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Multiple spin-glass-like (SGL) behaviors have been observed in a PrgyAl;(Ni;oCu,¢Fe, bulk metallic glass
(BMG). Various measurements are carried out to confirm the coexistence of a reentrant-SGL ordering at 14 K,
and two cluster-SGL transitions around 6 K and 280 K. The unusual multiple SGL behaviors are ascribed to
the couple between the magnetic nanoclusters and the amorphous matrix. The combination of the intrinsic
inhomogeneity, spontaneous nanoconfinement and magnetic completing in the BMG leads to the three quali-
tatively distinct SGL transitions with unique characteristics such as the elevated freezing temperature close to

room temperature in cluster SGL. Comparing with the most spin glass (SG) materials with only one SG phase,
the Pr-based BMG with multiple SGL phases provides an ideal prototype to fill up the gap for the unknown
interactions between two or more SGs, which is of significance to expand current understanding of both SG

and more complex systems.
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I. INTRODUCTION

For the last several decades, spin-glass (SG) has been
extensively studied as a prototype of complex systems, and
the SG theory has already found applications to several fields
outside its original scope, such as combinatorial optimiza-
tion, categorization theory, associative memories and infor-
mation theory.'> The SG was originally coined to describe
some magnetic alloys in which there was observed orienta-
tions’ freezing of the magnetic moments (spins). The attempt
to understand the cooperative physics of such alloys has ex-
posed many previously unknown and unanticipated funda-
mental concepts and led to the devising of new analytical,
experimental and computer simulation techniques.! There-
fore, a large number of SG materials have been widely
found, and so far there are three main kinds of SGs including
surface SG,* reentrant SG.,8'0 and cluster SG,!!2 which
have been intensively studied in nanoparticle systems, single
crystals and polycrystalline materials. However, to the best
of our knowledge, the most conventional SG materials con-
tain only one SG phase, and the intricate interactions be-
tween two or more SGs remain a major mystery. Accord-
ingly, a sample with intrinsic multiple SG transitions is
highly desirable and its availability is closely associated with
the prototype for multiple complex systems. These have had
major ramifications throughout the whole study of problems
involving assemblies of strongly interacting individual enti-
ties in which competitive forces yield complex cooperative
behavior.!-13 In addition, the most SG transitions in conven-
tional nanoparticle and crystal systems occur in rather low
temperature, few SGs freezing near room temperature (RT)
have been reported, while such SGs can advantage the fine
tuning of freezing state through more available external op-
erations such as light perturbation.'*

In this work, the unusual multiple SGL behaviors have
been observed in a PrgyAl;(NioCu,cFe, bulk metallic glass
(BMG) with the intrinsic disordered microstructure and
unique characteristics that are markedly different from that
of the nanoparticle and the crystal materials.'> The multiple
SGL phases comprise a reentrant-SGL ordering at 14 K (i.e.,
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paramagnetic to ferromagnetic state at 17 K, and then ferro-
magnetic to SGL state at 14 K), and two cluster-SGL transi-
tions around 6 K and 280 K. In order to understand the mul-
tiple SGL behaviors, we have systematically measured the
properties of the Pr-based BMG including the T dependence
of ac and dc susceptibility at different frequencies and mag-
netic fields, the magnetization and magnetic relaxation at dif-
ferent temperatures, the electronic resistivity, and magnetic
domains. The multiple SGL behaviors are ascribed to the
intrinsic inhomogeneity and spontaneous nanoscale confine-
ment within the BMG, which provides an attractive platform
for modeling more complex collective phenomena in a broad
variety of systems such as SGs, ferrofluids, and dense colloi-
dal suspensions.

II. EXPERIMENTAL

PrgoAloNi;CugFe, alloy was prepared by arc melting
pure Pr, Al, Ni, Cu, and Fe in an argon atmosphere. The
ingots were remelted and suck cast into a Cu mold under
argon atmosphere to get a cylindrical rod of 5 mm in diam-
eter. The amorphous nature of the as-cast alloys was ascer-
tained by x-ray diffraction (XRD) using a MAC M03 XHF
diffractometer with Cu Ko radiation. Thermal analysis was
carried out in a Perkin-Elmer DSC-7 differential scanning
calorimeter under a continuous argon flow at a heating rate
of 20 K/min. The magnetism and four-point electrical resis-
tance measurements were performed using a PPMS 6000 of
Quantum Design Company with high accuracy of 10~° emu
and 107* (), respectively. The study of domain structure was
carried out by using Digital Instruments NanoScope III a
D-3000 MFM. The acoustic velocities of the specimens at
room temperature were measured using a pulse-echo overlap
technique. The travel time of ultrasonic waves propagating
through the specimen with a 10 MHz frequency was mea-
sured using a MATEC 6600 ultrasonic system with a mea-
suring sensitivity of 0.5 ns. Elastic constants and the Debye
temperature 6, of the alloys were obtained from the acoustic
velocities and the densities.'®

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.064422

WANG et al.

Heat Flow Endo
(arb.units)

Heating Rate: 20K/min

400 450 500 550 600
TK)

Intensity (arb. units)

10 20 30 40 50 60 70 80
20 (deg)
FIG. 1. (Color online) XRD pattern of the as-cast

PrgoAloNi;oCu ¢Fey BMG. The insert shows the DSC trace of the
BMG.

III. RESULTS

Figure 1 shows the XRD pattern of the as-cast
PrgoAl oNi;(Cu,cFe, alloy. Two broad diffraction peaks indi-
cating amorphous structure and no appreciable diffraction
peaks corresponding to crystalline phase are seen for the
sample within the resolution limit of the XRD. The insert of
Fig. 1 shows the DSC trace of the BMG. The crystallization
process includes three exothermic reactions showing the
stepwise transformation from the glass into the crystalline
state. The remarkable feature of the DSC trace is an obvious
endothermic characteristic before crystallization indicating a
glass transition at 423 K. The first crystallization event oc-
curs at T,y =455 K. The supercooled liquid region or soften-
ing region, AT=T,,—T,=32 K. The liquidous temperature 7;
of the alloys is 737 K. The distinct glass transition, sharp
crystallization events further confirm the amorphous state of
the alloy. The Young’s modulus E, shear modulus G, bulk
modulus K, Poisson’s ratio v, and the Debye temperature 6,
of the alloys determined from the acoustic velocities are
38.06 GPa, 14.09 GPa, 42.56 GPa, 0.351, 163 K, respec-
tively. The fragility m (m is an index of how fast the viscos-
ity increases while approaching the structural arrest at T,) of
the Pr-based alloy, is about 31.!7

The zero field cooled (ZFC) and field cooled (FC) mag-
netization curves of the BMG are shown in Fig. 2, and the
insert shows the field dependence of the peak temperature
Try. The ZFC and FC branches are measured on warming
after initially cooling from 300 to 2 K in zero field and the
measuring field, respectively. Low field dc magnetization ex-
hibits the onset of the irreversibility between the ZFC and
FC curves around 14 K, which corresponds to the develop-
ment of a collective frozen magnetic state with the randomly
oriented magnetic moments. Above the bifurcation tempera-
ture Tpy= 14 K, the ZFC and FC curves coincide; whereas
below T, they split, and the ZFC branch decreases rapidly
while the FC branch increases to a plateau. The sharp maxi-
mum in the ZFC curve is broadened and pushed toward
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FIG. 2. (Color online) FC and ZFC magnetization measured at
different fields. The insert shows the field dependence of the freez-
ing temperatures, plotted as Tp vs H'2.

lower T with increasing the dc field. These features are typi-
cal characteristics of a SG.!? Further quantitative evidence is
given by the Almeida-Thouless (AT) relationship for the
most canonical SG systems, which explains the critical lines
span with the variable temperature and magnetic field by the
mean-field SG model.>%!?> The insert of Fig. 2 shows the
linear relationship of T, vs H'2, corresponding to the so-
called AT line given by H,H{(T)/AJ o (1-T/Ty)"?, where Ty
is the zero-field SG freezing temperature and AJ is the width
of the distribution of exchange interactions. The linear AT
line implies the spin disorder in the whole volume of the
BMG, expecting a reentrant SGL behavior at T, =~ 14 K,>!3
if the spin disorder is limited in the localized layer, e.g.,
surface-SG, Ty should follow the H3256

Two important features can be found from Fig. 2. One is
that the extrapolation of the AT line to H=0 gives the SGL
transition temperature 7y, =~ 14.5 K, which is consistent with
the observed M(T) at low field. Another is that the extrapo-
lation of the line forward to T=0 gives a critical cooling field
H_.;~8.2 kOe, indicating the SGL can disappear when H
>H,,;, which is in perfect agreement with the kink feature
around 8 kOe in the following magnetization results at 2 K.
The compliance of the data with AT line is considered to be
a strong evidence for the existence of a reentrant-SGL phase
in the Pr-based BMG.

Nevertheless, a careful analysis of the ZFC and FC
branches clearly reveals the coexistence of another slight ir-
reversibility between the ZFC and FC curves around Tps
~250 K, and a sudden increase in the FC magnetization
below T =8 K (see Fig. 3). The irreversible magnetization
near RT is two orders of magnitude lower than that around
Tr, and the peak is rather broad, indicating some larger spin
clusters are slightly frozen (i.e., cluster SGL).!! The sudden
increase of FC magnetization is much clear in the dM/dT
plot, which is also one typical characteristics of a freezing
process.’ In other words, some moments can freeze below
Tr; and align with the direction of external field in the FC
process, thus the FC magnetization exhibits a sudden in-
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FIG. 3. (Color online) Typical FC curve M (left axis) and
dM/dT (right axis) as a function of the temperature measured at
100 Oe. The insert shows the enlarged FC and ZFC branches in
high temperature.

crease below 7. Each forenamed behavior, including reen-
trant SG and cluster SG, has been separately observed in
different nanoparticle or crystal systems, while few materials
with two or more SG phases have been reported before.

To verify the coexistence of the three different SGL tran-
sitions in the BMG, the T-dependent ac susceptibility is mea-
sured at several frequencies ranging from 10 Hz to 10 kHz.
The sample is first cooled from RT to 2 K in zero magnetic
field, then a probing ac magnetic field of 10 Oe is applied to
measure the susceptibility x as 7 is slowly raised in short
steps to 300 K. Figure 4(a) and 4(b) show the real (x') and
imaginary (x”’) components of the ac susceptibility of the
BMG versus T under different frequencies. The insert of Fig.
4(a) shows the T dependent y' (right axis) and 1/x’ (left
axis) at w=1 kHz, the solid line is the Curie-Weiss fit. Ac-
cording to the Curie-Weiss law:'® y=C/(T-6,,), the system
undergoes a paramagnetic to ferromagnetic state (PM-FM) at
the Curie temperature T-~ 17 K. With increasing tempera-
ture, the magnetization above 100 K gradually deviates the
Curie-Weiss behavior, the obvious deviation is due to a mag-
netic cluster freezing near RT. The y' curve shows two
maxima at Ty = 14 K and T3 =280 K, and a small shoulder
around Ty =6 K, but the " curve with one order of mag-
nitude smaller than x’ shows three well-defined peaks near
Try, Try, and Ty [see Figs. 4(a) and 4(b)]. Both x’ and Y’
show evident maxima with amplitudes and positions depend-
ing on the frequency w of the applied ac magnetic field.
As frequency is raised the ' peak amplitudes diminish and
all peak temperatures shift linearly to high 7 with In w (see
Fig. 5), confirming the presence of relaxation processes. The
value of frequency sensibility of Tglw), 6Tk
=ATy/(TFA In w), has been used as a possible distinguishing
criterion for the presence of a SG phase.'?!8 At T, Ty, and
Tr3, defined by the maximum in y" at 10 Hz, 67,,;=0.005,
6T1»,=0.012, and 6T3=0.01. For canonical SGs, the 6T}, lies
between 0.0045 and 0.06, whereas for the known superpara-
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FIG. 4. (Color online) (a) Real (x’') and imaginary (x”) compo-
nents of the ac susceptibility of the BMG vs T at frequencies from
10 Hz to 10 kHz in an applied ac field of 10 Oe. The insert shows
the temperature dependence of the susceptibility (right axis) and

inverse susceptibility (left axis), the solid line is the Curie-Weiss fit.
(b) the ac susceptibility in high temperature.

magnetic system it has a value larger than 0.1.'® All of our
values fall into the SG range and the quantitative measure-
ment clearly shows there exist three different SGL phases in
the BMG.

As shown in Fig. 5, the experimental data can be fitted
well using the empirical Vogel-Fulcher law:!l1218 ¢
=wy exp[—E,/kg(TrT,)], with three fitting parameters: char-
acteristic frequency wy, activation energy E, (kg is the Bolt-
zmann constant), and Vogel-Fulcher temperature T, which is
a measure of interaction strength. The best fit of this equation
to the experimental data yields the values: wy =~ 10"} Hz,
Eal =31 K, and T0]:4.5 K, Wy =~ 1013 HZ, E02z40 K, and
T=12.6 K; wy3~10" Hz, E,;~275 K, and T,;=233 K.
For a typical SG system, T, is very close to T, whereas T} is
very small compared to Ty in a superparamagnet.'! There-
fore, the closeness of T, and T further characterizes the
three SGL transitions. However, the obtained wy;~ 107 Hz
suggests a slower spin dynamics near RT compared with g,
and wp, in low T which are 10'3 Hz typically taken in the
most SG systems.!""'> Combining the much broader peaks in
both dc and ac magnetization curves, the SGL features at 7'
can be identified as strongly interacted clusters rather than
individual spins. In contrast to the conventional cluster-SG
freezing below 110 K, even down to 10 K in nanoparticle or
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FIG. 5. (Color online) The plot of ac susceptibility peak tem-
perature T vs In w.

polycrystalline samples,'""!? the cluster-SGL in the BMG has
a greatly elevated freezing temperature close to RT, which
can accelerate the magnetic nanoclusters’ relaxation and ad-
vantage the fine tuning of freezing state through more avail-
able external operations such as light perturbation.'* The
magnetization data provides unambiguous evidence for the
coexistence of three different SGL phases in the BMG.

The electronic transport measurement can reflect a total
picture of the multiple SGL behaviors and show more evi-
dences. Figure 6 shows the 7 dependence of the electrical
resistivitity p and its derivative dp/dT, the insert provides
more details in a wide temperature range of 2 to 300 K. Two
important aspects of the data are noted: First, the BMG ex-
hibits a large residual resistivity p,.=53.8 udcm and a
small residual resistivity ratio psg) x/p, k=1.8, which are
attributed to the scattering of the structural disorder as is
usually observed in metallic SGs.!2 Second, almost no
anomaly is observed in the p(T) curve (see the insert of Fig.
6), indicating no long-range magnetic phase transitions near
the three freezing temperatures. It is known that the lack of

10 15 20 25
T (K)

FIG. 6. (Color online) Temperature dependence of the electrical
resistivity p (left axis) and its derivative dp/dT (right axis), the
insert shows the details in temperature ranging from 2 K to 300 K.
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FIG. 7. (Color online) The log-log plot of the thermoremanent
magnetization (TRM) versus temperature, the solid line shows the

sectional linear fit. The insert shows the time decay of the isother-
mal remanent magnetization (IRM) at 3 K.

periodic long-range magnetic order is one of the defining
properties of a SG system."'> However, a detailed inspection
of the derivative of p(T) with respect to T reveals clearly
three broad and well-shaped maxima around Ty =6.5 K,
Try=14 K, and Ty3~275 K (the very broad peak around
40 K is related to the characteristic structure of the BMG),
they are very close to the freezing temperatures defined by
the cusps in the magnetic susceptibility. The resistance maxi-
mum is attributed to the exchange interaction between con-
duction electrons and localized spins,?’ suggesting that some
sort of weak spin ordering changes, which are in good agree-
ment with the presence of spin freezing phenomena around
Tri, Try, and Tpy inferred from ac and dc magnetizations.
This electronic transport property excludes the existence of
long-range spatial magnetic ordering at Ty, Tp», and T3,
and further confirms the multiple-SGL behaviors in the
BMG.

The multiple SGL behaviors are also supported by mag-
netic relaxation experiments. To picture the complete dynam-
ics of the multiple SGL freezing at different temperatures,
the T dependence of thermoremanent magnetization (TRM)
was performed as follows: The sample was first cooled down
from 300 to 2 K in a strong field of 90 kOe; at 2 K, the field
was removed and the remanence was measured with increas-
ing temperature up to 300 K. It is known that a SG system is
not in thermal equilibrium but slowly relaxes to lower energy
states, which can be characterized by the stretched exponen-
tial, logarithmic or power laws.!1!8 We fit the TRM data with
a power law:'%!" M, o T-B, the slope changes of the log-
log plot of TRM vs T exhibit two broad decay regions
around Tp,, and Tp; (see Fig. 7). Below the freezing tem-
perature Tr, the TRM is roughly consistent with the power
decay law, while TRM decreases faster when 7> T, imply-
ing that the thermal activated process slowly reduces the
glassy behavior exhibited below Ty in comparison with the
fast decay above Tp. Furthermore, the TRM shows a de-
crease at whole measured 7 range and a magnetic phase
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FIG. 8. (Color online) (a) The M-H hysteresis loops at 300 K
and 2 K after zero-field-cooled. (b) the initial magnetization curve
at 2 K, the solid line shows the linear fit. (c) The dM/dH vs applied
field at 2 K.

transition around 17 K, where the ac susceptibility show no
frequency dependence and no irreversibility between ZFC
and FC modes. The PM-to-FM transition is so strong that
should originate from the paramagnetic amorphous matrix
with a large volume fraction in the BMG. In addition, the
nonzero value 1.2 emu/g of TRM at 300 K is the same with
the remanent magnetization M, measured by the hysteresis
loop, confirming there exist ferromagnetic nanoclusters with
short-range interacting embedded in paramagnetic amor-
phous matrix.!” The time response of dc magnetization is
also important to reveal the spin dynamics for SG system.
The isothermal remanent magnetization (IRM) was mea-
sured as follows: the sample was firstly cooled down in zero
field from 300 K to 3 K, and a magnetic field H=500 Oe
was applied for 1000 s, then the field was removed and the
remanence was measured as a function of time. As shown on
the semilogarithmic plot in the insert of the Fig. 7, the IRM
can be roughly fit by a power law:'%!! Mz, #, the sight
deviation may be related to the coexistence of multiple SGL
freezing states.

Figure 8(a) presents the M-H hysteresis loops at 300 K
and 2 K after ZFC. The BMG shows a hard magnetic prop-
erty and no obvious hysteresis shift, and the coercivity
(146 KA m™!) is almost the same at 300 and 2 K, but the
ratio between remanent and saturation magnetizations
(M,/M,) decreases from 0.59 at 300 K to 0.33 at 2 K. The
initial magnetization M; curve at 2 K is plotted as a semi-
logarithmic scale in Fig. 8(b), the solid line shows the linear
fit. It is worth noting that the magnetization is difficult to
saturated even in a high magnetic field up to 90 kOe, favor-
ing to the representative SG effect.>® The M, increases
slowly below 1 kOe, but the linear increase above 1 kOe
follows the power law, which characterizes the SGL freezing
nature of the system.'"!8 More detail is shown by the deriva-
tive of M; at 2 K [see Fig. 8(c)], from the slope’s changes,
there exist three regions (denoted by A, B, and C) separated
by two kinks around 2 kOe and 8 kOe. With increasing field,
the dM/dH increases rapidly in region A according to the
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FIG. 9. (Color online) The typical (10X 10 wm) MFM image of
the BMG, the regions marked by A denote the magnetic domain
structures with random distribution, and the large gray areas (non-
ferromagnetic) are indicated by marker B. The insert shows the
enlarged M-H hysteresis loop at 300 K, the arrows show weak step-
like feature.

ferromagnetic nanoclusters ordering under applied field,
while decreases slowly in regions B and C. The second kink
around 8 kOe between regions B and C is very close to the
critical cooling field H.;~ 8.2 kOe calculated by the fore-
named AT line, further confirming that the reentrant SGL at
Tr,~ 14 K may disappear when H>H._.,..

To understand the microstructural origin of the observed
multiple-SGL behaviors in the BMG, the magnetic force mi-
croscope (MFM) is performed on the BMG at RT. The typi-
cal (10X 10 um) MFM image is presented in Fig. 9. Some
magnetic domain regions with obvious magnetic contrast
(denoted by A) in large gray areas (the nonferromagnetic
regions denoted by B) are visible, and the average domain
width is ~180 nm, which is similar to that of other hard
magnetic BMGs.?! The MFM image implies that the ferro-
magnetic clusters in a small volume fraction coexist with
paramagnetic amorphous matrix in the BMG. However, the
BMG exhibits a typical amorphous XRD pattern, which
gives an upper limit of a few nanometers for the cluster size.
The average domain width is much larger than the cluster
size because of the exchange-coupling interaction in the
alloy,”! i.e., the domain is actually a collection of a group of
the nanoclusters with similar magnetic orientations aligned
by exchange coupling. Partial nanoclusters have been identi-
fied as Pr and Pr-Fe phases, and the nanoclusters with size
of nearly 2 nm in rare earth (RE)-based magnetic BMGs
have been directly observed by transmission electron
microscopy.?? The MFM image indicates the Pr-based BMG
has an intrinsic inhomogeneous microstructure consisting of
amorphous matrix and magnetic nanoclusters.

The inset of Fig. 9 shows the enlarged M-H hysteresis
loop at 300 K, the arrows show two weak kinks at 1 kOe,
indicating a two-phase behavior,> which nicely coincides
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with the two kinds of magnetic domains observed by MFM.
For the optimal effective exchange coupling to occur within
a two-phase magnet, the dimension of the soft phase should
be smaller than twice the domain wall width of the hard
phase.?? Therefore, in a BMG with a very large soft phase,
hard and soft phases are not able to switch corporately. As a
result, its hysteresis loop shows a two-phase behavior and
the kink is related to the magnetization reversal of the ferro-
magnetic nanoclusters. According to the strong pinning
model,?* the ferromagnetic nanoclusters may act as pinning
sites for the domain walls of the amorphous matrix, the con-
stant coercivity at 300 K and 2 K suggests that these ferro-
magnetic nanoclusters remain stable in low 7. Taking ac-
count of the initial magnetization kink at 2 K nearly in the
same low field range [see Figs 8(b) and 8(c)], the behaviors
are in good accordance with the cluster-SGL freezing process
near RT.

IV. DISCUSSIONS

We ascribe the unusual multiple SGL behaviors to the
intrinsic inhomogeneous microstructure of the Pr-based
BMG. The BMG contains ferromagnetic Fe or Ni containing
nanoclusters, paramagnetic Pr-based amorphous matrix and
Pr nanoclusters, which contribute to the cluster-SGL at T
~280 K, the reentrant-SGL at Ty, = 14 K, and the cluster-
SGL at Ty =6 K, respectively (T is identified by the ac
magnetic susceptibility). It is worth noting that the SGL tem-
peratures estimated by different kinds of measurements are
slightly different, their magnitudes are within the realm of
conventional SG phase. A larger negative heat of mixing of
the constituents, AH,,;, is necessary to stabilize bulk metallic
glass. However, for the Pr-based BMG, the AH,,;, between
the two components (Pr and Fe) is positive and hence liquid
is to be less stable, consequently the mutually repulsive in-
teraction between Pr and Fe leads to clustering in the super-
cooled liquid, the clustering in the liquid state will be frozen
and retained in the amorphous Pr-based alloy.?> The initial
nanoscale nucleation may be responsible for the intrinsic in-
homogeneous microstructure of Pr-based BMG. In fact, the
precipitation of magnetic nanoclusters has been found to be a
common phenomenon for rare earth (RE)-Fe based glass-
forming alloy.??

The detail mechanism for the multiple SGL behaviors in
the Pr-based BMG is not understandable yet. It needs further
studies to verify the three SGL transitions are true SGs or
not. SG is an example of spontaneous cooperative freezing
of the spin orientations in the presence of the constrained
disorder of the interactions or spin locations, which are gen-
erally associated with large degeneracy of the magnetic
states caused by disorder, frustration, or both.!® The total
freezing process of multiple SGL behaviors can be qualita-
tively speculated as follows: The ferromagnetic Fe or Ni
containing nanoclusters are well confined in the amorphous
matrix during high-rate cooling process, and the large-area
magnetic domain near RT indicates these nanoclusters are
ferromagnetically coupled by exchange interaction. The ori-
entation of the nanoclusters depends on the competition be-
tween the exchange coupling energy and the magnetocrystal-
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line anisotropy. If these interactions are strong enough in RT,
accompanying with the frustration of the magnetic complet-
ing, the ferromagnetic nanoclusters will turn into a collective
dynamical behavior (i.e., the observed weak cluster-SGL).”-
With deceasing temperature, as the paramagnetic Pr-based
amorphous matrix becomes ferromagnetic below T~ 17 K,
the spontaneous ferromagnetic order starts. The absence of
strong susceptibility divergence from the Curie-Weiss law
below T suggests that ferromagnetic amorphous matrix do
not represent the true long-range ordered ferromagnetic
domains.'® With further cooling below Tp,=~14 K, the
atomic disorder and site disorder of the magnetic elements
may provide magnetic competition between FM and AFM
interactions (the Pr-Fe and Fe-Fe interactions are ferromag-
netic, while the antiparallelly coupled Pr-Pr moments are an-
tiferromagnetic). And the magnetic RKKY competition can-
not be ruled out, but its contribution should be secondary in
view of the strong ferromagnetism starting below 17 K (see
Fig. 7).%” Thus no unique spin configuration is favored in this
case, leading to the frustration of amorphous matrix and the
subsequent spin freezing process.! The AFM ordering tem-
perature resulting from RE-RE interactions has been clearly
observed below 20 K in by neutron-diffraction measure-
ments, which is very weak in RE-Fe based metallic glasses
and difficult to be definitely confirmed by conventional mag-
netic measurements.”®

In addition to ferromagnetic Fe or Ni containing nano-
clusters, it is worth noting that there also exit a small fraction
of paramagnetic Pr nanoclusters well confined in the amor-
phous matrix.?> With deceasing temperature, the Pr nano-
clusters becomes ferromagnetic below T, the ferromagnetic
spin order is established within each Pr nanocluster and the
growth of the ferromagnetic spin-correlation length is en-
hanced by intercluster interactions. The freezing of Pr nano-
clusters needs a lower temperature than that of amorphous
matrix, because of the longer ferromagnetic spin-correlation
length extending over nanoclusters. Below T, the spin di-
rections of these ferromagnetic Pr nanoclusters are frozen
owing to frustrated intercluster interactions, which play an
dominant role in determining a weak cluster-SGL ordering
around T, =~6 K. However, for canonical cluster-SG, the
slope change of TRM at the freezing temperature is rather
weak,!%!! the Pr cluster-SGL ordering around Ty, =6 K may
be too weak to be observed in TRM due to the very small
fraction of Pr nanoclusters and weak intercluster interactions.
Similarly, a small shoulder at a temperature slightly lower
than the main freezing peak temperature has also been re-
ported in a typical ferromagnetic cluster glass U,IrSis,'?
which has been ascribed to an inhomogeneous magnetic
structure existing in the sample to a certain extent. A hierar-
chical SGL ordering can also be another possible mechanism
for the transition at 6 K. In other words, although the transi-
tion at 6 K is in accord with some basic characteristics of SG
system, it may not be a canonical SGL transition (the detail
study is in process).

V. CONCLUSIONS

The unusual multiple SGL behaviors including a
reentrant-SGL and two cluster SGL, have been observed in
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the PrgyAl oNi;oCu cFe, BMG. The cluster SGL at 6 K, re-
entrant SGL at 14 K, and cluster SGL near RT originate from
the Pr nanoclusters, amorphous matrix and ferromagnetic Fe
or Ni containing nanoclusters, respectively. The multiple
SGL behaviors are ascribed to the cooperation of the intrinsic
inhomogeneity, the spontaneous nanoscale confinement and
completing magnetic interactions in the BMG. The Pr-based
BMG with three different SGL phases not only facilitates the
untouched researches for the interactions between two or
more SGs, but also provides an ideal prototype for more
complex systems, which has both fundamental and applied

PHYSICAL REVIEW B 74, 064422 (2006)

significance. In addition, the inhomogeneous microstructure
can be easily tuned by introducing magnetic elements such
as Fe in various RE-based BMGs, therefore, a variety of
multiple SGL behaviors can be realized in these RE-based
BMGs.
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