys have constituted a prof-
itable playground to study the magnetic interactions me-
diated by the indirect (RKKY) interaction and the effects
of the crystalline electric field.!” Attention to the size ef-
fects is possible in RXs (X = metal) alloys and there is
a dire need to deepen in such direction.'?18-22 The main
advantages of studying these alloys are the strong vari-
ation of the magnetic coupling with the change of both
the R and the X atoms, for which there is an established
background in bulk alloys.!”

To this end, it is recommendable to select simple 4f-
alloys of which the bulk magnetic properties are known
in detail. Equally, simple crystallographic structures are
preferred (as in RX5), displaying high magnetic moments
easy to detect (Th-based) and the non-trivial fact of dis-
playing ordering temperatures below RT. The latter is
not a nimble issue as it entails the study of finite size in-
fluence in the transitions, precisely related to Supermag-
netism. Hence, the most outstanding works on magnetic
R X5 have been primarily focused on the characterization
of, amongst others, GdAly and TbAl;y ferromagnets. In
this sense, several reports have revealed the size-effects
on the magnetic properties of GdAl,'®'? showing that
the ferromagnetic transition (T¢ ~ 170 K) is weakened,
leading to the appearance of a transition to a spin glass
(SG) at a lower, so-called, freezing temperature (T ~ 65
K). The same consequence due to the mechanical milling
was found for ThAly; the ferromagnetic transition at T
=105 K tends to be wiped out with milling time, favoring
a SG behavior, with Ty ~ 45 K.2°

The R-nanomaterials mentioned above present a core
with FM ordering, but size effects have also been ex-
plored in R-nanometric alloys with AFM interactions,
such as TbCus. A previous work accounted for the
change from an AFM transition at Ty = 48 K to a SG
behavior Ty ~15 K when bulk TbhCuy was mechanically
milled up to 20 h.2! In bulk state, ThCuy crystallizes in
the Imma symmetry (orthorhombic, CeCua-type crystal
structure) and orders at Ty = 48 K with a collinear AFM
structure.?® Seizing the particle size (D) as the driving
variable to induce magnetic moment rearrangements, the
existence of a macroscopic AFM with a reentrant SG
state in nanosized ThCuy (for milling times, ¢, below 20
h, 2 h milled alloy) was very recently reported.!?

In the present work we disclose the evolution of the
magnetic behavior of the bulk material (AFM) to the
SG behavior in 7 milled alloys, forming an ideal series to
establish trends. This will be accomplished by selecting
the (nano)particle size as the driving parameter. The
article will present and discuss a structural characteri-
zation (Section III) followed by a macroscopic analysis
of the static (Mp¢) and dynamic susceptibilities (xac)
(Section IV.A and IV.B). The microscopic understand-
ing is supported by the magnetic Rietveld analysis con-
ducted in low temperature neutron diffraction (ND) ex-
periments, which are presented in Section IV.C. A mag-
netic phase diagram will be presented in the Discussion
Section (IV). Finally, we summarize our main findings in
the last section.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of ThCuy were alloyed in an
arc furnace, under an Ar atmosphere, from stoichiometric
amounts of Thb(3N) and Cu(5N) metals obtaining large
quantities of alloy (= 5 g). Resulting metals were an-
nealed for 5 days at 750 °C, in vacuum (=~ 10~ mbar)
in order to improve the crystallinity and ensure a good
homogenization of the samples. Later on, the samples
were crushed and milled in a high-energy planetary mill,
at a rotation speed of 200 rpm. The initial powders were
placed in tungsten carbide containers using a ball/sample
weight ratio 12:1. These containers were hermetically
closed in the glove box in an Ar (99.99%) atmosphere to
minimize the powder oxidation. The milling procedure
was carried out following successive steps of 5 minutes of
clockwise and anti-clockwise rotation with a 5 minutes
intermediate stop.

Amounts of material were removed after certain milling
times (¢t = 0.5, 1, 2, 3, 5, 10, and 15 hours) to gather
experimental data, as it will be explained in the follow-
ing sections. X-ray diffraction (XRD) was performed at
room temperature, using Cu-K, (A = 1.5418 A) and
Mo-K, (A = 0.7107 A) radiations. Transmission elec-
tron microscopy (TEM) was performed to check the
nanocrystalline arrangement in a Jeol 2100 microscope.
DC and AC magnetic susceptibility measurements were
performed in a Quantum Design PPMS, thanks to the
large Tb-signal, in the temperature range 2-300 K. For
the static DC magnetization, H < 90 kOe were used.
AC-susceptibility data were obtained with an oscillat-
ing field h = 1 Oe and frequencies (f) 66 Hz < f <
10 kHz. Neutron diffraction spectra were collected at
G4.1 instrument, located in Leon Brillouin Laboratory
(France), using a wavelength \ = 2.423 A and at differ-
ent temperatures between 1.5 K and 300 K. The spectra
were taken during 8 hours/temperature to get a high sig-
nal/noise ratio, with a remarkable amount of nanometric
sample around 2 g.
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FIG. 1: (Color online) XRD patterns obtained with Cu-Kq
radiation, for bulk (0 h) and milled ThCusy alloys. Patterns
have been shifted up for clarity. Inset: TEM image of a col-
lection of nanoparticles in ¢ =10 h alloy

III. STRUCTURE OF NANOPARTICLES

XRD patterns are shown in Fig. 1. A broadening of
the peaks is observed as milling time increases; a sign
witnessing that D decreases with longer grindings.?%-24
The visualization of XRD patterns of Fig. 1 indicates
that it is only reasonable to determine the particle size,
from the Cu-K, XRD, for ¢t < 5h, as for t > 5 h the
patterns show very broad peaks and a halo due to the
amorphization of ThCuy appears between 30° and 50°.
Inset of Fig. 1 shows a representative TEM image of
t = 10 sample. Spherical NPs are visible and the size
distribution gives Drgay = 6.1(3) nm. The NPs dis-
tribute randomly, as was found for t = 2 h alloy.'? The
XRD patterns have been refined by the Rietveld method
(FULLPROF suite®>) employing the resolution function
with a LaBg calibration. The fits were carried out using
a Thomson-Cox-Hastings function, allowing the simul-
taneous calculation of particle size (D) and strain (7).
Main structural parameters are summarized in Table T
and show that very low milling times (¢ < 1 h) to ensure
nanometric particle sizes.

The Rietveld analysis of the diffractogram of the bulk
alloy is consistent with a single phase of an orthorhom-
bic CeCus-type structure with unit cell parameters: a =
4.3165(1)A, b = 6.8323(3)A and ¢ = 7.3202(3)A. These
cell parameters are in very good agreement with those
found in bulk ThCus.'?2! Atomic positions influencing
the intensity of diffraction peaks are Th 4c¢ and Cu 4c.
The Rietveld refinement of the 1 h milled alloy is shown
in Fig. 2, as a case example. The evolution of the lattice
parameters (Table I) indicates that the volume increases
around 1 % for the 0.5 h milled alloy. Subsequently there
appears a progressive decrease towards the bulk values as
it were occurring a lattice metallurgical relaxation.

Although the change of the cell parameters with grind-
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FIG. 2: (Color online) Rietveld refinement of the Cu-Ko XRD
pattern of the 1 h milled alloy (at 7' = 300 K). The theoretical
calculation is depicted as a continuous (black) line and the ex-
perimental data as points (in red). The (blue) line below the
spectra represents the difference between the calculated and
experimental patterns. Inset: Brisk particle size decrease (D)
with milling time. Single-domain nanoparticles are already
obtained with only ¢ = 1 h. The microstrain 7 increases as a
result of milling.

ing time (Table I) is less than 0.5 % at a local range, it
is true that the polycrystalline state is affected by the
grinding. This is deduced by considering the increasing
values for 7, reaching around 0.6 % (see inset of Fig. 2).
Such an increase is a typical result in milled alloys, and
is a basis to demonstrate that some atoms become crys-
tallographically disordered.?!:?* Regarding the size vari-
ation, the milling process results in nanometric particles,
as discussed in previous works.!?2! The D(t) and n(t)
behaviors are similar to those observed in other 4f-182!
and 3d-Cu?% based planetary-milled alloys, and the only
most noticeable difference is, as it has been commented
above, the reduced time required to achieve nanometric
particle sizes. For example, t = 300 hours for D = 14 nm
TbAl,2!, t = 120 hours for D = 21 nm GdAl'8 and t =
20 hours for D = 18 nm YbAI3?4, while for ThCus only
t = 0.5 h were necessary to reduce particle size down to
D = 23 nm. It is clear to observe, in inset of Fig. 2,
that the D(t) curve is saturated with grinding time (¢ 2
5 h), and so, ThCus particles with D < 5 nm cannot
be obtained by planetary milling. In addition, the XRD
patterns become less defined for ¢ > 5 h, hampering the
interpretation of results. Thus, in the following, we will
pay more attention on the ¢ < 5 h alloys.



TABLE I: Orthorhombic cell parameters a, b and ¢; size D and strain n of particles at different milling times (¢), obtained by
Rietveld refinement, with different wavelengths (Cu- or Mo-K, radiations), at room temperature. Standard Bragg errors are

denoted by Rp.

t(h) Radiation a (A) b (A) ¢ (A)  D(nm) n(%) Rp (%)
0 CuK. 4.3165(1) 6.8323(3) 7.3202(3) - - 231
05 CuK, 4.3292(5) 6.8537(9) 7.3332(9) 23(1) 0.1(1) 20.5
1 Cu-Ko 4.3237(7) 6.846(1) 7.319(1) 14(1) 0.2(1) 16.1
2 CuK. 4.322(1) 6.822(1) 7.313(2) 8(1) 0.3(1) 163
3 CuK. 4.318(2) 6.835(3) 7.329(4) 7(1) 0.4(1) 215
5 Cu-Ko 4.320(3) 6.846(5) 7.358(6) 6(1) 0.4(1) 21.2
10 Mo-K. 4.306(2) 6.863(2) 7.391(3) 5(1) 0.7(1) 10.8
15 Mo-K., 4.312(2) 6.8600(2) 7.327(3) 6(1) 0.6(1) 18.0
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crease of particle size gives rise to an enhanced SG tran- . .
sition around 15 K. Its magnitude follows the opposite 0 20 60 80
tendency to that just described for the T peak. In con- T (K)

sequence, both transitions are clearly correlated between
each other and the particle size. FC curves were also
recorded and, as an example, the FC variation is shown
for t = 3 h, to confirm the existence of irreversibility,
typical of disordered magnets.

Lets us now focus on the surroundings of the AFM
peak transition. Above the transition temperature Ty,
the samples are in a paramagnetic state, where they obey
a Curie-Weiss behavior (both insets of Fig. 3). The
bulk sample has an effective moment of 10.04(1)up and a
Curie-Weiss temperature 8, = -7.2 (2) K (therefore, anti-
ferromagnetic). However, when we grind our sample for
up to 15 hours, the Curie-Weiss temperature increases
up to 6, = 11.1(2) K (hence, no longer only antiferro-
magnetic) and the effective moment remains more or less
the same (1 = 9.92(1)up), close to the calculated (Hunds
rules Th, J = 6) effective moment (9.72 pup).2” This is
pointing out a tendency to favor slowly a positive ex-
change coupling.

The observation of Fig. 3 unveils the marked decrease
of Ty with decreasing particle size. For D ~ 7 nm,
ATy /Ty = —0.2, which is an extremely large variation
for the critical temperature. Effectively, in ferromag-
netic TbAly nanometric alloys, AT¢ /T =2 —0.06 (reach-
ing there D = 14 nm) which is an order of magnitude
smaller.?? The variation of the ordering temperature with
size is still relatively controversial. In MnFe;O,4 ferrimag-
netic NPs, AT¢ /T =2 0.02, thus the T increased with

FIG. 3: (Color online) ZFC curves (DC-susceptibility) for the
bulk and the milled samples, at H = 1000 Oe. The FC curve
is included for ¢ = 3 h to observe the irreversibility. The
evolution from AFM to SG can be observed; for the t > 5 h
milled alloys, almost no AFM signal is found. Inset: Curie-
Weiss behavior at T' > T for t = 5, 15 h.

decreasing size due to the interactions with the particle
coating.?® Later it was reported that there is a Te(D) re-
duction, relative to the bulk, as size was decreased.?%30
Still, there are not many previous experimental reports
as the ordering temperatures are frequently above room
temperature.

Turning our attention to the low temperature freezing
temperature, there is a ATy/Ty = 0.28. To investigate
the possible size dependence, one can think of a power-
law variation. A pure Ty oc D~1 dependence would re-
flect a surface/volume direct correlation, However, our
value is different from exponent -1 and this would indi-
cate the need for another factor acting in the freezing
process. A sensible ingredient explaining that is the in-
crease of interfacial effects among the NPs, provoking an
enhancement of the magnetic spin disorder at the surface
of the nearby particles.

In Fig. 4, the general Mpc(H) behavior of the ThCus
nanoparticles is examined. The data have been recorded



up to H = 80 kOe. On the one hand, the metamag-
netic transition present in the bulk alloy?!3! is progres-
sively reduced with the milling, being wiped out for ¢ >
3 h. This presence of the AFM state is confirmed by
the variation of the Arrott plots (see bottom inset of
Fig. 4), with a characteristic bending. Secondly, the
magnetization value follows two tendencies: for ¢t < 3
h, the M(H = 80 kOe) becomes reduced, but then for
the longer milling time alloys, the magnetization tends
to recover a larger value reaching around M 25 up/Th.
This recovery should be connected to the influence of a
growing FM coupling at the interface. The lack of satura-
tion deserves two comments: firstly there is an intrinsic
high anisotropy in the bulk alloy®' and, secondly, it is
a common finding in magnetically disordered materials
(including magnetic nanoparticles) as a consequence of a
surface moment canting.20:32:33

Now we focus on the Ho (D) variation. Conventional
AFM compounds should not display coercivity. Hence,
in disordered systems, the competing AFM/FM interac-
tions when passing across the freezing transition result in
an intrinsic increase of the anisotropy and consequently
of Hc.?? In the top inset of Fig. 4, the Ho (D) is repre-
sented. The tendency is pristine with an increase of H¢o
when reducing the particle size, reinforcing the fact that
the coercivity found here is only due to a size reduction
effect, independently of the intrinsic high anisotropy of
bulk ThCu,.?! This fact can be understood by the rela-
tive higher contribution from a disordered shell which is
randomized respect to the particle core and hence pro-
moting a higher value of the anisotropy K. In ensem-
bles of magnetic NPs, the value of K is found to be size
dependent.?4:3% It should be reminded that in AFM NPs
the interparticle interaction due to dipolar coupling is
minimized and there might appear a very weak ferro-
magnetic component due to sublattice mismatch. The
interparticle interaction affecting the effective anisotropy
can be estimated as an effective temperature shifting up
of the blocking temperature.!''3 In short, the increase of
the magnetic disordered layer should be the major re-
sponsible for the increase of Ho with decreasing D, ob-
served here. Precisely, that disordered layer was causing
the H¢ increase commented previously.

In nanogranular systems, it is a common feature to
encounter a different atomic/magnetic arrangement in
what it is widely known as core-shell structure. These
two regions lead to some modifications in Heo and in the
hysteresis loop position. Fine particles were the first type
of systems where this shift was discovered.?® The physi-
cal origin is the exchange anisotropy between (typically)
adjacent FM and AFM layers. The most apparent macro-
scopic evidence is the mentioned loop shift and concomi-
tant exchange bias (EB).3” Given that particles are of
nanometric size, it is expected a slight difference of the
magnetic behavior of the moments in the core and those
at the surface. The surface shell may comprise a few
magnetic layers of uncompensated moments. In spher-
ical particles the shell thickness may vary around 0.6-1
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FIG. 4: (Color online) Field dependence of the isothermal
magnetization of ThCus milled alloys at 7" = 5 K. Top inset:
coercive field dependence on the particle size for milling times
t < 10 h. Bottom inset: Arrott plots of ¢ = 1 h sample.
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FIG. 5: (Color online) Exchange bias study of hysteresis loops
of TbCuz nanoparticles after a field cooling (H = 75 kOe) at
several temperatures (I' < Tn) in t = 2 h. The exchange
bias, Hg, and the coercivity, Hc, are shown in the top inset.
Lower inset: Zoom of the low field region, as an example.

nm.?3 Very briefly, in a FC sequence there might ap-
pear a preferred orientation imposed by the anisotropy
of the AFM. When the field is removed, the FM core
suffers the field associated to the AFM resulting in the
EB effect3”. The actual measurement involves to ap-
ply the maximum possible H above the Ty of the AFM
regime. Then, the sample is cooled down to the lowest
temperature and the loop is recorded. In order to elu-
cidate the possible core-shell structure in our particles,
we performed FC hysteresis loops. In Fig. 5 we show
the hysteresis loops, at different temperatures (T < T)
of the milled alloy with magnetic fields up to H = 75
kQOe, after the field cooling procedure. Values for the ex-
change anisotropy were obtained through conventional:
Hp = —(|Hiest| + |Hrignt|)/2, with Hg, exchange bias



field. Then, to better understand the complementary
behavior of the coercive field Ho(T') and Hg(T') both of
them are shown together in the upper inset of Fig. 5.

The results depicted in Fig. 5 indicate the existence
of a negative loop shift (see lower inset). The absolute
magnitude in 2 h TbCug is small as Ho(T = 5 K) 300
Oe and Hp (T = 5 K) 30 Oe. For example, nanopar-
ticles of Co-CoO display Hr = 9500 Oe3® The EB ef-
fect with a SG surface (0.6 nm) layer has been found in
Fe;O3 particles (D =10 nm),3* with much larger values
Heo(T =5 K) = 2000 Oe and Hg(T = 5 K) = 1500 Oe)
than the ones reported for the present alloy, and in SG
amorphous FeZr.?? Tt is worth to remind that our char-
acteristic temperatures (Tv = 46.8 K and Ty 10 K) are
very low, supporting the large difference in Hg values in
TbCLlQ NPs.

A comment should be devoted to the increase of Hg(T')
towards low temperature. In nano y-FeaO3 where there
is an EB effect caused by surface spins, it was noted the
existence two linear regimes for Hg(T'), with an abrupt
increase for (there labelled) T¢.;; > 30 K.33 In 2 h ThCu,
the effect is still present with a much higher slope for T,
< 15 K (see upper inset Fig. 5). This is due to the fact
that Hp only exists while the spins on the surface of the
particles are still frozen. The correlation between Hg and
He is also known. Effectively, in the present work, there
is an uprise in the Hg below Ty = 10 K. This increase
of He is due to the energy that is required to switch the
spins, pinned by the frozen-in spin glass layers.'? Care
should be though taken into account as there are two
factors altering the overall picture. The first one is that
the Hg increase is observed slightly above the T'f; such
a finding is a result of the breadth of the particle size
distribution (affecting the magnetic strength of the shell
t00). On the other hand, the lack of a clear kink at Tt
and possibly the low magnitude of Hg are a combined
outcome of the existence of some interparticle magnetic
coupling through the SG interface.

B. AC-magnetic susceptibility

The spin dynamics is studied in a QD-PPMS magne-
tometer using a oscillating field h = 1 Oe, thanks to the
considerable signal of the ThCuz (= 40 mg) samples. The
frequency f was varied between 66 Hz and 10 KHz. In
Fig. 6, the real-(x'(T)) and complex- (x”(T)) compo-
nents of the AC-susceptibility for ¢ = 1, 3, 5, 10 and 15
hours milled ThCus alloys at w/27= 1 kHz are plotted
as a function of temperature.

The shape of the x/(T') curves is similar to that ob-
served in DC-susceptibility (ZFC curves): an AFM tran-
sition that disappears with milling, leading to a SG be-
havior at low temperatures, reinforced as particle size
is lowered. In the case of x”(T), for ¢ > 3h, the Néel
transition is nearly absent, marking that AFM is dis-
appearing favoring an overall spin-glass state within the
alloy, while the low T'; peak is clearly observable The AC-
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FIG. 6: (Color online) In-phase (x') and out-phase (x") com-
ponents of the AC-susceptibility for different milling times,
for f = 1000 Hz (h = 1 Oe). As milling time increases, AFM
disappears favoring a SG arrangement; but when ¢ ~ 10 h a
contribution at 7" ~ 25 K begins to appear.

susceptibility measurements (see Fig. 7) confirm the dis-
placement of Ty to lower temperatures and 7' to higher
temperatures with increasing milling times, which was
observed and thoroughly discussed using the Mpc(H, T).
Besides, a seminal report in GdAly also finds a similar
displacement in a member of the RX5 family.'® In our
nano-ThCus, with the increase of the milling time, a
hump appears, only visible in the x" () (Fig. 6), for
t > 5 h at around T = 25 K. This weak contribution is
not visible either in DC-susceptibility, as it can be ob-
served in Fig. 3. Despite the commented structural fact
that for the ¢ = 5, 10, 15 h samples the XRD data be-
come less and less undefined (see Fig. 1), it is possible
to propose an interpretation for the observed shoulder:
the Néel temperature is practically absent, meaning that
the AFM-coupled particles are being, somehow, solved
in the metallic (magnetically disordered) environment.
In this situation, it is plausible that the now clustered,
rather than nanoparticle, state triggers the upraise of
FM-coupled moments. This would give rise to an energy
absorption and thus the mentioned shoulder. Precisely,
we remind that 6p > 0 for t =15 h in the Curie-Weiss
analysis, and the commented recovery of the magnetiza-
tion in the M(H) curves shown in Fig. 5, both backing
up the emerging FM-coupling at the interface.

In Fig. 7, the frequency-dependent x (T'), X (T'), are
depicted for ¢ = 5 h. The two transition temperatures
shift (i) to slightly lower temperatures in the case of Ty
(with an almost negligible change) and (ii) to higher tem-
peratures in the case of T, with increasing frequencies.
Moreover, the latter peak in x'(T) at Ty decreases in
magnitude with higher frequencies. In the following we
are proceeding to explain a quantitative analysis of the
spin dynamics of three characteristic samples. A fast
(and simple) evaluation is to calculate the freezing tem-
perature shift with frequency. This is commonly carried
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out by using the J-shift parameter as:

ATy 1

0= —-~"— =1 =
TrAlogw 9=

InTy + constant (1)
where w = 27 f. If the magnetic interparticle interactions
are absent (or negligible), the spin particle rotation under
the uniaxial anisotropy is understood by a thermal acti-
vation process, following the well-known Arrhenius-Néel
law and for a typical yac measurement (f = 10-10000
Hz) in a non-interacting SPM system (79 ~ 1079 s), § =
0.13-0.24, as commonly accepted.** Whenever a reduc-
tion of such d-values is found, the nanoparticles become
magnetically correlated and, in the limit, a cluster glass
behavior should control the spin divergence at the critical
temperature. Finally, the §-shift is practically inexistent
in canonical SG involving the freezing of individual spins
(6 = 0.0045 for AuMn??) and negligible in phase transi-
tions (T, Tn). The d-values obtained from the fit to Eq.
1 for every milled alloy are displayed in Table II. In our
particular case, § = 0.02 — 0.06 for the different milled
alloys, higher than spin glasses®?) but lower than cluster
glasses (Feg1Zrg, § = 0.066.11) As the nano-TbCus 6-
values are higher than those for ideal SGs, the magnetic
spin relaxation is expected to take place at a slower rate.

Firstly we start checking out the divergent spin corre-
lation at T's. An order parameter gg4 was defined by Ed-
wards and Anderson;*? this was taken as the mean-square
spontaneous magnetization in a single energy minimum,
averaged to all possible minima values. In other words,
the average value of the spin-spin autocorrelation func-
tion. In the vicinity of the freezing temperature, the spin
fluctuations will follow critical fluctuations. At temper-
atures around the freezing temperature, a spin-spin cor-
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FIG. 8: (Color online) Critical slowing down for several milled
TbCus alloys. Inset: Collapsing curves to extract the [ ex-
ponent according to Eq. (4).

relation length, shorter than the coherence length of the
critical fluctuations, will be controlled precisely by the
latter. Thus, the coherence length can be easily trans-
formed into timescales in a conventional critical slowing
down, giving

T o T —ZzZv
=0 (T2 ) )

where 7,, is the measurement time, 7y is the relaxation
time of an individual particle moment at a f — 0, zv is
the dynamic critical exponent and T’ is the static spin
glass temperature. In addition, it is convenient to analyze
X" (T) at several frequencies to extract the S dynamic
exponent with the scaling:

X (f/2m,T) = F(f/2m)e]™ (3)

where ¢ = (I' — Ty)/Ty. Reasonable parameters can
be obtained from the fit of the ¢ = 2, 3, 5 h data (see
graphical results in Fig. 8), and are inserted in Table



TABLE II: Parameter values of §, 7o, zv, 8, and T,0 for
characteristic milling times ¢ (h).

th)y o

2V 1]
2 0.056(3) 1.3(5)x107° 5.7(3) 0.70(5) 9.65(11)
3 0.044(2) 2.1(5)x107% 6.0(7) 0.75(5) 10.4(3)
5 0.025(1) 2.5(5)x107% 6.6(9) 0.85(5) 14.4(5)

70 (s) Tyo (K)

II. The value of 7y for lower milling times (¢t = 2,3 h) is
higher than expected for SGs, whereas for milling times ¢
= 5 h closer values of 7y for SGs are achieved, with 15 ~
1078-107135.32 The t < 5 h large values of 7y are related
to the fact that our systems follow a relaxation rate of the
nanoparticles slightly slower than in conventional SGs,
as already explained in the former § description. Indeed,
high a 7y has already been observed in FeC interacting
nanoparticle ferrofluids (1o ~ 1076 s).** The eventual
modification of 7y may be slightly temperature-influenced
and also dependent on the reduced damping constant
associated to the flipping rate.** and by the existence
of interactions, with a modification of the SPM energy
barrier.*>

The results in Table IT indicate that the zv values are
within the range of SGs, zv = 4 — 13.810 Moreover, Fig.
8 also depicts the collapsing curves of the dynamic scal-
ing of the complex component following Eq. (3). The
observation of such figures show that the scaling is im-
proved for the t = 5 h sample (8 = 0.85). To under-
stand better these values, we have inserted a selection of
values of magnetically disordered materials in Fig. 9.
The choice of the materials looks for a representative
character: they vary from the structural point of view,
including amorphous alloys (i.e. FegiZrg*!), crystalline
((MnF2)0,65(BaFg)o,lg,(NaP03)0,2046), quasi—amorphous
(FesoAgioW30)?", well defined nanoparticles (Fe-C),*?
multilayers (CoggFego/Al;03.4%) There are oxides such
as (LaPb(Mn,Fe)O3,% LaCaMnO3,%Y) and different met-
als (CeNiO,5Cu0,5,51 Ulszdeg,SQ AgMn,53 Fe70A130,54
CuMn,?® Aly;CuzoMng.°%) have been inserted as well.
Bearing in mind the definition of the nature of the
SG transition, it is possible to suggest some boundaries
which will be helpful to understand the global behavior.
These are the (green) dashed lines marking the regions
for SG, CSG and SSG states. These are not perfectly
defined regions as disordered magnetism is a progressive
change of the magnetic spin correlation coupling, pre-
venting the existence of defined limits.

Another dynamic aspect that may render valuable in-
formation is the analysis Argand diagrams at a certain
temperature which are related to the energy barrier dis-
tribution. If single-relaxation processes are followed by
the flipping spins, the complex susceptibility is described
by the Casimir-du Pré equation
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FIG. 10: (Color online) Argand diagrams around the freezing
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In the case of an ideal SPM system, a half-circle is
found when plotting x” vs. x’ for the different f-values
at a given 7.8 If Argand diagrams for different temper-
atures collapse onto a single curve, then the energy bar-
rier is independent of the temperature. Deviations from
the half-circle would serve as an estimation for the en-
ergy distribution caused by the size distribution or the
dipole-dipole interaction.?” Nevertheless, for supermag-
netic systems, it has been proposed that the semicircle



should appear modified as a consequence of the interpar-
ticle couplings. In that situation, the Argand represen-
tation, including a distribution of relaxation times, can
exhibit the fingerprints of several dynamic modes of do-
main walls.® The supporting assumption for this is the
necessary coupling among the NPs which are then resem-
bling the conventional domains in a ferromagnet. In this
sense, Argand plots for SFM [CoFe (1.4 nm)/Al,O3 (3
nm)];o provided an experimental evidence of the domain
modes.?® In Fig. 10 the x” vs. X’ plots of the milled al-
loys (t = 2, 3 h) are presented. These are far from being
a perfect half-circle, as expected in these supermagnetic
systems. and we observe that there exists a maximum of
every plot. In SG systems it has also been claimed that a
broad distribution of relaxation times causes a flattening
of the curves,3? which is the case in the present nano-
TbCus. In any case, the inspection of the width of the
distribution taken from the x” maximum value is slightly
larger (=2 0.25 1072 emu/gOe) for t = 3 h than for ¢t =
2 h (22 0.15 1073 emu/gOe). Thereby, this is indicating
the enhancement of the SG contribution in that alloy as
well.

C. Neutron diffraction

Microscopic magnetic structure analyses were per-
formed in the milled samples, showing straightforward
results of prominent value the final appraisal of the mag-
netic behavior of nanometric ThCus. Neutron diffraction
(ND) patterns were taken at different temperatures: 1.5
Kand 10 K (T' < Ty), 26 K and 36 K (Ty < T < Tn)
and 60 K and 300 K (T" > Ty ), and shown for 5 h milled
alloy at T'= 1.5 K in Fig. 11.

The magnetic structure corresponds to a collinear com-
mensurate AFM with two propagation vectors ¢; =
(0,0,0) and g2 = (1/3,0,0), as previously reported in
bulk and 2 h milled sample.'>23 Thus, the magnetic
structure is not modified with respect to that of the bulk
alloy. The resulting ordered Th3* magnetic moment, at
T=15K,is u = 7.2(2)up. The magnetic size is also cal-
culated and gives Dyrac = 8(1) nm, which is very close
to the one in 2 h sample. This means that the particle
core is single domain and a unique magnetic ordering is
maintained with respect to the bulk. The thermal vari-
ation (relative to T) of the magnetic moment is pre-
sented in the inset of Fig.11(a). In this, the variation
follows roughly that of a Brillouin curve with J = 6 (see
continuous line). There is a reduction (20 %) of the neu-
tron magnetic intensity, at 7' = 1.5 K, with respect to
the (neutron) bulk, u = 8.8 up, revealing a disordered
environment (magnetic moment canting), affected by the
decrease of surface coordination in relation with that of
the atoms within the particles. An estimation of the ra-
tio of the surface atoms (Ng) respect to those in the total
volume (Ny) is given by

Ns/Nv = (3¢/D) ()
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FIG. 11: (Color online) (a): Nuclear and magnetic contribu-
tions for the 5 h ThCuz milled alloy (at 7' = 1.5 K). Vertical
marks correspond to the position of the allowed Bragg reflec-
tions. The blue line corresponds to the difference between the
observed (red dots) and the calculated (black line) intensity,
by Rietveld refinement. Inset (a): Thermal variation of Tbh
magnetic moment. The continuous line is a calculation of the
Brillouin function with J = 6 (Tb).(b): Variation of the mag-
netic intensity in the low Q-region at 7" = 1.5 K. Inset (b):
Relative variation of the integrated intensity for @ < 0.7A71.

where ¢ is the thickness of the grain boundary.?® The
resulting value is 40 %. This is indicating again the role
of the surface moments, and hence supporting the surface
moment reduction. Such a reduction is also apparent in
the ND of other AFM NPs.'*!® In short, the AFM cou-
pling is retained in the ThCus single-domain particles,
whose moment becomes reduced approaching the Néel
transition. In Fig. 11(b), it is also noted that low-angle
(20 < 15, i.e.: Q < 0.7A~1) signal increases markedly, as
was detected in the 2 h case.!? In the t = 5 h case the
increase is even more marked. Clearly there is a consis-
tent magnetic coupling among some of the single domain
particles, which is enhanced if the interface is disordered.
The thermal variation of such a low-@ increase is very
similar in both alloys, as visible in inset of Fig. 11(b).



V. DISCUSSION

The high-energy milling process of bulk ThCuy results
in the production of randomly grouped ensembles of par-
ticles with a nanometric size distribution. Inside each
particle, the orthorhombic Imma symmetry is retained
(see Table I). The particle size decreases as the milling
time becomes longer, reaching a saturation D = 6 nm.
On the other hand, particle strain increases with milling
time, up to 7 = 0.6%, for the 15 h TbhCus.In this final
discussion we will address two distinct issues. Initially
we will consider the macroscopic implications of nano-
ThbCus as an overall magnetic response to compare with
the effects of the chemical substitution in bulk RXs sys-
tems. Then, we will deepen in the analysis of properties
from a nanoscopic standpoint to put forward an attrac-
tive magnetic phase diagram.

In bulk form, it is feasible to prepare pseudobinary
alloys. In this sense, the evidences from the dilu-
tion of the parent alloy with non-magnetic Y-atoms, as
Th,Y1_,Cus, indicates a weakening of the magnetic in-
teraction reducing the Tn. This reduction follows the
empirical relation Tw(z)/Tn(x = 1) x (v — 2.)%5,
where z. is the critical concentration at which the mag-
netic ordering disappears.® In our case, the reduction
ATN /TN puk =~ -11 % resulting in a « ~ 0.97 (a minute
dilution) which suggests that the antiferromagnetic order
is not essentially altered. Another via for compositional
dilution is that established by the exchange of Cu by Ni
atoms; with this, the electron concentration, is hence al-
tered. In the case of Th(Ni, Cu)s such a replacement
increases the AFM character and eventually gives rise to
a FM (~ 8% Ni) structure.®! In our nano-ThCuz, we ob-
serve the disappearance of the AFM order which is not
substituted by long-range ferromagnetism here, but by a
magnetically disordered state. In addition our reduction
is much smaller than that found for the former cases and
we ought to reconcile that observation with another ex-
planation. This requirement is reinforced by the evident
correlation between the T and T values in the NPs.

At this point it is possible to render a nanoscopic point
of view. In view of the size-induced variation of key tem-
peratures, we propose a useful magnetic phase diagram
(see Fig. 12). The size variation provides the basic under-
standing of the magnetic states present in the alloys and
the effect of the strain is more apparent in those alloys
with high milling times affecting the magnetic response
of the disordered shell, which may become a connected
intergrain boundary. This is especially apparent in the
variation field-dependent Magnetization (Fig. 4) and the
values of dynamic exponents (Fig. 8). Overall, this mag-
netic phase diagram is similar to those of other magnet-
ically disordered systems (so-called reentrant magnets),
but driven mainly by the size instead of the concentra-
tion of the magnetic ions.?? In the case of bulk RE-alloys
there are also examples of magnetic reentrance, as oc-
curs in the weak random-axis magnets, with Laves-phase
structure®’ and in amorphous magnets as DygFer4Boyg,
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FIG. 12: (Color online) Magnetic phase diagram of ThCuz
nanomagnets with characteristic Néel and freezing tempera-
tures. Dashed lines are guides for the eye.

with a behavior explained according to the onset of an
easy axis which varies following the local arrangement
(short-range structure).52 A more general interpretation
of coexistence of ordered and disordered magnetism is
given by the Sherrington-Kirkpatrick model, as a result
of the replica symmetry breaking.%® Another more recent
analytical approach employs small clusters with AFM or-
der producing a SG state, but still clearly of smaller size
than our NPs.64

Regarding the SAFM state, this arrangement is con-
nected with those reported in other supermagnetic sys-
tems. Nevertheless most of them have been worked
out in superferromagnetic/super spin glass state?10:65:66,
The latter scenario is very close to the one in milled
alloys of GdAl,'® and TbAl;2%22 for which the ferro-
magnetic transition was disappearing at the expense of
a growing SG state. In fact, this idea of definite cou-
pling among nanoparticles was first proposed in anti-
ferromagnetic goethite a-FeOOH.®” Very recently it has
been shown that goethite properties are dominated by
the AFM order, followed by a lower transition in the
fine particle state, and a further very low temperature
magnetic coupling mode.5369 In essence, this Fe oxi-
hydroxide turns out as a macroscopically very similar
system to nano-ThCus. Therefore, the study of SAFM
R-based nanoparticles allow to extract information on
the surface moments given that the particle cores have
a negligible response as reported in Fe-oxides.?30. The
proposal of new magnetic phase diagrams in AFM NPs
will also be required for the cases in which the disor-
dered shell, when the particles are very small, becomes
predominant.”*



VI. CONCLUSIONS

The evolution of the magnetic properties in a nanopar-
ticle system ThCus as function of the milling time (par-
ticle size) has been characterized by comprehensive mag-
netic susceptibility and neutron diffraction analyses. A
full picture with a magnetic phase diagram as function of
the particle size is proposed. The release of such a mag-
netic phase diagram driven by size-variations constitutes
a milestone in the understanding of the behavior of nano-
sized AFM rare earth systems. Effectively, it immedi-
ately resembles the diagrams of magnetically disordered
systems, especially those of the so-called reentrant mag-
nets. Here, nano-ThCus constitutes an inspiring metallic
system in which the size evolution triggers a macroscopic
coexistence of (super)antiferromagnetic and spin glass.
In addition we have detected that the spin canting is
governed by the reduction of particle size and a the exis-
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tence of microstructural strain, which both are enhancing
an interfacial disordered coupling between particles.
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