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Monte Carlo simulation of a cluster system with strong interaction and random anisotropy
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The Monte Carlo method is used to study magnetic properties of amorphous rare-earth~RE! and transition-
metal alloys, based on a model in which the magnetic units are magnetic clusters. Each cluster is assumed to
possess a certain magnetic moment, which decreases with increasing temperature, and a Curie temperature
Tc

cluster. A random distribution is assumed for the magnetic easy directions of the clusters. Monte Carlo
simulations were carried out to simulate magnetization curves after zero-field cooling and magnetic hysteresis
loops at different temperatures. The simulation results showed presence of two other critical temperaturesTblock

and Tc
system below Tc

cluster. Here Tblock is the blocking temperature due to the anisotropy energy of clusters,
while Tc

systemis the freezing temperature due to interactions between clusters. IfTc
systemis lower thanTblock, the

system behaves as a normal superparamagnetic material, characterized by a relatively weak effect of cluster
correlation and/or dipole interaction. IfTc

system is higher thanTblock, as in the case of many amorphous
rare-earth and transition-metal alloys, it is possible to have three magnetic states, depending on the tempera-
ture: ferromagnetism whenT,Tc

system, superparamagnetism with correlation whenTc
system,T,Tc

cluster, and
paramagnetism whenT.Tc

cluster. The freezing due to cluster interactions is characterized by a significant
increase of remanence, while high coercivity is obtained belowTblock. The simulation results were compared
with the experimental measurements. The magnetic behaviors of amorphous rare-earth and transition-metal
alloys are well described by the model.

DOI: 10.1103/PhysRevB.64.214410 PACS number~s!: 75.50.Kj, 75.30.Gw, 75.60.Ej
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I. INTRODUCTION

Amorphous rare-earth~RE! and transition-metal alloys
have been insensitively studied1–3 due to their interesting
physical properties and potential applications. For exam
their hard magnetic properties are promising for magn
and magneto-optic recording. Despite these studies, howe
the mechanisms for the observed magnetization and coe
ity are not well understood. In earlier works,4–6 we studied
amorphous RE-Fe-based alloys, such as Nd-Fe-Al, Y-Fe
Sm-Fe-Al, Gd-Fe-Al, and Dy-Fe-Al and observed the pr
ence of inhomogeneity and formation of magnetic cluster
these materials. The behaviors of magnetization curves ta
at different temperatures could be well explained using
perferromagnetic theory, confirming the presence of clus
and strong interactions between them. Similar results h
also been reported by others.7,8 Inhomogeneity and cluster
of 1–2 nm in size in these amorphous alloys can be cle
seen by transmission electron microscope.9

The most common approach for studying amorphous h
magnetic materials is the random magnetic anisotropy mo
proposed by Harriset al.10 In this model, the magnetic prop
erty of an amorphous hard magnetic material is determi
by two factors, the interaction between spins and the ani
ropy energy of spins for randomly distributed easy dire
tions. This model was very successful in describing the m
netic behaviors of many amorphous hard magne
materials.11–14 The random anisotropy model, however, w
based on uniform amorphous structures and may not be
plicable to inhomogeneous amorphous materials. Based
our experimental works,4–6 we suggested that the anisotrop
energy of the clusters and the interaction between the c
ters are important factors affecting the properties of an in
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mogeneous amorphous magnetic material.4 Similar concepts
have been used in the study of nanomagnets15–21 where the
magnetic features are determined by interaction betw
nanoparticles and anisotropy of individual nanoparticles
calculation based on an analytic mean-field theory show
that the effect of cluster interactions can result in freez
into a ferromagnetic state for amorphous RE-Fe ba
alloys.4,6 The simple mean-field analysis, however, cann
predict many other important magnetic features, such as
ercivity and magnetic hysteresis.

In order to further explore the applicability of our clust
interaction model and to further investigate the mechanis
underlining the observed magnetic properties of inhomo
neous amorphous magnetic materials, we performed Mo
Carlo simulations and calculated the magnetic hyster
loops and zero-field-cooled~ZFC! magnetization curves of a
magnetic cluster system. The Monte Carlo simulation
ables the evaluation of many important magnetic paramet
such as blocking temperature (Tblock) due to anisotropy,
freezing temperature (Tc

system) due to cluster interactions, re
manence, and coercivity in dependence on the cluster in
action energy and magnetic anisotropy energy. The sim
tion results have been compared with the experime
results of different amorphous rare-earth and transition-m
alloys. Excellent agreement is obtained between the exp
mental data and our simulation results.

II. HAMILTONIAN OF THE MAGNETIC CLUSTER
SYSTEM

The Monte Carlo simulation was carried out using a s
tem of 1000 clusters. The basic unit in the simulation is
cluster, and for each cluster, six nearest neighbors are
©2001 The American Physical Society10-1
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sidered when calculating the interaction between clusters
the clusters possess a magnetic momentm and a uniaxial
magnetic anisotropy energyED5Dm2, whereD is the mag-
netic anisotropy parameter of the cluster. A random distri
tion was assumed for the easy magnetization directions.

The HamiltonianE of the cluster system is given as

E52D(
i

@nW i•mW i~T!#22
1

2 (
iÞ j

Ji j mW i~T!•mW j~T!

2HW (
i

mW i~T!, ~1!

wheremi(T) is the magnetic moment of thei th cluster,nW i is
a unit vector in the direction of the easy magnetization of
cluster,Ji j is the exchange interaction between thei th cluster
and thej th cluster which is one of the nearest neighbors
clusteri, andHW is the applied magnetic field.

The temperature dependence of the magnetic moment
cluster is given by

m~T!5msf ~T/Tc
cluster!, ~2!

wherems is the saturation magnetic moment of the cluste
zero temperature andTc

cluster is the Curie temperature of th
magnetic cluster.f (T/Tc

cluster) varies from 1 at zero tempera
ture to zero at the Curie temperature. Assuming the clu
behaves as a bulk material, the functionf (T/Tc

cluster) can be
obtained from the Brillouin function withmspin52mB .4,6 It is
noted, however, that the cluster magnetization may decr
faster with temperature than bulk materials. At low tempe
ture, it is given by an effective power lawM}12BTa, with
a size-dependent, but structure-independent, exponent, a
scribed in Refs. 22–24.

The coordinate system used in our calculation and
definitions of the magnetization and easy magnetization
rections of a given cluster are illustrated in Fig. 1. Thez axis
is chosen to be alongHW . The magnetization direction an
easy direction of thei th cluster are specified by (u i ,w i) and
(s i ,g i), respectively. In terms of these variables, the ene
of the i th cluster can be written as

Ei52Dmi
2~T!~sinu i sins i cos~w i2g i !1cosu i cosg i !

2

21/2Ji j mi~T!mj~T!(
j

~sinu i sinu j cos~w i2w j !

1cosu i cosu j !2Hmi~T!cosu i . ~3!

III. MONTE CARLO SIMULATION

A. Monte Carlo technique in our simulation

The Monte Carlo~MC! simulation technique is an effec
tive approach in studies of systems with many degrees
freedom. During such a simulation, random numbers
used to simulate statistical fluctuations in order to gene
the correct thermodynamical probability of distributions.25,26

A typical MC simulation consists of two steps: therma
ization and evolution. During thermalization, the system
21441
ll

-

e

f

f a

t

er

se
-

de-

e
i-

y

of
e
te

s

led adiabatically to its thermodynamical equilibrium. Afte
the system reaches its thermal equilibrium, its dynamics
be studied and properties of interest as well as influence
external parameters can be obtained.

In this work, the standard Metropolis algorithm25,26 with
local dynamics27–29 is used to simulate the ZFC magnetiz
tion curves~change of magnetization as a function of tem
perature under a constant field after zero-field cooling! and
magnetic hysteresis loops~change in magnetization as
function of magnetic field under a constant temperature!.

The simulations were performed with a set of 1000 clu
ters. The magnetic properties of each cluster are specifie
four parameters: the direction of the easy axis is given
(s i ,g i), while the magnetization direction is described
(u i ,w i) ~Fig. 1!. The direction of the easy axis is kept fixe
through out the simulation, and the values fors i andg i are
chosen randomly in the ranges of@0, p# and@0, 2p#, respec-
tively. On the other hand, the direction of magnetization
the cluster is adjusted in each step and a small deviation
the range of (du i ,dw i), from the direction in the previous
step (u i ,w i) is allowed.dw i52du i was assumed in our cal
culation, since the range ofw i ,(0,2p), is twice of that of
u i ,(0,p). The energy differenceDE between the new and
current magnetization orientations is calculated from Eqs.~1!
and ~3!. If DE<0, the magnetization is changed to the ne
state. Otherwise, the magnetization is allowed to chang
the new orientation with a probability of exp(2DE/kBT) or to
remain at its current orientation with a probability of
2exp(2DE/kBT). Simulation of local dynamics allows th
detection of metastable states, which are responsible for
hysteresis. The local dynamics also allows control of
acceptance rate of MC simulations. The larger the range
du i , the lower the acceptance rate. A constant accepta
rate means a constant rate of motion in the phase space27 In
order to compare the simulation results at different tempe
tures, a constant acceptance rate is necessary. It is s
35–37% in our simulation.

FIG. 1. The coordinate system and specifications of the mag
tization and easy magnetization directions for a given cluster.
0-2
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MONTE CARLO SIMULATION OF A CLUSTER SYSTEM . . . PHYSICAL REVIEW B64 214410
To simulate a magnetic hysteresis loop, the system m
be initially thermolized at a desired temperature~sufficiently
higher than the Curie temperatureTc

cluster! under a sufficiently
high magnetic field~higher than its anisotropy field!. In this
thermolization process, the nonlocal dynamics@duP(0,p)#
is used in order to bring the system to equilibrium quick
After the system reaches equilibrium, local dynamics is u
to simulate the magnetic hysteresis loop. Heredu is adjusted
to obtain the acceptance rate of 35–37%, which is follow
by 10 000 Monte Carlo steps to thermalize the system.
nally, another 10 000 Monte Carlo steps are performed
collect data.

The procedure to simulate a ZFC magnetization curve
similar to that for a magnetic hysteresis loop. The system
first brought to equilibrium at a sufficiently high temperatu
in zero magnetic field. It is then cooled down to a low te
perature~5 K! in zero field. Finally magnetization is re
corded as a function of temperature in the heating proc
under a small constant magnetic field. The local dynamic
used to achieve equilibrium at high temperature. Here 10
Monte Carlo steps are used to thermalize the system at
temperature, and another 10 000 Monte Carlo steps are
formed to collect data.

B. Blocking temperature Tblock for a cluster system without
interaction

In order to determine the blocking temperatureTblock of
the system as a function of magnetic anisotropy energyED
5Dm2, we simulated ZFC magnetization curves (M /Ms)
under a constant magnetic field of 500 Oe. The effect
cluster interaction is not considered in this case@J is set to 0
in Eq. ~1! during the simulation#.

The MC method is a good technique for calculating pro
erties of magnetic materials at finite temperature.25,26 How-
ever, its main drawback is that individual MC steps do n
correspond to real time, but are sampling of its phase
certain rate. The time scale is always a very important is
when nonequilibrium phenomena are simulated.30,31 In a re-
cent work,31 Smirnov-Ruedaet al. compared the Monte
Carlo method with Langevin dynamics and provided n
insights to the interpretation of the Monte Carlo proce
leading to the implementation of a new algorithm where
Monte Carlo step is time quantified. According to the wo
of Smirnov-Ruedaet al., it is possible to choose the trial ste
for a MC step in such way that a MC step corresponds t
real-time interval. In the present work, the simulation resu
of ZFC curves were used to quantify the time scale~consist-
ing of 10 000 Monte Carlo steps for thermalization a
10 000 Monte Carlo steps for data collection!.27

The blocking temperature (Tblock) due to anisotropy en
ergy is given by the maximum of magnetization in a ZF
curve.32–35 In a superparamagnetic system, the thermofl
tuation can be described by a relaxation timet, which is
essentially the average time it takes to reverse the mag
zation direction of a cluster, and is determined by the m
netic anisotropy energy of the cluster,

1/t5 f 0 expS 2
Dm2

kBT D , ~4!
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whereDm2 is the anisotropy energy,T is the temperature,kB
is Boltzmann’s constant, andf 0 is a constant (109 Hz).36

In our simulation, the MC acceptance rates are set t
narrow range of 35%–37%. Therefore, the rate of motion
phase space is almost constant. A ZFC curve forED /kB
51000 K obtained at a constant magnetic field of 500 Oe
shown in Fig. 2~a!. A maximum near 100 K@or minimum of
the reverse of magnetic susceptibility, as shown in Fig. 3~b!#
is seen clearly in the ZFC curve, which gives the blocki
temperatureTblock.

The blocking temperature obtained from ZFC curves
shown in Fig. 2~b! as a function ofED . From Eq.~4!, Tblock
is expected to increase linearly withED /kB when the relax-
ation time t is a constant. The linear relationship betwe
Tblock andED /kB shown in Fig. 2~b! indicates that the Monte
Carlo simulation can reasonably describe the magnetic c
acter of a cluster system. Furthermore, the slope of
straight line in Fig. 2 yields a value of approximately 10 f
the ratioDm2/kBTblock. Based on this and using Eq.~4!, the
relaxation time can be estimated to be in the order
1025 sec., which is about the same as the sampling time
Mössbauer spectrometer, which is widely used for the e
mation of blocking temperature for various superparam
netic materials. Typical magnetic measurements are d
over a time scale of 10 sec.36 The increase of the Monte
Carlo time scale from 1025 to 10 sec can be achieved b

FIG. 2. ~a! The simulated ZFC curve of the cluster system w
ED /kB51000 K and EJ /kB50 K. The blocking temperature is
given by the maximum of the ZFC curve.~b! Dependence of block-
ing temperatureTblock on the anisotropy energyED /kB .
0-3
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increasing the number of MC steps. However, a small
crease in the Monte Carlo time scale can lead to a dram
increase in the required number of Monte Carlo steps du
a simulation. It is, therefore, unrealistic to increase the nu
ber of MC steps significantly because of limited computi
resources. A short Monte Carlo time scale results in hig
critical temperatures~e.g., Tblock! than the values expecte
for a measurement time scale of 10 sec. ForED /kB
51000 K, the value ofTblock estimated from our Monte
Carlo simulation is 97 K, while the value calculated from E
~4! using the experimental time scale of 10 sec is 40 K.
can therefore conclude that our Monte Carlo simulat
yields acceptableTblock values.

C. Simulation results and analysis

To increase the efficiency of the MC simulation, magne
parameters such as Curie temperatureTc

cluster, magnetic mo-
ment of a clusterms , and magnetic anisotropy energyDm2

were allowed to vary only within predefined ranges whi
were chosen based on our previous measurements
analysis.4,6 In our previous work, we successfully analyze
the magnetic behaviors of amorphous rare-earth
transition-metal alloys using a mean-field approach.4 It was
shown that the magnetic moment of a cluster is ab
1000mB . Using the saturation magnetization of the we
known Nd2Fe14B compound, 1000mB corresponds to a par
ticle size of 1.9 nm, which is in good agreement with t
expected cluster size in these materials.7 Clusters of approxi-
mately 1.2 nm were also reported by Klameret al.9 in such
materials. Based on these, the magnetic moment of a clu
is fixed at 1000mB in our simulation. The energy of interac
tion between clusters,EJ /kB , was estimated to be in th
range of 100–400 K using the mean-field analysis,4 which
was used in the MC simulation. The value ofTc

cluster was
fixed at 550 K, since many magnetic measurements h
shown that the Curie temperatures of many amorphous r
earth and transition-metal alloys are in the range of 500–
K.

The magnetic anisotropy energies of amorphous ra
earth and transition-metal alloys remain unknown. Assum
that the cluster has a similar structure of a rare earth cont
ing crystalline structure, the magnetic anisotropy can po
bly range from ED /kB55440 K for the hard magnetic
Nd2Fe14B phase toED /kB5120 K for the soft magnetic
Fe3B phase.

Figure 3~a! shows the ZFC magnetization curves of clu
ter systems withED /kB51000 K andEJ /kB50, 25, 200,
and 300 K respectively. A constant applied magnetic field
500 Oe was assumed in our calculation. The inverse of
magnetic susceptibility, 1/x, was obtained byH/(M /Ms) and
the results are shown in Fig. 3~b! as a function of tempera
ture. The maximum of magnetization (M /Ms) in Fig. 3~a!
represents the blocking temperatureTblock for EJ50 ~nonin-
teracting clusters!. With the increase of the interaction en
ergy EJ , the maximum ofM /Ms shifted slightly to higher
temperatures. In the 1/x vs. temperature curves in Fig 3~b!,
Tblock is given by the minimum of 1/x. Again,Tblock does not
change significantly with cluster interaction energyEJ . For
21441
-
tic
g
-

r

.
e
n

c

nd

d

t

ter

ve
e-
0

e-
g
n-
i-

-

f
e

ED /kB51000 K andEJ50, the extrapolation of the linea
part of the 1/x vs temperature curve at high temperature
expected to pass through the origin according to the the
of superparamagnetism.36 1/x remains small for a certain
temperature range before increasing rapidly with tempe
ture. The extrapolation of the quasilinear part of the 1x
curve intersects the temperature axis at a finite tempera
value which shifts to higher temperature as interaction
ergy EJ increases. This temperature represents another c
cal temperature (Tc

system) which is the freezing temperatur
due to the interaction and will be discussed later.

Figure 4 shows the calculated ZFC and 1/x curves for a
constant interaction energy (ED /kB5200 K), but different
cluster anisotropy energies~ED /kB5200, 1000, 2000, and
3000 K, respectively!. The results show thatTc

system, given
by the intersection of the extrapolation of the linear porti
of the curve with the temperature axis in Fig. 4~b!, remains
almost the same for various anisotropy energies. The in
pendence ofTc

systemon anisotropy energy demonstrates th
Tc

systemis a result of the cluster interaction. On the other ha
the position of the minimum in 1/x shifts to higher tempera
ture with increasingED . This confirms that the minimum
represents the blocking temperature due to magnetic an
ropy. We can therefore conclude that there exist two criti
temperatures in the cluster system,Tblock and Tc

system. Here
Tblock is due to the anisotropy energy of clusters, wh
Tc

systemis due to cluster interactions.

FIG. 3. The simulated ZFC~a! and inverse of susceptibility 1/x
~b! curves forED /kB51000 K and various values ofEJ .
0-4



iou

, r
ys

th

o

e

er

-

in

o
lo
h

te

m-

rs.
he
ity

ys,

for

n

se

oer-
n-
hat
-

ce

res
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Figure 5 shows the simulated hysteresis loops at var
temperatures for two specimens, withED /kB51000 K and
EJ /kB50 @Fig. 5~a!# and 200 K @Fig. 5~b!#, respectively.
Figure 6 shows the change of coercivity and remanence
spectively, with different temperatures for the same two s
tems. It is clear that the system withEJ /kB50 becomes
superparamagnetic when the temperature is higher
Tblock. Both coercivity and remanence are zero@Fig. 6~a!#
above Tblock, and the magnetization curves are typical
superparamagnetism@Fig. 5~a!#. Both the coercivity and re-
manence increase rapidly whenT is reduced belowTblock, as
shown in Fig. 6~a!. Such a feature is also found in a wid
range of superparamagnetic systems.4–6,36

Similar results were obtained for nonzero but small int
action energy ifTc

system is below Tblock ~for example, for
EJ /kB525 K shown in Fig. 3!. This indicates that the ferro
magnetic state is present whenT,Tblock, if Tc

systemis below
Tblock and magnetic anisotropy plays the dominant role
this case.

For the system withEJ /kB5200 K, Tc
systemis well above

Tblock as shown in Figs. 2 and 3. A significant increase
remanence is observed when the temperature is be
Tc

system. However, coercivity remains at a low level. Hig
coercivity is found when the temperature is belowTblock
@Fig. 6~b!#. The hysteresis loop shown in Fig. 5~b! in the
temperature range betweenTblock andTc

systemexhibits typical
soft magnetic behavior. These indicate that the cluster in
actions lead to a ferromagnetic state belowTc

system, while

FIG. 4. The simulated ZFC~a! and inverse of susceptibility 1/x
~b! curves forEJ /kB5200 K and various values ofED .
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high coercivity requires the freezing below the blocking te
perature. WhenTblock,T,Tc

system, the cluster interactions
lead to a ferromagnetic coupling of the magnetic cluste
However, the thermal energy is high in comparison with t
magnetic anisotropy energy. Therefore, the low coerciv
values are due to easy flip or thermal excitation whenT
.Tblock.

For amorphous rare-earth and transition-metal allo
Tc

systemis often higher thanTblock.4 Our Monte Carlo simu-
lation results suggest the following magnetic behaviors
the cluster systems: paramagnetism whenT.Tc

cluster, su-
perparamagnetism with strong correlation whenTc

system,T
,Tc

cluster, ferromagnetic with low coercivity whenTblock

,T,Tc
system, and ferromagnetic with higher coercivity whe

T,Tblock, as schematically shown in Fig. 7.
Figure 8 shows the magnetic hysteresis loops at 5 K for a

constant interaction energy ofEJ /kB5300 K and various
values of magnetic anisotropy energy (ED /kB), ranging
from 5540 K ~corresponding to the hard magnetic pha
Nd2Fe14B! to 120 K ~corresponding to soft magnetic Fe3B!.
From the simulated results, we can conclude that the c
civity is mainly determined by the magnetic anisotropy e
ergy at such a low temperature. It is interesting to note t
the hysteresis loop withED /kB55540 K describes the iso
tropic Nd2Fe14B ~Mr50.5Ms and Hc50.48Han with Han
515 T, as given by the Stoner-Wohlfarth model9! very well.
With decreasingED , coercivity decreases, while remanen

FIG. 5. The simulated magnetic loops at various temperatu
for ED /kB51000 K andEJ /kB50 ~a! and 200 K~b!, respectively.
0-5
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increases. ForED /kB5120 K, the hysteresis loop becam
highly square, indicating remanence enhancement resu
from cluster interactions. Remanence enhancement has
reported in nanocrystalline materials due to strong inter
tions between neighbored grains.21,37

IV. MAGNETIC MEASUREMENTS ON AMORPHOUS
RE-Fe-BASED ALLOYS

We have also carried out direct measurements of magn
properties of amorphous RE-Fe-based alloys. The all
were prepared using melt-spinning technique. The exp
mental details were described elsewhere.4–6 The experimen-
tal results were compared with the results obtained from
Monte Carlo simulations.

A. Y60Fe30Al10

Yttrium has similar chemical properties as rare-earth e
ments. But Y is nonmagnetic. Ten percent of Al was used

FIG. 6. The simulated temperature dependence of coerc
m0Hc and relative remanenceMr /Ms for ED /kB51000 K and
EJ /kB50 ~a! and 200 K~b!, respectively.
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enhance the formability of amorphous structure.4–6,8 Figure
9 shows the magnetic hysteresis loops and magnetiza
curves of Y60Fe30Al10 at various temperatures. It can be se
that all the magnetization curves exhibit typical character
superparamagnetism except the hysteresis loop obtaine
4.2 K. It was reported previously4 that paramagnetism ap
pears at temperature above 355 K, suggesting thatTc

cluster

5355 K. The ZFC and FC curves and temperature dep
dence of inverse susceptibility of Y60Fe30Al10 are shown in
Figs. 10 and 11, respectively. From the maximum of mag
tization and minimum of inverse of susceptibility, 1/x,Tblock
is estimated to be 13 K. Extrapolation of the quasilinear p
of the 1/x curve @Fig. 12~a!# results in aTc

systemof approxi-
mately 5 K, which is belowTblock. According to the mean-
field analysis~Langevin function! given in Ref. 4, the cluster
interaction energy in Y60Fe30Al10 is much weaker than thos
in other RE-Fe-based alloys. Figure 12~a! shows that both
the coercivity and remanence are zero whenT.Tblock and
increase when the temperature is below the blocking te
perature. This behavior is expected for a superparamagn
system with weak interactions between particles.4,36

B. NdFeAl

Figure 13 shows the magnetization curves of NdFe
measured at a wide range of temperature. From the ma
tization curves,Tc

cluster is estimated to be around 300 K. Va
ues for the two critical temperatures,Tc

system5125 K and

ty

FIG. 8. The simulated magnetic loops at 5 K for EJ /kB

5300 K and various values ofED .
ic
n-
FIG. 7. The schematic illustration of magnet
loops of amorphous rare-earth and transitio
metal alloys in different temperature regions.
0-6
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MONTE CARLO SIMULATION OF A CLUSTER SYSTEM . . . PHYSICAL REVIEW B64 214410
Tblock575 K, can be obtained from the ZFC and FC curv
given in Fig. 10~b! and the 1/x curve given in Fig. 11~b!.
This indicates that the strong cluster interactions result i
ferromagnetic coupling between clusters with a critical te

FIG. 9. The magnetic hysteresis loops of Y60Fe30Al10 measured
at various temperatures.

FIG. 10. The experimental ZFC and FC curves for~a!
Y60Fe30Al10, ~b! NdFeAl, and~c! Nd60Fe30Al10.
21441
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perature of 125 K. The temperature dependence of the c
civity and remanence are shown in Fig. 12~b!. Remanence
increases when temperature is reduced below 125 K, w
coercivity starts to increase when temperature is reduced
low ,Tblock. This behavior agrees well with prediction b
our Monte Carlo simulation, as shown in Fig. 6~b!.

C. Nd60Fe30Al10

An increase in Nd concentration compared to NdFeAl
to a shift of the critical temperatures to higher temperatu
From our magnetic measurements,Tc

cluster for the
Nd60Fe30Al10 system was estimated to be 550 K. HereTc

system

and Tblock are fairly close to each other, given by 380 a
360 K, respectively, as shown in Figs. 10~c! and 11~c!. Com-
parison between Y60Fe30Al10 and Nd60Fe30Al10 shows that
replacement of nonmagnetic Y by Nd enhances the C
temperatureTc

cluster. The cluster interaction is strongly rein
forced at the same time. It is certain that the high block
temperature in Nd60Fe30Al10 is associated with high mag
netic anisotropy, due to the presence of Nd. It is well kno

FIG. 11. The experimental 1/x vs temperature curves for~a!
Y60Fe30Al10, ~b! NdFeAl, and~c! Nd60Fe30Al10.
0-7
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that compounds containing Nd often possess high magn
anisotropy due to their high Steven’s constant.38 The higher
blocking temperature of Nd60Fe30Al10 compared to that of
NdFeAl is probably due to the increase in magnetic anis
ropy as a result of higher Nd concentration.

The remanence of Nd60Fe30Al10 increases with decreasin
temperature whenT,Tc

system@Fig. 12~c!#, in agreement with
results of our Monte Carlo simulation~Figs. 5 and 6!. The
coercivity Hc starts to increase when temperature is redu
below T,350 K, which is close toTblock.

FIG. 12. The experimental temperature dependence of coe
ity m0Hc and remanenceMr for ~a! Y60Fe30Al10, ~b! NdFeAl, ~c!
Nd60Fe30Al10, and~d! remanenceMr for Gd60Fe30Al10.
21441
tic
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D. Gd60Fe30Al10

The anisotropy energy of magnetic clusters
Gd60Fe30Al10 is expected to be low since Gd is anS-state
rare-earth ion. The values ofTc

cluster and Tc
system obtained in

our study are;450 and;300 K, respectively~Fig. 14!,
while Tblock was measured to be lower than 5 K, which
much lower than that of Nd60Fe30Al10, confirming the low
magnetic anisotropy in Gd60Fe30Al10.

WhenT,Tc
system, Gd60Fe30Al10 is a soft magnetic mate

rial. Its coercivity is nearly zero in the temperature ran

FIG. 13. The experimental magnetic loops of NdFeAl measu
at various temperatures.

FIG. 14. The experimental magnetic loops of Gd60Fe30Al10 mea-
sured at various temperatures.
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from 4.2 to 300 K, as shown in Fig. 14. Its remanence
shown as a function of temperature in Fig. 12~d!. The rema-
nence increases with decreasing temperature whenT
,Tc

system(;300 K), as predicted by our Monte Carlo sim
lation ~Fig. 6!. The observed magnetic properties
Gd60Fe30Al10 fully agree with the results of a Monto Carl
simulation which predicts that the material with low ma
netic anisotropy energy is soft magnetic.

In our previous studies,4–6 high coercivity values were
obtained inR60Fe30Al10 with R being Nd, Pr, Sm, or Dy,
whereas the RE element has a nonzero magnetic dipole
ment. High coercivity values have been reported in ma
RE-~Fe, Co!-based amorphous materials,1–8 including mag-
netic recording media.39 It is believed that the high coercivity
values in these materials are due to the large magnetic
isotropy of RE ions with nonzero dipole moment.

V. SUMMARY

Our previous magnetic and Mo¨ssbauer studies on amo
phous rare-earth and transition-metal alloys suggested
formation of clusters. Inhomogeneity and clusters with a s
of 1–2 nm were observed in these materials. In this work,
have proposed a model to describe the magnetic feature
these cluster systems.

The magnetic units in this model are clusters. Each m
netic cluster is assumed to possess a magnetic mome
1000mB and a Curie temperatureTc

cluster of 550 K, which
J

,

d

d

g,

K.

l-

et
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were obtained from previous magnetic studies. Assumin
random distribution for the easy magnetization directions
clusters, Monte Carlo simulations were carried out to sim
late the magnetization curve after a zero-field cooling a
magnetic hysteresis loops at various temperatures.

Two critical temperaturesTblock andTc
systembelow the Cu-

rie temperature were obtained, whereTblock is the blocking
temperature due to the cluster anisotropy energy andTc

system

is the freezing temperature due to the interaction betw
clusters. IfTc

system is higher thanTblock, as for many amor-
phous rare-earth and transition-metal alloys, ferromagn
coupling between clusters appears belowTc

system. However,
hard magnetic properties are found belowTblock. Our simu-
lation results showed that the coercivity at low temperatur
mainly determined by the anisotropy energy. The interact
between clusters has a little effect on the coercivity.

Magnetic measurements were performed on several am
phous rare-earth and transition-metal alloys. Typical sup
paramagnetic properties were observed for Y60Fe30Al10 due
to its low cluster interaction energy resulting from the no
magnetic Y element. For NdFeAl and Nd60Fe30Al10, Tc

system

and Tblock can be clearly defined in their ZFC curves. Th
temperature dependence of coercivity and remanence ag
well with results of the Monte Carlo simulation. Soft ma
netic properties were evident in Gd60Fe30Al10, which is a
result of its low magnetic anisotropy energy due to the z
dipole moment of Gd.
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