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Abstract

The static and dynamic magnetic macroscopic properties of bulk and nanocrystalline TbAl; 5Feo 5 alloys have been investigated. In
bulk state, this alloy is understood as a reentrant ferromagnet. This is characterized by a ferromagnetic Curie transition at 114 K,
as deduced from magnetization including Arrott plots, higher than that of TbAlz. The reentrance is found at lower temperatures,
below 54 K, with a cluster glass behavior setting in, deduced from the magnetization irreversibility. This is accompanied by an
abrupt increase of the coercivity from 0.08 kOe to 15 kOe at 5 K, respect to the TbAl; alloy. Room temperature Md&ssbauer
spectroscopy confirms the paramagnetic state of such a bulk alloy. The spin dynamics within the disordered magnetic state is
described by the AC-susceptibility which shows a Vogel-Fulcher law for the slowing down process. This is caused by a random
anisotropy affecting the existing clusters. The production of milled ThAl; 5Feg 5 alloys enhances the presence of magnetic disorder
and results in the particle downsizing toward the nanocrystalline state (close to 10 nm). In this case, two frequency-dependent
contributions exist, with different activation energies, one of them can not be described by ideal spin glass nor blocking/unblocking
(nanoparticle) processes. In addition, the coercivity reduces to 1 kOe with the decrease of the size as a consequence of the existence
of single domain particles. The results are explained by the intricate interplay between exchange interactions and magnetocrystalline
anisotropy with disorder and size effects.
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The high-energy ball milling production route has also
been successfully applied in the study of other Re-based al-
loys. In this regard, magnetization measurements on a se-
ries of samples of cubic ThFey alloys with different milling
times have shown an abrupt increase of the coercivity from
Hc=0.2kOeup to Hc=6.7 kOe at 300 K with the increase of
the milling time up to 51 h [4]. It is worth noticing that most
of the reports, including those above, have been focused
on the coercivity behavior, whereas much lower number of

1. Introduction

Rare-earth (Re) magnetic materials have constituted a
subject of exhaustive studies because their potential ap-
plications as permanent magnets [1,2]. Very recently, the
study of size effects as a function of the milling conditions on
SmCos, PrCos and Sma(Co, Fe)17 nanoparticles, obtained
by surfactant-assisted ball milling, has been reported. By
milling nanocrystalline precursor alloys, SmCos platelets

(flakes) approximately 100 nm thick and with an aspect ra-
tio as high as 102 - 103 were obtained. The nanoflakes were
susceptible to re-crystallization annealing and interestingly
exhibited a room-temperature coercivity (Hc) up to He =
19 kOe [3].
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studies have been devoted to the analysis of the dynamics
of AC-susceptibility in Re systems. This is awkward as it
is obvious that the milling procedure usually induces the
presence of magnetic disorder and eventually the produc-
tion of cuasi-spherical magnetic particles. In this sense, it is
phenomenal that even bulk polycrystalline GdAly, DyAls,
and ErAl; are affected by particular domain configurations
giving rise in measurements of the AC magnetic suscep-
tibility to a especial spin dynamics [5]. In SmaFe; alloy,
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an anomalous rise in the real component (x/) is explained
by dynamic domain-wall pinning and depinning, and as a
consequence of thermally activated local directional order-
ing of Fe atoms [6]. Systematic magnetic AC-susceptibility
(xac) measurements on several ResoFei4BH, compounds
have revealed the existence of mobile defects coupled to the
domain walls [7]. From these works, it turns out that the
analysis of AC-susceptibility dynamics is important to ac-
complish a more complete characterization of the magnetic
behavior of these systems.

However, it is surprising that to date, even these few
studies were constrained to bulk samples, and a little at-
tention has been paid to nanosized Re-based alloys. The
first step following this direction was undergone by study-
ing nanocrystalline TbAly alloys obtained by mechanical
milling [8,9]. In this system, AC- and DC-magnetic suscep-
tibility results between 5 and 300 K showed that the long-
range ferromagnetic (FM) structure (T¢ = 105 K) in the
bulk sample is inhibited in favor of a disordered spin ar-
rangement below T = 45 K in the milled samples [8]. In
addition, several frequency dependent contributions, below
the freezing temperature, both in real and imaginary com-
ponents of xac (especially in 300 h TbAls milled alloy) were
also observed. The possibility of tuning the magnetic dis-
order by milling is then attractive and could be combined
with other research routes. A feasible possibility to deepen
in the properties of an Re-alloy is to dilute such a parent
alloy with another element. This idea has been followed re-
cently with the study of X-ray magnetic circular dichroism
at the K-edge of Th(Al;_,Fe,)s intermetallics. These ex-
periments have shown that aluminium substitution affects
only slightly the magnitude of the individual Tb and Fe
magnetic moments but strongly reduces the exchange in-
teractions [10].

Considering the above results, the present aim of this
work is to study of the influence of the mechanical milling
on the magnetic properties of bulk ThAl; 5Feq 5 alloy. The
expected reduction of particle size will surely influence the
exchange coupling and anisotropy in the alloy. Our anal-
ysis will be focused on the frequency dependence of AC-
magnetic susceptibility and the coercivity variations. The
effect of the Fe-dilution/milling process will be discussed
and compared with earlier results reported in neighbor
TbAly nanometric alloys [8] and very similar Re-alloys [5].

2. Experimental details

The starting polycrystalline TbAl; 5Feq 5 pellet was pre-
pared by arc melting suitable amounts of pure constituents
Tb (3N-Alfa), Al (5N-Alfa) and Fe (3N-Alfa), in an arc fur-
nace under protective Ar atmosphere. A mass of 5 g of this
alloy was milled during 25 and 40 hours (allowing 1 hour
cool down after each one hour milling time) inside a plan-
etary high energy ball system Retsch PM 400/2 at a rota-
tion speed of 200 rpm, using an air-tight container and balls
made of tungsten carbide, also under Ar gas. The struc-

tural characterization was performed by X-ray diffraction
in a Philips PW1710 diffractometer, using Cu-K,, radia-
tion. The magnetic properties, DC-magnetization M(H,T)
and AC-susceptibility were collected with a Quantum De-
sign PPMS multipurpose instrument in the 2-300 K tem-
perature range and occasionally applying magnetic fields
(H) up to H = 90 kOe. Méssbauer spectrum was measured
at room temperature by using a constant acceleration spec-
trometer which uses a rhodium matrix source and was cali-
brated with an a-Fe foil. The M&ssbauer spectral absorbers
contained approximately 35 mg/cm? of powdered sample
which had been sieved to a 0.045 mm or smaller diameter
of particle size.

3. Results

X-ray diffraction patterns in bulk and milled TbAl; 5Feg 5
alloys are presented in Figure 1. A broadening and a re-
duction of the maximum intensity of the diffraction peaks,
associated to the decrease of the size of the starting poly-
crystalline particles and the increase of the lattice strain,
are observed. The diffraction patterns are consistent with
a cubic Fd3m-type structure (see inset of Figure 1), and
no extra phases were detected. The lattice parameter (a)
does not change significantly with the milling process (see
Table 1). Using the Williamson-Hall procedure,[11] values
for mean size (D) of the particles and lattice strain (n)
were estimated, and the results are also presented in Table
1. In the table it can also be deduced a marginal increase
of the lattice parameter (0.0025 A). These parameters
follow the expected tendency of a decrease of size and a
concomitant increase of the lattice strain with the increase
of the milling time, as was discussed in detail in the series
of TbAl, milled alloys [8] and many other nanostructured
metallic alloys produced via high-energy milling [12]. It is
then expected that the change of structure produced by
milling with reduction of particle size and the increase of
disorder deduced from the high value of strain will originate
changes in the anisotropy and spin dynamics. In this sense,
it is remarkable that a (relative) short period time (25 h) is
enough to produce such small particles, well-below the sin-
gle domain limit for typical Re [8], probing the usefulness
of the milling route to achieve sizes within such a limit.

Table 1
Values of lattice parameters (a), mean size (D) and strain (n) for
bulk and milled TbAl; sFeq 5 alloys.

Sample a (A) D (nm) n (%)
Bulk 7.7590(1) - -

25h 7.7615(2) 13(1) 1.1(0.2)
40h 7.7613(2) 10(2) 1.7(0.3)
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Fig. 1. X-ray diffraction patterns of bulk and milled TbAl; 5Fep 5
alloys for two milling times (spectra have been shifted up for clarity).
A progressive broadening and reduction of the intensity of the peaks
with the increase of the milling time are observed. In the inset, the
crystallographic structure corresponding to the cubic Fd3m-type is
depicted.

3.1. Magnetic properties of bulk TbAlL 5Fey 5 alloy

In order to address the effects of Fe-dilution on the mag-
netic properties of ThAly bulk alloy, which is FM at 105
K [8], measurements of the thermal variation of the DC-
magnetic susceptibility at H =100 Oe, are presented in Fig-
ure 2, for bulk TbAl; 5Feq 5 alloy (henceforth, referred as 0
h). For these measurements, the alloy was first cooled from
300 K to 2 K under no applied magnetic field (zero-field
cooled regime, ZFC), and then with a H = 100 Oe (field-
cooled regime, FC). Afterwards, the susceptibility curves
were collected on warming. The FC variation increases with
decreasing temperature as in an ordinary ferromagnet. The
inset details the temperature dependence of the first deriva-
tive, showing a minimum at 7' = 114 K, associated to a FM
ordering. This behavior is similar to that found in the par-
ent FM alloy TbAl,, with Te= 105 K. This increase of the
FM transition caused by the Al replacement by Fe atoms is
expected, as precisely in TbFe, alloy, the value of Tc= 703
K [4]. The FM ordering in 0 h alloy is further supported by
measurements of the magnetic field dependence of magne-
tization at (T = 5 K), showing a characteristic FM shape
with a linear behavior in the high-field region (see Figure
3). The linear increase of magnetization (high-field) may
be indicating may be indicative of crystal electric field ef-
fects associated to Th-ions or non-collinearity. A precise
confirmation would require of further microscopic evidence,
namely neutron diffraction and Mésbauer spectroscopy. In
any case, the ferromagnetic signal is further confirmed by
the Arrott plots (M? vs. H;,,y /M) at temperatures between
100 and 200 K. After the correction from the demagnetizing
effects, the plots yield straight isotherms with an intercept
tending to zero when approaching the Curie temperature. A
typical FM state is observed, obeying the Weiss molecular-
field theory [13], as deduced from inspection of Figure 4.
An extrapolation of the high-field slopes gives an estimate

for the Te= 115.0(2.5) K, in fair agreement with the DC-
magnetic susceptibility results. This FM phase is however,
affected by a high (at T =5 K, (M/H)pc — (M/H)zrc =
10 emu/molOe, around 90% of the M/H value) irreversibil-
ity, which is observed between the ZFC and FC curves.
In addition, the ZFC susceptibility shows an extra maxi-
mum around T = 60 K, followed by a decrease of its value
when approaching the lowest temperature. This fact is very
similar to the TbAls case and the irreversibility should be
caused by the existence of small domains (clusters) which
become progressively magnetically frustrated during the
cooling process.
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Fig. 2. Temperature dependence of the ZFC and FC curves of DC
magnetic susceptibility at H = 100 Oe in the bulk TbAl; sFeq.5
sample. The inset details the first derivative indicating the minimum,
and consequently, the value of T = 114 K.
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Fig. 3. Hysteresis loop of the bulk TbAl; 5Feg.s alloy (0 h milled
alloy) at T =5 K.

The study of the spin dynamics has been carried out
using xac measurements at different frequencies, ranging
from 10 Hz to 10 kHz, and in the temperature range be-
tween 5 K - 125 K, as shown in Figure 5. It is observed
that the FM transition shifts up to higher temperatures
from 105 K in TbAl, to 114 K in TbAl; 5Feq 5, confirming
the DC-magnetization data. This fact points towards a def-
inite strengthening of the exchange interactions with the



1.5

1.0
H. /M (10° Oe/gemu)

Fig. 4. Arrott plots M? wvs Hint/M of the bulk TbAl; sFep5 al-
loy. The intercept of the high field region gives an estimate of the
Te = 115.0(2.5) K.

Fe-substitution, as reported previously [10]. In addition, a
broad peak appears around 70 K. This additional contribu-
tion below T was also observed in bulk TbAls alloy [8]. In
such a binary alloy, the frequency dependence was consis-
tent with a domain wall motion, described by an Arrhenius
thermal activation process. This description coincides with
that reported for FM bulk alloys of Dy Als and SmyFer [5,6].

In the present Fe-containing alloy, the frequency depen-
dence of the susceptibility peak can be described uniquely
by the well-known Vogel-Fulcher (VF) law. The latter dif-
fers from the Arrhenius activation law as it incorporates an
interaction temperature Ty. The values obtained from the
fitting give Ty = 66 K and activation energy F, = 276 K.
The VF phenomenological law is usually applied to glassy
dynamics [14]. Furthermore, the value for the relative shift
per frequency decade using Ty as the peak temperature,
0 = ATy /Tylogy = 0.0143, is between those reported for
canonical spin glasses (SG) and superparamagnetic (SPM)
systems [14,15].
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Fig. 5. Temperature dependence of the real component (xl) of AC—
magnetic susceptibility at different frequencies for bulk TbAl; 5Feg 5
alloy. The ferromagnetic transition (at 114 K) is higher than in
TbAly binary alloy (T = 105 K). The peak around 65 K shows
glassy behavior obeying the Vogel-Fulcher law.

In Re intermetallics containing transition metals as Fe,
it is essential to elucidate the eventual ability of Fe-atoms
to carry a magnetic moment, and hence their contribution
to the overall magnetic behavior of the given system. In
our ThbAl; 5Feg 5 alloy with a low Fe-concentration, it is
likely that there is a modification of the Fe and Al bands,
resulting in a non-magnetic character of the Fe. In fact,
the data stemming from the magnetic and Mossbauer mea-
surements on the series of Y(Fe,Al;_; )2 alloys, with 0 <
z < 0.8 showed that the long-range magnetic order asso-
ciated to the Fe, disappears at about = = 0.78. Addition-
ally, Mossbauer spectroscopy results on Y(Feg a2Alg 7s)2
(for z = 0.22), with a Fe-concentration very near to that
of our Th-based alloy (z = 0.25) showed no magnetic hy-
perfine splitting in zero field down to T = 4.2 K [16]. More-
over, the non-magnetic state of Fe in Re systems is not an
uncommon phenomenon; it has also been observed, for in-
stance, in the series of DyFe,Sny alloys [17].

In order to check the magnetic state of Fe in 0 h alloy
(or Tb(Alg75Feg.25)2, = 0.25), measurements of the
Mossbauer spectrum at 295 K were carried out, and the
results are displayed in Figure 6. At this temperature the
Mossbauer spectra consists of a broad doublet, reflecting
that the compound is in a paramagnetic state, as ob-
served in the Y-series of alloys [16]. It is known that in the
Re(Fe,Al; ;)2 compounds, the aluminum atoms are ran-
domly distributed over the 16d Fe sites. As a consequence,
seven different nearest neighbor environments are possi-
ble for an iron site, and each iron atom surrounded by a
given environment will contribute to the total Mossbauer
spectrum with a relative intensity given by the probabil-
ity associated to such an environment. According to this,
seven different doublets should be used to fit the param-
agnetic spectrum. Clearly, this strict analysis results in an
excess of adjustable parameters and the physical reliability
is missing. For this reason, only one doublet was used to fit
the Mossbauer spectrum of 0 h alloy yielding the values of
IS = 0.098 £ 0.02 mm/s, for the isomer shift, and AEg =
0.226 + 0.02 mm/s, for the quadrupole splitting. In par-
ticular, the value obtained for the isomer shift is near to
that reported in Y (Fep.22Alg.7s)2 alloy of 0.13 mm/s [16].

3.2. Magnetic properties of milled TbAl 5Fey 5 alloys

The influence of the milling process on the magnetic
properties of 0 h alloy has been studied in two samples,
obtained after 25 h and 40 h of milling time, and with a
mean grain size of D = 13 nm and D = 10 nm, respectively
(see Table 1). There are similar common characteristic for
both samples regarding the static DC-magnetization and
AC-susceptibility. We will start the description with the 25
h milled alloy showing in Figure 7 the static results. At low
magnetic fields (H = 100 Oe) (Figure 7a), the ZFC and
the FC curves present a large irreversibility, similar to that
observed in bulk alloy. In particular, the ZFC curve shows
two contributions at Tje, = 63 K (commonly referred in
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Fig. 6. Mossbauer spectrum of the bulk TbAl; 5Fep. 5 alloy taken at
T = 300 K. The solid line is a fit according to the contribution of a
paramagnetic doublet.

the literature as the irreversibility temperature) and T* =
33 K. Increasing the magnetic field, the peak at T;,,4, shifts
down to lower temperatures and merges with the contri-
bution corresponding to T* into a single peak, at H = 3.5
kOe (see Figure 7 b). The inset of Figure 7 b shows the
field dependence of the high temperature peak (Thaz), ac-
cording to a H?/3 dependence, commonly encountered in
SG systems [14].

Following the description of results, we now focus on the
temperature dependence of X/ of 25 h TbAl; 5Feq 5, pre-
sented in Figure 8. The shape of this curve is similar to the
ZFC one at H = 100 Oe, with two maxima around 65 K
and 30 K, pointing to the presence of two different magnetic
states. The peak at around 65 K presents different parame-
ters to the bulk state, namely, the interaction temperature
To = 63 K and the activation energy F, = 109 K, according
to the fitting to the above mentioned VF law. The value of
the relative shift per frequency decade, § = 0.0055, is now
closer (respect to the bulk value, see Table 2) to that re-
ported for spin glasses [15]. Additionally, the contribution
appearing around T = 33 K, also shifts up to higher tem-
perature with the increase of the frequency. Details of this
frequency dependent peak are shown in the inset, for the
imaginary component (x ). The relative shift §* = 0.1 (see
inset of Figure 8) is much larger than commonly observed
in canonical spin glasses, but it is similar to that reported
in insulating SG systems like (Fe,Mg)Cly (6 = 0.08), and
lower than classical SPM systems (Ho2O3-B2Os3, § = 0.3)
[14].

Turning our attention to the 40 h milled alloy, we again
first begin with the analysis of the static ZFC curves of DC-
magnetic susceptibility in Figure 9. These also evidence the
presence of two maxima as in the former case and Ti,qz
also obeys the H2/3 field dependence, although somewhat
affected by the low temperature contribution at 7' = 30 K,
as indicated in the inset of Figure 9. The M(H ) dependence
(Hysteresis loop) is shown in Figure 10 for the 40 h milled
alloy at T'= 5 K . The most relevant result is the reduction
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Fig. 7. a)Temperature dependence of ZFC and FC curves of DC—
magnetic susceptibility at H = 0.1 kOe for the 25 h milled alloy. The
arrows show the contributions at Tynez and T in agreement with
AC-susceptibility results. b) ZFC curves vs temperature at different
magnetic fields. The high temperature maximum follows the H?2/3
variation characteristic of SG, as depicted in the inset.
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Fig. 8. X/ vs temperature for 25 h milled alloy. Both a peak with
a glassy behavior at T = 63 K and additional anomaly around T™*
= 33 K are observed. The inset details the frequency dependence of
the imaginary component around 7%, which can be described by an
Arrhenius-type activation process.

of Hc =15 kOe in the bulk sample down to 1 kOe in the
milled alloy. This reflects that the Th-Al-Fe milled alloys
consist of nanometric grains with sizes inside the single-



domain region, similar to that observed in TbAly milled
alloys [8]. The Arrott plots represented in Figure 11 show a
change of curvature between the low temperature region 10
K < T <54 K, and the high temperature 52 K <T < 108 K.
This change should related to the mentioned existence of a
disordered arrangement of single domain nanoparticles.
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Fig. 9. Temperature dependence of ZFC curves of DC-magnetic sus-
ceptibility at different magnetic fields for 40 h milled alloy. The high
temperature maximum follows a H2/3 variation characteristic of SG,
although it is somewhat affected by the presence of the second max-
imum at lower temperatures.

The field dependence of the magnetization for 25 h and 40
h - milled TbAl; 5Feq 5 alloys can be compared with that of
the bulk alloy, as shown in Figure 12. A decrease of the mag-
netization, for instance, at H = 90 kOe, of the milled sam-
ples respect to the bulk one, is observed (see the values of
saturation magnetization (Mg) in Table 2). Although, this
reduction is more abrupt from bulk to the 25 h milled alloy,
a general tendency is conserved. This behavior is similar to
that observed in TbAly milled alloys. Moreover, the high-
field magnetization slope is increased respect to the bulk
alloy. This is a sign of a definite spin canting in the nano-
metric alloys due to the specific large surface/volume ratio
increasing the surface spins with a random anisotropy. Con-
sequently, it costs more energy to overcome the anisotropy
energy. Another important result is that the analysis of the
hysteresis curves (see Figures 3 and 10) allows to estimate
the values of Hc, and these have been inserted in Table 2.
The coercivity of bulk TbhAl; 5Feq 5 increases 200 times, ap-
proximately, when Fe partially substitutes Al in the TbAl,
alloy.

Respect the spin dynamics in the 40 h alloy, it is possi-
ble to state that: i) the presence of the two transitions ob-
served in the DC-susceptibility is further confirmed in the
xac curves presented in Figure 13, and ii) the frequency
variation produces a shift to higher temperatures in both
peaks, with very different relative shift values. In the inset,
the variation of the low temperature peak is expanded.
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Fig. 10. Hysteresis loop of the 40h - milled alloy at 5 K.
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Fig. 11. Arrott plot M? vs Hps/M of the 40 h milled alloy. a) Low
temperature region 10 K < T < 54 K, and b) high temperature 52
K <T < 108 K. A change in the curvature on going for one region
to another is observed.

4. Discussion

The described results of the static and dynamic magnetic
properties of TbAl; 5Fep 5 alloys in bulk and nanocrys-
talline state allows to reveal in detail the particle size in-
fluence. The bulk alloy additionally acts as a control sam-
ple helping to understand the size modifications. Briefly,
decreasing the temperature from 300 K, the bulk (parent)



Table 2

Values of the saturation magnetization (Mg), coercivity (Hc¢), fer-
romagnetic transition (T¢), glassy transition (Tp), and relative shift
for bulk and milled TbAl; 5Feq 5 alloys.

Sample Msqt (up/Tb) Hc (kOe) Te (K) Ty (K) 6 o*

Bulk 7.39(1) 14.60(5) 112(1) 66(1) 0.0143 -
25h 6.27(2) 7.14(5) - 63(1) 0.0055 0.1
40h 6.04(2) 1.04(2) - 61(1) 0.0056 0.1
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Fig. 12. Field dependence of the magnetization for bulk, 25 h, and 40
h milled alloys. Inset: Similarly to TbAls milled alloys, a reduction of
the saturation magnetization (Mg) with the increase of the milling
time is found.
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Fig. 13. Xl vs temperature for 40 h milled alloy. Both a peak with
a glassy behavior at 61 K and additional anomaly around 7 = 30
K (more pronounced than in 25 h milled alloy) are observed. The
inset details the frequency dependence of the imaginary component
around T™*.

alloy presents a magnetic behavior starting from a para-
magnetic phase, microscopically evidenced by Mossbauer.
Around T = 114 K, the alloy enters into a FM state, which
is present still at T = 5 K, as understood from the M(H)
behavior. The magnetic contribution should stem from Tb
and it is expected that for such low Fe-concetrations the Fe-
atoms remain in a non-magnetic due to changes in the elec-
tronic band structure of Al and Fe. [16]. However, around
60 K, both the DC- and AC-measurements mark the pres-
ence of anew (clustered) phase with the presence of a glassy

dynamics, which is still mixed with a remaining FM con-
tribution. This behavior resembles that reported on ThAl;
alloy, the latter showing a couple of contributions at 105
K and around 44 K as well. There are though two distinc-
tions: firstly, in the present Fe-substituted alloy, the T¢ is
slightly higher. This is expected due to the enhancement
of exchange interactions thanks to Al substitution by Fe-
atoms, and with an increasing tendency to a crossover to
a high T value of 703 K, reported in TbFey alloy [4].
Secondly, the magnitude of the contribution at T¢ is re-
duced and the lower temperature peak shows glassy fea-
tures rather than strict domain wall dynamics observed
TbAl; [8], following the AC-susceptibility results. As a con-
sequence, the random substitution of Al by Fe increases
the random anisotropy and promotes a low-temperature
glassy behavior. In fact, it looks as if the TbAl; 5Feq 5 alloy
is closer to 300 h milled TbAl,, with lower characteristic
VF parameters of Ty (41 K), E, (64 K), and 6 = 0.0026,
closer to that observed in canonical SG systems [8]. Over-
all, the bulk alloy behaves according to a reentrant ferro-
magnet, in which there is a transition from a FM to a spin
glass state, influence by ferromagnetically coupled regions
acting as small domain (clusters) [14,15,18]. In this sense,
it is then critical to define the spin correlation length of
the domains; the delicate balance between exchange and
anisotropy may reduce their size, resulting in an heteroge-
neous spin arrangement [19].

Regarding the 25 h and 40 h milled alloys, the FM con-
tribution tends to disappear gradually and glassy peaks are
observed at Ty = 63 K and 61 K, respectively. Respect to
the bulk sample, the VF activation energy decreases from
E, =276 K to 109 K and the value of the relative shift per
frequency decade ¢, from 0.0143 to 0.0055. The latter val-
ues are indicating that the milling process favors the disor-
der, and consequently a magnetic glassy behavior close to
those in archetypal SG systems. This process is favored by
the presence of magnetic nanoparticles, which constitute
the structural basis for the disordered structure. In fact,
a remaining FM behavior is explained due to the proxim-
ity of the particles, enabling a effective exchange connec-
tion among them [20]. In short, there is a disordered state
giving rise to the glassy Ty peaks with some scattered FM
coupling among the particles.

The low temperature contribution, labeled as T, around
30 K in both milled samples does not stem from a possible
Fe segregation, as observed in other Fe-containing (Th-Fe-
B) milled alloys, because in our Th-Al-Fe alloys the mag-
netization does not increase when milling the samples [21].
Interestingly, these low temperature contributions, below
the glassy peak, have also been observed in 300 h TbAI;
milled alloy, with a relative shift § = 0.09, similar to that
observed here for the Th-Al-Fe milled alloys. On the one
hand, the frequency dependence of the peak of these contri-
butions cannot be described by a Vogel-Fulcher law, with
physical meaning parameters. On the other hand, the value
of the relative shift (6* = 0.1) has been found in systems
of single domain magnetic nanoparticles, ascribed in the



SPM regime [15]. In the same way, similar values have been
reported in various other magnetic systems, with coexis-
tence of different magnetic phases, namely, antiferromag-
netic and SG states [22], SPM-SG-FM behaviors [23], and
cluster glass CG-SPM [24]. In this sense, the analysis of
the frequency dependence of the low temperature contribu-
tions in 25 h and 40 h TbAl; 5Feg 5 milled alloys formally
fits to an Arrhenius law. However, the calculated parame-
ters yield unphysical relaxation times 79 = 1.3-10~!* s and
To = 5.4-10716 s, respectively, and values of the activation
energy E, around 800 K. These values for the attempt time
are much lower than commonly observed in SPM systems
(1079 s) and SG systems (107! s). In addition, the val-
ues of E, around 800 K (69 meV), are much higher to that
observed for the glassy peaks (109 K). Thus, it seems that
the dynamics of these low temperature contributions could
be ascribed to non-Arrhenius, fast relaxation processes. It
has been shown for single domain particles, when the en-
ergy barrier to reverse the particle magnetization is small,
the decay is found to be of non purely Arrhenius character
[25-27]. According to these theoretical studies, fast relax-
ation processes are not consistent with the thermal activa-
tion over a single barrier with an Arrhenius exponential de-
cay, or decay through parallel processes of Arrhenius type
occurring at different rates, instead a more complex theo-
retical approach is needed [25]. It should be considered, for
instance, a sequence of different metastable states between
the initial and final states [26].

The existence of this low-temperature special relaxation
can be connected also to an intricate spin arrangement,
with a remarkable similarity to an amorphous arrange-
ment. The particles are randomly placed with some of
them behaving a single-domain particles; it is expected
that some of them could be physically connected (al-
lowing direct exchange coupling). Secondly, others could
behave more independently, resembling a complex SPM
with some interparticle (dipolar) interactions [15,20]. The
combination of these two ingredients may result in the
mentioned metastable states in the relaxation. As a mat-
ter of fact, the shape of the susceptibility curves and the
interpretation shows a parallelism to that concluded for
Fe-Zr and Fe-Zr-B amorphous alloys, with two different
spin environments at different lengthscales resulting in a
spin-disordered structure at low temperatures [18,19,28].

It turns out that, in Re nanocrystalline materials, the
modification of the physical properties due to the reduc-
tion of the size of the particles leading to a stronger influ-
ence of the surface effects is remarkable [29]. This can be
further illustrated by the Arrott plots at different temper-
atures, shown in Figure 11, for the 40 h milled alloy. By
contrast with those described above for the bulk sample,
there is a change in the curvature between the low tem-
perature region (Figure 11 a) and high temperature ones
(Figure 11 b). This situation resembles that observed in
the mechanically milled GdAl; alloy [30]. In addition, the
overall behavior of these Arrott plots resemble those theo-
retically described for random anisotropy systems [31]. For

the GdAl; milled alloy, it was concluded that the disorder-
induced random exchange and anisotropy within the grains
and the boundaries leads to the freezing of FM regions at
low temperatures into a Cluster Glass (CG) state [30]. This
situation was equally observed in TbAls milled alloys [8],
and it is bound to be the case in the Th-Al-Fe milled sam-
ples as well. To end up, the described reduction of the co-
ercivity with the decrease of the size of the particles should
also be connected to the presence of a fraction of single-
domain particles. It is well-known that there is an increase
of the anisotropy with the decrease of size within the mul-
tidomain state. Eventually there is a particle size in which
only single domain particles are energetically favorable in
the alloy. In such a situation, there stands an effective ran-
dom magnetic anisotropy which is averaged (reduced) by
the number of particles and, consequently, a decrease of the
coercivity. This decrease is very abrupt, scaling with D6
inside the single domain region [32].

5. Conclusions

Summarizing, the measurements of the magnetic prop-
erties in bulk TbAl; 5Feq 5 alloy show the presence of a
FM state which is modified at lower temperatures with the
presence of a glassy behavior. This alloy shows a huge in-
crease of the coercivity from 0.08 kOe in bulk TbAl; to 15
kOe. In the milled samples (25 h and 40 h), the coercivity
decreases according to the presence of nanoparticles. In ad-
dition, static DC- and dynamic AC-magnetic susceptibility
results indicate the presence of a glassy magnetic state in
both bulk and nanometric TbAl; 5Feq 5 alloys around Tj
= 62 K. Moreover, below T} , additional low frequency de-
pendent peaks T, have been observed in the milled sam-
ples. These magnetic contributions cannot be described by
a Vogel-Fulcher law, and parameters derived from an Ar-
rhenius process yield uncommon values. Some studies at-
tribute this to fast relaxation processes over small energy
barriers. Naturally the intricate and disordered nature of
the milled alloys not only in their local structure but in
the particle arrangement favors the presence of such spe-
cial spin relaxations. It would be interesting to extend this
kind of study to other Re systems, especially what concerns
to those low temperature contributions and to disclose in
detail the magnetic structure via low temperature neutron
and/or Mossbauer spectroscopy.
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