PHYSICAL REVIEW B, VOLUME 64, 214410

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 raréREarénd 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
TAustr 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 tempEggiires
and TS®Mbelow TS Here Ty« is the blocking temperature due to the anisotropy energy of clusters,
while T¥S*®*Mjs the freezing temperature due to interactions between clustar¥®f™is lower thanT e, the
system behaves as a normal superparamagnetic material, characterized by a relatively weak effect of cluster
correlation and/or dipole interaction. "™ is higher thanTy,e, 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 whefi<T¥S®®", superparamagnetism with correlation wHEMS*®™< T< TS and
paramagnetism whefi >TSS The freezing due to cluster interactions is characterized by a significant
increase of remanence, while high coercivity is obtained bdlgy.. 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.
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[. INTRODUCTION mogeneous amorphous magnetic matérimilar concepts
have been used in the study of nanomagnetswhere the
Amorphous rare-eartfRE) and transition-metal alloys magnetic features are determined by interaction between
have been insensitively studfed due to their interesting nanoparticles and anisotropy of individual nanoparticles. A
physical properties and potential applications. For examplegalculation based on an analytic mean-field theory showed
their hard magnetic properties are promising for magnetiéhat the effect of CIl_JSteI’ interactions can result in freeZing
and magneto-optic recording. Despite these studies, howevefto a Gferroma_lgnetlc state for amorphous RE-Fe based
the mechanisms for the observed magnetization and coerci@lloys.” The simple mean-field analysis, however, cannot
ity are not well understood. In earlier works® we studied ~ Predict many other important magnetic features, such as co-
amorphous RE-Fe-based alloys, such as Nd-Fe-Al, Y-Fe-Alercivity and magnetic hysteresis.
Sm-Fe-Al, Gd-Fe-Al, and Dy-Fe-Al and observed the pres- In order to further explore the applicability of our cluster
ence of inhomogeneity and formation of magnetic clusters idnteraction model and to further investigate the mechanisms
these materials. The behaviors of magnetization curves takefiderlining the observed magnetic properties of inhomoge-
at different temperatures could be well explained using sun€ous amorphous magnetic materials, we performed Monte
perferromagnetic theory, confirming the presence of cluster§arlo simulations and calculated the magnetic hysteresis
and strong interactions between them. Similar results hav#®ops and zero-field-coole@FC) magnetization curves of a
also been reported by other&Inhomogeneity and clusters magnetic cluster system. The Monte Carlo simulation en-
of 1-2 nm in size in these amorphous alloys can be clearl@bles the evaluation of many important magnetic parameters,
seen by transmission electron microscdpe. such as blocking temperaturel,q) due to anisotropy,
The most common approach for studying amorphous haréreezing temperatureT@yS‘e") due to cluster interactions, re-
magnetic materials is the random magnetic anisotropy modéghanence, and coercivity in dependence on the cluster inter-
proposed by Harrigt al° In this model, the magnetic prop- action energy and magnetic anisotropy energy. The simula-
erty of an amorphous hard magnetic material is determinetion results have been compared with the experimental
by two factors, the interaction between spins and the anisotesults of different amorphous rare-earth and transition-metal
ropy energy of spins for randomly distributed easy direc-alloys. Excellent agreement is obtained between the experi-
tions. This model was very successful in describing the magmental data and our simulation results.
netic behaviors of many amorphous hard magnetic
materialsl.l‘l"‘The random anisotropy model, however, was || L AMILTONIAN OF THE MAGNETIC CLUSTER
based on uniform amorphous structures and may not be ap- SYSTEM
plicable to inhomogeneous amorphous materials. Based on
our experimental work$;® we suggested that the anisotropy ~ The Monte Carlo simulation was carried out using a sys-
energy of the clusters and the interaction between the clugem of 1000 clusters. The basic unit in the simulation is a
ters are important factors affecting the properties of an inhoeluster, and for each cluster, six nearest neighbors are con-
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sidered when calculating the interaction between clusters. All V4

the clusters possess a magnetic momardand a uniaxial i

magnetic anisotropy enerdy,=Dm?, whereD is the mag-

netic anisotropy parameter of the cluster. A random distribu-

tion was assumed for the easy magnetization directions.
The HamiltonianE of the cluster system is given as

=1

E=-DX [ﬁrmi(T)]z—%; 35 mi(T) - my(T) e
i 1#]

—H*Z my(T), (1)

wherem;(T) is the magnetic moment of théh cluster,n; is
a unit vector in the direction of the easy magnetization of the /
cluster,J;; is the exchange interaction between itrecluster /
and thejth cluster which is one of the nearest neighbors of /
clusteri, andH is the applied magnetic field.

The temperature dependence of the magnetic moment of ag
cluster is given by

cluste FIG. 1. The coordinate system and specifications of the magne-
m(T)=mgf(T/T"), (2)  tization and easy magnetization directions for a given cluster.

wheremy is the saturation magnetic moment of the cluster aled adiabatically to its thermodynamical equilibrium. After
zero temperature amjg'“S“*r is the Curie temperature of the the system reaches its thermal equilibrium, its dynamics can
magnetic cIusterf(T/Tﬁ'”Steﬁ varies from 1 at zero tempera- be studied and properties of interest as well as influence of
ture to zero at the Curie temperature. Assuming the clustefXtérnal parameters can be obtained.

behaves as a bulk material, the functibT/T™®) can be In this work, tr219e standard Metropolis algorithhi® with
, g T . :
obtained from the Brillouin function Withey= 24z 46 tis local dynam|c§ is used to simulate the ZFC magnetiza-

pin tion curves(change of magnetization as a function of tem-
noted, h_owever, that the cluster magnetization may decrea?)eerature under a constant field after zero-field coolimgd
faster with temperature than bulk materials. At low tempera

L . . ‘magnetic hysteresis loop&hange in magnetization as a
ture, itis given by an effective power lab=1—BT¢, with ¢ nction of magnetic field under a constant temperature
a size-dependent, but structure-independent, exponent, as de-The simulations were performed with a set of 1000 clus-

scribed in Refs. 22-24. _ _ ters. The magnetic properties of each cluster are specified by
The coordinate system used in our calculation and thgoyr parameters: the direction of the easy axis is given by

definitions of the magnetization and easy magnetization di(gi ,7:), while the magnetization direction is described by

rections of a given cluster are illustrated in Fig. 1. Bexis  (6;,¢;) (Fig. 1). The direction of the easy axis is kept fixed

is chosen to be alongi. The magnetization direction and through out the simulation, and the values égrand y; are

easy direction of théth cluster are specified byd(,¢;) and  chosen randomly in the ranges[6f 7] and[0, 2], respec-

(oi,7:), respectively. In terms of these variables, the energyively. On the other hand, the direction of magnetization of

of theith cluster can be written as the cluster is adjusted in each step and a small deviation, in
the range of §6;,5¢;), from the direction in the previous
Ei=— DmiZ(T)(sin 6; sinoj cog @;— ;) + C0sH,; COSY;)? step @;,¢;) is allowed.Ss¢;=266; was assumed in our cal-
culation, since the range af;,(0,27), is twice of that of
_1/2]ijmi(T)mj(T)Z (sin 6 sin 6; cod ¢, — ¢} 0;,(0,m). The energy differencAE between the new and
j

current magnetization orientations is calculated from Ebjs.
and(3). If AE<O0, the magnetization is changed to the new
state. Otherwise, the magnetization is allowed to change to
the new orientation with a probability of expQAE/kgT) or to
[ll. MONTE CARLO SIMULATION remain at its current orientation with a probability of 1
—exp(—AE/kgT). Simulation of local dynamics allows the
detection of metastable states, which are responsible for the
The Monte CarloMC) simulation technique is an effec- hysteresis. The local dynamics also allows control of the
tive approach in studies of systems with many degrees ddicceptance rate of MC simulations. The larger the range of
freedom. During such a simulation, random numbers are¢;, the lower the acceptance rate. A constant acceptance
used to simulate statistical fluctuations in order to generateate means a constant rate of motion in the phase $paue.
the correct thermodynamical probability of distributici€®  order to compare the simulation results at different tempera-
A typical MC simulation consists of two steps: thermal- tures, a constant acceptance rate is necessary. It is set to
ization and evolution. During thermalization, the system is35—-37% in our simulation.

+cosé; coso;) —HmM;(T)cosd), . 3

A. Monte Carlo technique in our simulation
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To simulate a magnetic hysteresis loop, the system must 0.14
be initially thermolized at a desired temperat(safficiently 012
higher than the Curie temperatuFg's®®) under a sufficiently ' o
high magnetic fieldhigher than its anisotropy fieldIn this 0.10
thermolization process, the nonlocal dynaniié® e (0,m)] . 0.08 | o 1
is used in order to bring the system to equilibrium quickly. £ O
After the system reaches equilibrium, local dynamics is used = 006 o o,
to simulate the magnetic hysteresis loop. Hé#ds adjusted 0.04 Tolock O, (a)
to obtain the acceptance rate of 35—-37%, which is followed O
by 10000 Monte Carlo steps to thermalize the system. Fi- 0.02 4 %
nally, another 10000 Monte Carlo steps are performed to 0.00 : ‘ . ‘
collect data. 0 100 200 300 400 500
The procedure to simulate a ZFC magnetization curve is Temperature
similar to that for a magnetic hysteresis loop. The system is
first brought to equilibrium at a sufficiently high temperature 120
in zero magnetic field. It is then cooled down to a low tem- 100 |
perature(5 K) in zero field. Finally magnetization is re-
corded as a function of temperature in the heating process 80 |
under a small constant magnetic field. The local dynamicsis &€
used to achieve equilibrium at high temperature. Here 10 000 § 60
Monte Carlo steps are used to thermalize the system at low  + 0
temperature, and another 10 000 Monte Carlo steps are per- ’ (b)
formed to collect data. 20 |
B. Blocking temperature Ty fOr a cluster system without 0 [ i ‘ : :
interaction 0 200 400 600 800 1000 1200
In order to determine the blocking temperatdrg, of E /kg (K)
the system as a function of magnetic anisotropy en&gy
—Dm?, we simulated ZFC magnetization curvels! /(M) FIG. 2. (a) The simulated ZFC curve of the cluster system with

under a constant magnetic field of 500 Oe. The effect of p/ke=1000K andE,/kg=0K. The blocking temperature is
cluster interaction is not considered in this chdés setto 0 9iven by the maximum of the ZFC curvén) Dependence of block-

in Eq. (1) during the simulatioh ing temperaturd e 0N the anisotropy energyp /Kg .

The MC method is a good technique for calculating prop- 5. . )
erties of magnetic materials at finite temperai® How- ~ WhereDm® is the anisotropy energy, is the temperatlé(riekB
ever, its main drawback is that individual MC steps do notiS Boltzmann’s constant, arig is a constant (1Hz).
correspond to real time, but are sampling of its phase at a In our simulation, the MC acceptance rates are set to a
certain rate. The time scale is always a very important issuBarrow range of 35%-37%. Therefore, the rate of motion in
when nonequilibrium phenomena are simulai®t.in a re- Phase space is almost constant. A ZFC curve Egr/kg
cent work®® Smirnov-Ruedaet al. compared the Monte =21000K obtained at a constant magnetic field of 500 Oe is
Carlo method with Langevin dynamics and provided newshown in Fig. 2a). A maximum near 100 Kor minimum of
insights to the interpretation of the Monte Carlo processthe reverse of magnetic susceptibility, as shown in Fig)|3
leading to the implementation of a new algorithm where theS seen clearly in the ZFC curve, which gives the blocking
Monte Carlo step is time quantified. According to the work temperaturel pjocy.
of Smirnov-Ruedat al, it is possible to choose the trial step ~ The blocking temperature obtained from ZFC curves is
for a MC step in such way that a MC step corresponds to &hown in Fig. 2b) as a function oEp . From Eq.(4), Tpiock
real-time interval. In the present work, the simulation resultdS expected to increase linearly wikt, /kg when the relax-
of ZFC curves were used to quantify the time sdafensist- ~ ation time 7 is a constant. The linear relationship between
ing of 10000 Monte Carlo steps for thermalization andTbiock @1dEp /kg shown in Fig. 2b) indicates that the Monte
10000 Monte Carlo steps for data collectidh Carlo simulation can reasonably describe the magnetic char-

The blocking temperatureT(,,o) due to anisotropy en- acter of a cluster system. Furthermore, the slope of the
ergy is given by the maximum of magnetization in a ZFCstraight line in Fig. 2 yields a value of approximately 10 for
curve®35 In a superparamagnetic system, the thermoflucthe ratioDm?/kg Teck- Based on this and using E@f), the
tuation can be described by a relaxation timewhich is ~ relaxation time can be estimated to be in the order of
essentially the average time it takes to reverse the magnetl0 ° sec., which is about the same as the sampling time of a
zation direction of a cluster, and is determined by the magMossbauer spectrometer, which is widely used for the esti-

netic anisotropy energy of the cluster, mation of blocking temperature for various superparamag-
5 netic materials. Typical magnetic measurements are done

1r=f exp( ~ Dbm ) 4) over a time scale of 10 sé€.The increase of the Monte

0 kgT )’ Carlo time scale from 10° to 10 sec can be achieved by
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increasing the number of MC steps. However, a small in- 07 N
crease in the Monte Carlo time scale can lead to a dramatic 06 | o000, & Egmi00 10, & 25 ()
increase in the required number of Monte Carlo steps during otean oo mrem o Ensotg
a simulation. It is, therefore, unrealistic to increase the num- 0.5 4 o e, °
ber of MC steps significantly because of limited computing . 04 . .
resources. A short Monte Carlo time scale results in higher S . . o
critical temperaturese.g., Tpoe) than the values expected = 03 % . o
for a measurement time scale of 10 sec. Hex/kg 02 @ o
=1000K, the value ofTy, estimated from our Monte Oo‘ . o
Carlo simulation is 97 K, while the value calculated from Eq. 019 o4 g, Tee,
(4) using the experimental time scale of 10 sec is 40 K. We 0.0 M ‘ “f“““fzmﬁa‘ @
can therefore conclude that our Monte Carlo simulation 0 100 200 300 400 500 600
yields acceptabld e values. Temperature (K)
. . . 3000 f—" a Eplkg=1000 {K), E /ky=0 (K) &
C. Simulation results and analysis . o Efkg=1000 (K). E/kg=25 (K) N
. . . . . 2500 - o ®  Eg/ks=1000 (K), E /ks=200 (K} a
To increase the efficiency of the MC simulation, magnetic = o o Eh1000(K) Eke30 () -
parameters such as Curie temperafffé™™, magnetic mo- = 2000 % * R
ment of a clustemg, and magnetic anisotropy enerfym? § S e
were allowed to vary only within predefined ranges which £ 1900 4 K
were chosen based on our previous measurements and £ ;550 | ©° R
analysis*® In our previous work, we successfully analyzed & o ‘.:‘ﬁf LI
the magnetic behaviors of amorphous rare-earth and 500 0‘; aiitge®’ o
transition-metal alloys using a mean-field approathwas v %g oot 00” (b)
0 . oooocolocoMooooo

shown that the magnetic moment of a cluster is about T T T
100Qug. Using the saturation magnetization of the well- 0 100 200 300 400 500 600
known NdFe; ,B compound, 10085 corresponds to a par- Tempearutre (K)

ticle size of 1.9 nm, which is in good agreement with the
expected cluster size in these materia®usters of approxi-
mately 1.2 nm were also reported by Klanwral?® in such
materials. Based on these, the magnetic moment of a cluster

is fixed at 100@g in our simulation. The energy of interac- g /k,=1000K andE,;=0, the extrapolation of the linear
tion between clustersz, /kg, was estimated to be in the part of the 14 vs temperature curve at high temperature is
range of 100-400 K using the mean-field analllyj‘}s?;?hlch expected to pass through the origin according to the theory
was used in the MC simulation. The value Bf™ was ot syperparamagnetisifi. 1/y remains small for a certain
fixed at 550 K, since many magnetic measurements havgmperature range before increasing rapidly with tempera-
shown that the Curie temperatures of many amorphous rargq e The extrapolation of the quasilinear part of the 1/
earth and transition-metal alloys are in the range of 500-60Q,; ¢ intersects the temperature axis at a finite temperature

K. . . . value which shifts to higher temperature as interaction en-
The magnetic anisotropy energies of amorphous rare-

earth and transition-metal alloys remain unknown. Assumin%er?y ~ |nCI'eaSGS.SyIt|2|S te:.] phe r_aturr]e r]cepre§ents another criti-
that the cluster has a similar structure of a rare earth contairzdl temperature ) which is the freezing temperature

ing crystalline structure, the magnetic anisotropy can possidu€ to the interaction and will be discussed later.
bly range from Ep/kg=5440K for the hard magnetic Figure 4 shows the calculated ZFC ang, turves for a

Nd,Fe B phase toEp/kg=120K for the soft magnetic constant interaction energyEf /kg=200K), but different
Fe;B phase. cluster anisotropy energig&p /kg =200, 1000,{2000., and
Figure 3a) shows the ZFC magnetization curves of clus-3000 K, respectively The results show thaf™*", given
ter systems withEp /kg=1000K andE;/kg=0, 25, 200, by the mtersec_tlon of the extrapolatpn .of the linear p_ortlon
and 300 K respectively. A constant applied magnetic field off the curve with the temperature axis in Figby remains
500 Oe was assumed in our calculation. The inverse of thalmost the same for various anisotropy energies. The inde-
magnetic susceptibility, 1 was obtained byd/(M/M.) and  Pendence off*“™on anisotropy energy demonstrates that
the results are shown in Fig(I8 as a function of tempera- T*°Mis a result of the cluster interaction. On the other hand,
ture. The maximum of magnetizatioM(M,) in Fig. 3@  the position of the minimum in }/shifts to higher tempera-
represents the blocking temperatiig, for E;=0 (nonin-  ture with increasingep . This confirms that the minimum
teracting clustens With the increase of the interaction en- represents the blocking temperature due to magnetic anisot-
ergy E;, the maximum ofVI/M, shifted slightly to higher ropy. We can therefore conclude that there exist two critical
temperatures. In the g/vs. temperature curves in Figh}, ~ temperatures in the cluster systeTi,q and TS Here
Toiock IS given by the minimum of 3. Again, T, does not Ty IS due to the anisotropy energy of clusters, while
change significantly with cluster interaction enefgly. For  T*Mis due to cluster interactions.

FIG. 3. The simulated ZFCa) and inverse of susceptibility §/
(b) curves forEp /kg=1000 K and various values ¢; .
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1.0
s Eyfkg=100 (K), E,/ks=200 (K)
o Eplkg=1000 (K), E/kg=200 (K)
0.8 | . o Ey/kg=2000 (K), E,/k;=200 (K)
., o Epfkg=3000 (K), E,/kz=200 (K)
0.6 | : "
Em ban, . s E
— & A: E
= 0.4 4 a
a 2
o * Ll
024 - i 2
by . 0009388%9 (a)
® 5o° Qag
0.0 8800 , —280s T T |
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Temperature (K) poH (Tesla)
3000 ——
. 4 Ep/kg=100 (K), E /kz=200 (K)
2500 | s Eylkg=1000 (K), E /ks=200(K) 1.0 —— 5K
= o Eyfkg=2000 (K), E,/ks=200 (K)
s | o Eg/kg=3000 (K), E,fk;=200 (K) 4
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X A o system a 8 E
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% . onds”
0 7‘MAAAAAAZZQ S‘g (b)
T T T T T
0 100 200 300 400 500 600 T T T
-2 -1 0 1 2
Temperature (K)
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FIG. 4. The simulated ZFCa) and inverse of susceptibility #/
(b) curves forE;/kg=200K and various values & . FIG. 5. The simulated magnetic loops at various temperatures
for Ep /kg=1000K andE;/kg=0 (a) and 200 K(b), respectively.
Figure 5 shows the simulated hysteresis loops at various
temperatures for two specimens, witl /kg=1000K and high coercivity requires the freezing below the blocking tem-
E,;/kg=0 [Fig. 5@] and 200 K[Fig. 5(b)], respectively. perature. WhenT ;o< T<T¥**" the cluster interactions
Figure 6 shows the change of coercivity and remanence, rdead to a ferromagnetic coupling of the magnetic clusters.
spectively, with different temperatures for the same two sysHowever, the thermal energy is high in comparison with the
tems. It is clear that the system with;/kg=0 becomes magnetic anisotropy energy. Therefore, the low coercivity
superparamagnetic when the temperature is higher thavalues are due to easy flip or thermal excitation wfen
Tuiock- BOth coercivity and remanence are z¢Rig. 6@)] > Ty
above Ty, and the magnetization curves are typical of For amorphous rare-earth and transition-metal alloys,
superparamagnetisfirig. 5a)]. Both the coercivity and re- T5**™Mis often higher thay,e.* Our Monte Carlo simu-
manence increase rapidly whens reduced belowW ok, @S lation results suggest the following magnetic behaviors for
shown in Fig. 6a). Such a feature is also found in a wide the cluster systems: paramagnetism Wﬁ'gﬂTSUSter, su-
range of superparamagnetic systefrfs®® _ perparamagnetism with strong correlation WHEN®™<T
Similar results were obtained for nonzero but small Inter-<-|—gluster, ferromagnetic with low coercivity WherT oq

action energy ifT™is below Ty (for example, for <T<TY®M and ferromagnetic with higher coercivity when
E;/kg=25K shown in Fig. 3. This indicates that the ferro- T<Tpou @S schematically shown in Fig. 7
OCK 1 " h

magnetic state is present wheR: Tyock, if T"“"is below  Figure 8 shows the magnetic hysteresis lodg i for a
Thiock @nd magnetic anisotropy plays the dominant role incongtant interaction energy @,/kg=300K and various
this case. values of magnetic anisotropy energ¥gd/kg), ranging

For the system withE,/kg=200K, T**"is well above  from 5540 K (corresponding to the hard magnetic phase
Thiock @ shown in Figs. 2 and 3. A significant increase ofNd,Fe ,B) to 120 K (corresponding to soft magnetic 4B9.
remanence is observed when the temperature is belowrom the simulated results, we can conclude that the coer-
TY®*™ However, coercivity remains at a low level. High civity is mainly determined by the magnetic anisotropy en-
coercivity is found when the temperature is beldW,  ergy at such a low temperature. It is interesting to note that
[Fig. 6b)]. The hysteresis loop shown in Fig(bh in the  the hysteresis loop witlEp /kg=5540 K describes the iso-
temperature range betwe&gq and TY"*™exhibits typical  tropic NdFe,B (M,=0.5M, and H.=0.48H,, with H,,
soft magnetic behavior. These indicate that the cluster inter=15T, as given by the Stoner-Wohlfarth motielery well.
actions lead to a ferromagnetic state bel®®***™, while  With decreasindEp, coercivity decreases, while remanence
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0.6 1.0
—@— Remanence 1.0 4
05 —O— Coercivity L 0.8
0.4 - -
. o6 = 0.5
= ]
~ U. o
0.2 * E 0.0
o1 | 0.2
(@) 0.5 :
0.0 o o— 00 T2 o0 o, e i
] 100 200 300 400 500 —e— Eyfkg=1400 (K), E/k=300 (K)
rrers g —r— Eg/ka=120 (K), Efkg=300 (K)
Temperature 1.0 4 e
0.7 1.00 T T T T T
—@— Remanence
0.6 —O— Coercivity -15 -10 -5 0 5 10 15
05 L 0.75 uH (Tesla)
s
s 041 oo om0 8 FIG. 8. The simulated magnetic loops & K for E;/kg
= 03] T R =300K and various values dp .
Ey
0.2 - 0.25 . _6.8
o1 enhance the formability of amorphous structfit&® Figure
' 9 shows the magnetic hysteresis loops and magnetization
00 0.00 curves of YsoFes0Al 1 at various temperatures. It can be seen
0 100 200 300 400 500

that all the magnetization curves exhibit typical character of
superparamagnetism except the hysteresis loop obtained at
FIG. 6. The simulated temperature dependence of coercivityA"2 K. It was reported prewoué\ythat paramagnetlsrgtgp-

uoH. and relative remanenchl, /M for Ep/kg=1000K and P€ars at temperature above 355 K, suggesting T

E,/kg=0 (a) and 200 K(b), respectively. =355K. The ZFC and FC curves and temperature depen-
dence of inverse susceptibility ofgye;0Al,o are shown in

increases. FOEp/kg=120K, the hysteresis loop became Figs. 10 and 11, respectively. From the maximum of magne-

highly square, indicating remanence enhancement resultindggation and minimum of inverse of susceptibility x1T pjock

from cluster interactions. Remanence enhancement has betnestimated to be 13 K. Extrapolation of the quasilinear part

reported in nanocrystalline materials due to strong interacof the 1k curve[Fig. 12a)] results in aTg’*°"of approxi-

Temperature (K)

tions between neighbored graifis}’ mately 5 K, which is belowT .. According to the mean-
field analysigLangevin function given in Ref. 4, the cluster

IV. MAGNETIC MEASUREMENTS ON AMORPHOUS interaction energy in ¥Fe;Al o is much weaker than those
RE-Fe-BASED ALLOYS in other RE-Fe-based alloys. Figure(&2shows that both

] ) the coercivity and remanence are zero WAeR Ty and
We have also carried out direct measurements of magnetigcrease when the temperature is below the blocking tem-

properties of amorphous RE-Fe-based alloys. The alloyperature. This behavior is expected for a superparamagnetic

were prepared using melt-spinning technique. The experisystem with weak interactions between partiéi&s.
mental details were described elsewh&r&The experimen-

tal results were compared with the results obtained from our
Monte Carlo simulations. B. NdFeAl

Figure 13 shows the magnetization curves of NdFeAl
A. YeoFesoAl1g measured at a wide range of temperature. From the magne-
Yttrium has similar chemical properties as rare-earth eletization curvesT¢"**'is estimated to be around 300 K. Val-
ments. But Y is nonmagnetic. Ten percent of Al was used tales for the two critical temperature3>*™= 125K and

/I“ /! FIG. 7. The schematic illustration of magnetic
high coercivity lower coercivity suparamagnetic state

loops of amorphous rare-earth and transition-
metal alloys in different temperature regions.
ferromagnetic state ferromagnetic state with correlation paramagnetic state
T

system cluster
block T, T
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FIG. 9. The magnetic hysteresis loops of¥e;Al ;o measured N, 80qc Toos
at various temperatures. ka
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given in Fig. 1@b) and the 1} curve given in Fig. 1(b). 0 Lo , , :
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- 34
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FIG. 10. The experimental ZFC and FC curves f@)

T(K)

Y soF€30Al 10, (D) NdFeAl, and(c) NdggFespAl 1o

50 100 150 200 250 300 350 400 450 500
T(K)

FIG. 11. The experimental /vs temperature curves fdg)
Y soF&30Al 10, (b) NdFeAl, and(c) NdggFe;eAl 1o-

perature of 125 K. The temperature dependence of the coer-
civity and remanence are shown in Fig.(l2 Remanence
increases when temperature is reduced below 125 K, while
coercivity starts to increase when temperature is reduced be-
low <Tpee- This behavior agrees well with prediction by
our Monte Carlo simulation, as shown in Fighi

An increase in Nd concentration compared to NdFeAl led
to a shift of the critical temperatures to higher temperature.
From our magnetic measurementsTS"s® for the
NdsoFe;0Al 1 System was estimated to be 550 K. H&fE™™
and Tyocx are fairly close to each other, given by 380 and
360 K, respectively, as shown in Figs.(&0and 11c). Com-
parison between ¥Fe;Alg and NggFe;pAl o shows that
replacement of nonmagnetic Y by Nd enhances the Curie
temperatureT$“s®". The cluster interaction is strongly rein-
forced at the same time. It is certain that the high blocking
temperature in NgiFe;0Al 4o is associated with high mag-
netic anisotropy, due to the presence of Nd. It is well known
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E 30 Tosen 110 t; FIG. 13. The experimental magnetic loops of NdFeAl measured
= T i
s 20 - L 05 > at various temperatures.
10
(U : O o—+ 0.0 D. GdggFesoAlo
0 30 60 90 120 150 180 The anisotropy energy of magnetic clusters in
Temperature (K) GdsoFe30Al 1o is expected to be low since Gd is &nstate
50 3.0 rare-earth ion. The values G and TS obtained in
—@— magnetic remanence 25 our study are~450 and~300 K, respectively(Fig. 14),
- 40 { —O— coercivity [ <- — . . .
S 0o 8 while Ty, Was measured to be lower than 5 K, which is
X 30 T astem T8 much lower than that of NgFe;Al, confirming the low
E 20 | ook, Te™" - 1.5 ':—o magnetic anisotropy in GgFespAl 1.
;_ L 1.0 J::‘ﬁ When T<T¥M GdyoFe3Al 1o is a soft magnetic mate-
10 4 © - 0.5 rial. Its coercivity is nearly zero in the temperature range
0 T T T v L 0.0
100 150 200 250 300 350 400 450 300
—— 42K
Temperature (K) 200 | —— 80K
—— 170K OO raasesas
—— 230K
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140 = W
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FIG. 12. The experimental temperature dependence of coerciv- —e— 323K
ity uoH: and remanenc#, for (a) YgoFes0Al o (b) NdFeAl, (c)
NdgoFes0Al 16, and(d) remanenceM, for GdsgFe;Al .
9
=<
E
that compounds containing Nd often possess high magnetic %
anisotropy due to their high Steven’s const&rthe higher
blocking temperature of NgFe;Al,, compared to that of
NdFeAl is probably due to the increase in magnetic anisot-
ropy as a result of higher Nd concentration.

The remanence of NgFe;pAl 1 increases with decreasing
temperature wheii < T¥**°*"[Fig. 12c)], in agreement with o H (Tesla)
results of our Monte Carlo simulatioffFigs. 5 and & The ’
coercivity H. starts to increase when temperature is reduced FIG. 14. The experimental magnetic loops ofggayAl o mea-
below T<350K, which is close td pock- sured at various temperatures.
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from 4.2 to 300 K, as shown in Fig. 14. Its remanence iswere obtained from previous magnetic studies. Assuming a
shown as a function of temperature in Fig(d)2 The rema- random distribution for the easy magnetization directions of
nence increases with decreasing temperature wfien clusters, Monte Carlo simulations were carried out to simu-
<T¥sM(~300K), as predicted by our Monte Carlo simu- late the magnetization curve after a zero-field cooling and
lation (Fig. 6). The observed magnetic properties of magnetic hysteresis loops at various temperatures.
GdsoFes0Al 1o fully agree with the results of a Monto Carlo  Two critical temperature$ . and T¥**"below the Cu-
sim_ulatic_)n which predict_s that the ma_terial with low mag- rje temperature were obtained, wheélg,. is the blocking
netic anisotropy energy is soft magnetic. temperature due to the cluster anisotropy energy Bt

. . —6 . ..
In. our: previous StUd'e.%’ hlgh. coercivity values were is the freezing temperature due to the interaction between
obtained inRggFe30Al 1o with R being Nd, Pr, Sm, or Dy, system: . p;
o clusters. If T is higher thanT e, as for many amor-
whereas the RE element has a nonzero magnetic dipole mg;

ment. High coercivity values have been reported in man)Phouﬁ ra[)e-earth ar|1d tran5|t|on-mette)1l I_gllot)éi’ ﬁrromagnetlc
RE{Fe, Co-based amorphous materidi€ including mag- couPling between clusters appears be e OWever,
netic recording medi& It is believed that the high coercivity Nard magnetic properties are found beldyy,. Our simu-

values in these materials are due to the large magnetic afftion results showed that the coercivity at low temperature is
isotropy of RE ions with nonzero dipole moment. mainly determined by the anisotropy energy. The interaction
between clusters has a little effect on the coercivity.

Magnetic measurements were performed on several amor-
phous rare-earth and transition-metal alloys. Typical super-

Our previous magnetic and Msbauer studies on amor- paramagnetic properties were observed fgsFé;Al, due
phous rare-earth and transition-metal alloys suggested tHe its low cluster interaction energy resulting from the non-
formation of clusters. Inhomogeneity and clusters with a sizenagnetic Y element. For NdFeAl and pFe;Al 1, Toe™
of 1-2 nm were observed in these materials. In this work, wend Ty, can be clearly defined in their ZFC curves. The
have proposed a model to describe the magnetic features tdmperature dependence of coercivity and remanence agrees
these cluster systems. well with results of the Monte Carlo simulation. Soft mag-

The magnetic units in this model are clusters. Each magnetic properties were evident in gffe;Al,q which is a
netic cluster is assumed to possess a magnetic moment msult of its low magnetic anisotropy energy due to the zero
100Qug and a Curie temperatur&S"s® of 550 K, which  dipole moment of Gd.
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