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Coercivity extrema in melt-spun CuCo ribbons: Effects of the magnetic
moment distribution
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Measurements of magnetization loops on melt-spun CuCo ribbons revealed a minimum in the
temperature dependence of the coercivity. A coherent interpretation was given through Monte Carlo
simulations of a dispersed system of noninteracting, uniaxial magnetic granules embedded in a
nonmagnetic matrix. The coercivity is implicitly defined by the balance between the negative
magnetization of superparamagnetic granules and the remaining magnetization of blocked granules
after saturation in the positive field direction. When the temperature rises in a system made of a
large amount of small granules and a small amount of big granules, unblocking predominates over
thermal fluctuations and the coercivity decreases until a certain temperature at which most of the
small granules are superparamagnetic; above this temperature, thermal fluctuations predominate,
and the coercivity increases almost linearly with the temperature until the final unblocking of the big
granules. ©1999 American Institute of Physids$S0021-897¢9)04618-4

I. INTRODUCTION maining amorphous matrix and the consequent enhancement
of the effective anisotropy field. Once the nanocrystallites

Magnetic granular alloys consist of an assembly of fer-become exchange isolated, they behave as single-domain
romagnetic granules dispersed in a nonmagnetic matrix. Ajranules and the coercivity decreases.
high temperatures, the granules are superparamagnetic and Although it is tempting to interpret the coercivity behav-
the magnetization loop displays no hysteresis. On loweringor of CuCo as a consequence of correlations among the
the temperature, the granules become blocked at certain temmagnetic moments, the matrix of Cu is not ferromagnetic.
peratures which depend on their moment and anisotropy fieldccordingly, a simpler interpretation is proposed by taking
and on the time scale of the experiment. As a consequencito account a so-called bimodal distribution of independent
the superparamagnetism disappears and the magnetizatiotagnetic moments. Transmission electron microscopy im-
loop displays a remanence and a coercivity which are verages of melt-spun CuCo ribbons have often revealed a poly-
sensitive to the actual distribution of magnetic moments. crystalline microstructure with a Cu grain size of the order of
Since the blocking temperatures are higher for bigger grant um possessing such a bimodal distribution of sizes of Co
ules, the distribution of magnetic moments greatly affect theprecipitate$Ci.e., a large amount of small Co precipitates
magnetic and transport properties of granular alfoys. of an average size of about 2 nm that are dispersed within the

This study focuses on the hysteretic behavior of tinyCu grains and a small amount of big Co precipitates of an
precipitates of Co embedded in a matrix of Cu. The magneaverage size of 30 nm that have grown at the Cu grain
tization loop of a melt-spun CuCo ribbon was measured aboundaries. The balance between the negative magnetization
various temperatures after a heat treatment. As usually olof the small and superparamagnetic Co precipitates and the
served, the remanence decreases when the temperature rigesnaining magnetization of the big and blocked Co precipi-
Surprisingly, however, the coercivity drops to a minimumtates is suggested as the cause of the observed temperature
and then increases almost linearly with the temperature, aglependence of the coercivity and of its connection with the
proaching a presumed maximum. remanence.

The maximum in the thermal dependence of the coerciv-
ity has previously been observed on crystalline samples ob-
t::)l/ined tFJ)y annea%ing Fe—SB—Cu-Ta axd Fe—Z amor- - EXPERIMENT
phous alloys. However, a different mechanism drives the A melt-spun CyyCo,q ribbon, obtained by planar flow
behavior of these ferromagnetic materials. According to Hercasting in He atmosphere on a CuZr wheel, was annealed at
nandoet al,’ the coercivity increases with the temperature500°C for 60 min in order to produce big Co rich precipi-
due to the ferromagnetic—paramagnetic transition of the retates. The magnetization loop measurements were carried out
on a SQUID with a field range of 50 kOe at various tem-
aCurrently at the Department of Physics and Astronomy, The Johns HopP€ratures between 4.6 and 244 K. The temperature depen-
kins University, Baltimore, MD 21218; electronic mail: eff@pha.jhu.edu dencies of the coercivitH. and the remanenc#l, are
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FIG. 1. Temperature dependence of the coercivity fogCa,q annealed at
500 °C for 60 min. Note the linear behavior after the minimum.
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FIG. 2. Temperature dependence of the remanence fgOBy annealed at
500 °C for 60 min. The low temperature saturation magnetizatiol js

=14.2 emu/g.

shown in Figs. 1 and 2, respectively. Both the coercivity and

the remanence steeply decrease when the temperature risgS.qrre of the moment. The probabilities of localizing the
until 40 K. Above this temperature, the remanence still de'magnetic moment around the energy minima are obtained
creases but at a much slower rate, whereas the coercivigyym, the principle of detailed balance

increases almost linearly with the temperature, approaching a

presumed maximum beyond 244 K. Their thermal behavior ~ PaXPa—r=PrXPr_a- (4)
will be explained in terms of a bimodal distribution of mag- sincep,+p,=1, they are given by
netic moments through Monte Carlo simulations and a bal-
ance model of the coercivity. D= 1 (5)
& 1l+exd(E,—E,)/KkT]’
I1l. MONTE CARLO SIMULATIONS 1
(6)

Monte Carlo algorithms are commonly used for simulat- Pr= 1+exd (E,—E )/KT]"

M(H,T)=2> fium(H,T), @)

. . . =14 i
ing the dynamics qf magnetic granular a!ldﬁs. The sim- Thermal averages are calculated using the Metropolis
plest model describes a system of noninteracting, uniaxial, algorithm?®1” In the superparamagnetic regime, the
ma?netlc gran_ulestk?ftvtcr)llum embt(_edti_ed lr!tr?' n?r:]magnetlc moment orientation is changed at random and the energy
matrix, assuming that fhe magnetiza iBnwithin the gran- differenceAE is calculated. IfAE<O, the transition to the

ules is homogeneous, stable, and rotates coherently. The fr%%W orientation is accepted KE>6 2 random number
energy of a granule with magnetic momeni(=1sxV) is W is generated and thé transi,tion is accepted if

E= $Hu sir’()—Hu cog 6), (1) W<exp(-AEKT). Otherwise, the old orientation is
. ) i o i . i accepted. After a number of relaxation steps, thermal aver-
in which H, is the uniaxial anisotropy field) is the angle  4qe5 are calculated as arithmetic averages over the accepted
between the magnetic moment and the easy &is the  onfigurations. In the blocked regime, transitions cannot oc-
applied field, and/ is the angle between the magnetic mo- ¢ gyer the energy barrier and the moment moves are solely
ment and the applied field. It can be shown that the minimumyo\wed around the two minima. Hence, thermal averages are
energy is attained when the magnetic moment lies in thegicylated as arithmetic averages weighted by the probabili-
plane determined by the easy axis and the applied field. Thg,g p, andp; .
absolute r_‘mmmun’Ea, the reIatwt_a minimumg, , and the The magnetization of a dispersed system withgran-
saddle-pointEs are calculated using the Newton—Raphsonjeg of momenix; per unit volume is the average
technique. The transition probabilities for rotating from one '
minimum to the other aré

Par =X — (Es— Ea)/kT]a 2

B e in whichm;(H,T) is the thermal average of cag(calculated

Proa=exf — (Es—E)/KT]. ®) for a system of granules with moment .

According to the usual criteriohthe change from the Figure 3 shows the reduced magnetization loops calcu-
superparamagnetic to the stable behavior of the magnetiated at different temperatures for an assembly of 1000 gran-
granule occurs when the energy barrlef—E, becomes ules with momentu=25000 ug and anisotropy fieldH,
equal to 2KT, in which caseT is called the blocking tem- =3000 Oe. The loop &= 0.01 K practically coincides with
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FIG. 3. Calculated magnetization loops at various temperatures for a systefdG. 5. Calculated coercivity as a function of the temperature for a dis-
of granules withu =25 000 andH,=3000 Oe. persed system.

the nonthermal loop of the Stoner—Wohlfarth model for  The distribution of magnetic moments can very notice-
which the remanence i, =0.5 and the coercivity i, ably change the temperature dependence of the coercivity.
=0.47H = 1437 Oe'® The temperature dependence of theFor example, Fig. 5 shows thé.(T) curve for a dispersed

coercivity is represented in Fig. 4. The equation system of granules with moments of 750, 1500, 3000, and
07 25000 ug corresponding, respectively, to 55%, 15%, 10%,
50T 0 . 2 "
Ho(T)=0.47H, 1 (8)  and 20% of the saturation magnetization. Initially, the coer-
Hau civity decreases when the temperature rises, because a large

fits very well the coercivities in the simulated curves for the@mount of small granules are gradually unblocked; then, the
whole range of temperatures. The same equation is valid fgi0€rcivity increases almost linearly with the temperature due
all the tested values of the magnetic moment between 500@ the larger thermal fluctuations of the superparamagnetic

and 65000ug . The exponent of 0.76 for the decrease in themoments; finally, the coercivity vanishes, because the big
coercivity with the temperature is between the values of 3/granules are also unblocked. When the remanence due to the

and 0.77 calculated, respectively, by Garcia-Otetal®  blocked granules is a small fraction of the saturation magne-
and Pfeiffe® Starting from the result by Pfeiffer, Chen tization as in this example, the coercive field is much smaller
et al?! obtained a much larger exponent of 1.155 when thehan the coercivity of blocked granules alowempare Figs.
anisotropy field is due to the uniaxialirfaceanisotropy. 4 and 3.

IV. BALANCE MODEL OF COERCIVITY

1600

] The Monte Carlo simulations accurately reproduce the
1400 . dependence of the coercivity on the temperature as predicted
in the Neel relaxation model for a system of granules with
the same magnetic momeit?® For a dispersed system,
1000 g however, the thermal behavior of the coercivity is very sen-
sitive to the actual distribution of magnetic moments. In gen-
eral,H (T) is implicitly defined by the balance between the
600 4 negative magnetization of superparamagnetic granules and
the remaining magnetization of blocked granules after satu-
ration in the positive field direction as

1200 4

800 -

Hec (Oe)

4004 ]

] M(—Hc, T)=Mgpr{ —Hc, T)+Mp(—He, T)=0. (9
o T When the temperature rises, two factors change this balance
0 20 4 1K) 0 80 100 in opposite waysi(1) the additional unblocking increases

Ms,m and reducesMy,, whereas(2) the enlarged thermal
fluctuations reducé/,,, much more tharM,,. The first ef-

FIG. 4. Calculated coercivity as a function of the temperature for a systenf€Ct 1S compens_ated fo_r bY reducing the magnetic field and
of granules withu =25 000y andH,=3000 Oe. the second, by increasing it.
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FIG. 6. Distribution function of magnetic moments as a fraction of the ;i 7 Linear relationship betweeth, and M, T in the temperature range
. . . ° . . . (9 r

saturation magnetization for GgCo,, annealed at 500 °C for 60 min. Per- 0 o theH . minimum for Cu,Co,, annealed at 500 °C for 60 min.

centages are accumulated below 1@@0and above 60 00@ .

S h Cint tati £ th . al it A simple relationship between the remanence and coer-
0 a coherent interpretation of th€ experimental resu %ivity can be obtained under very restrictive assumptions.
can be obtained in terms of the distribution of magnetic moy,, - anisotropy energy of the superparamagnetic gran-
ments. Uzszlng a well known method recently renewe_\d by Peilles is negligible compared with their thermal energy and, on
leg et al,“~ the remanenc#,(T) is expressed as an integral

o . th ntrary, the thermal ener f the block ranules i
of the distribution function of blocked moments at the tem- e contrary, the thermal energy of the blocked granules is

. . negligible compared with their anisotropy energy, the mag-
peratureT approximately in the forf? netization of superparamagnetic granules is given by

50kT/H,

Mspm(H’T):fo L

uH

1 0
M (T)= ELM/HaMf(M)dM- (10 ﬁ) f(pn)du, (12)

Consequently, the distribution functidiiw) is given by the

temperature derivative of the remanence as in which £L(uH/KT) is the Langevin function, and the mag-

netization of blocked granules is approximately equal to the
Hy dM; (M= 50r<T) remanence:

f(u)=- 9
25ku dT Ha Mu(H,T)~M,(T) (|H|<0.47H,). (13

Figure 6 shows the distribution function obtained from o ) .
the experimental remanence curifg. 2) as a fraction of SuPstituting Eqst12) and(13) in the balance Eq9), it takes
the saturation magnetizatiovl .= 14.2 emu/g. The granular e form

structure consists of a large amount of small granules and a f50,<T/Ha (
)72

uH

small amount of big granules, as often observed by transmis- )T

sion electron microscopy on melt-spun CuCo alldy¥.in
fact, expressing the accumulated magnetic moment distribuashen the temperature is between the blocking temperatures
tion function [ uf(u)du as a percentage M, it follows  of the small and big granules, the remanegT) is al-

that 80% of the saturation magnetization is due to granulemost constant and the temperature dependence of the upper
with a moment smaller than 10 0Q0;, 10% is due to gran- |imit of integration has little importance. Therefore, there is
ules with a moment between 10000 and 60Qd9, and  an approximate linear relationship betwelg and T, be-
another 10% is due to granules with a moment larger thagause the Langevin function depends only on the tati6T.
60000 ug. Evidently, this is the granular structure that For small moments, uH.<kT and, therefore, £

could be expected from the behavior of the experimentaf— yH./kT)~— uH./3kT. After simple algebraic manipu-
coercivity curve (Fig. 1). Unblocking predominates over |ations, Eq.(14) can be written as

thermal fluctuations until a temperature of 40 K—exactly the _

blocking temperature of a moment of 10 0pg—and the ~ M; Heu

coercivity decreases; above this temperature, thermal fluc- mf=|\/|_S: 3KT’ (19
tuations predominate and the coercivity increases. The final _

decrease of the coercivity is not observed, because the big Which u is an average moment given by the ratio between
granules remain stable even above 240 K—the blocking temthe  superparamagnetic averages of and u, u
perature of a moment of 60 0Q0; . =(,u2>spm/(,u>spm.

)f(/.L)d,u-l—Mr(T):O. (14



3014 J. Appl. Phys., Vol. 86, No. 6, 15 September 1999 Ferrari, Nunes, and Novak

Figure 7 shows a linear relationship between the experiACKNOWLEDGMENTS

mental data ofH. and M, T after theH; minimum. The The as-cast CuCo ribbon was kindly supplied by Paola
average moment takes a valueof 5550 wg which corre-  Tiberto and Franco Vinai from the IEN Galileo Ferraris,
sponds to a blocking temperature of 22 K and, therefore, iForino. This research was supported by the Brazilian Agen-
superparamagnetic in the range of temperatures abowéthe cies FAPESP, CAPES, and CNPq.
minimum. Allia et al?* derived a similar relationship froma | _ _ _ _ ,

. . . B. D. Cullity, Introduction to Magnetic Materials(Addison-Wesley,
mean-field model relating the hysteresis to the effect of long- Reading, MA. 1972
range interactions among the magnetic granules. As ShowRg. J. Hickey, M. A. Howson, S. O. Musa, and N. Wiser, Phys. Re61B
in their Figs. 1 and 3, the linear E¢L5) fits very well the 3667 (1995. '
experimental results on melt-spun CuCo ribbons. It is clear, '(51-9';-7)':8"“" F. C. S. da Silva, and M. Knobel, Phys. Re\6 6086
howeve.r, that the ex_istence of a dis.,tribytionlof ind.e.pendentzwu. G. Pogorelov, M. M. P. de Azevedo, and J. B. Sousa, Phys. Rev. B
magnetic moments like that shown in Fig. 6 is sufficient for 5s, 425(1998.

the validity of the assumptions under which H45) was  °A. Hernando and T. Kulik, Phys. Rev. £, 7064(1994.
SA. Slawska-Waniewska, P. Nowicki, H. K. Lachowicz, P. Gorria, J. M.

obtained. Barandiara, and A. Hernando, Phys. Rev.3®, 6465(1994.
"A. Hernando, M. Vaquez, T. Kulik, and C. Prados, Phys. Rev.58,
3581(1995.
8B. J. Hickey, M. A. Howson, S. O. Musa, G. J. Tomka, B. D. Rainford,
V. CONCLUSIONS and N. Wiser, J. Magn. Magn. Matet47, 253 (1995.

9A. Lopez, F. J. Laaro, R. von Helmolt, J. L. Garcia-Palacios, J. Wecker,

The thermal behavior of the coercivity and remanence of 214 H. Cerva, . Magn, MBagnhMaterHﬂl(lg%-d - nct
melt-spun CuCo ribbons was explained through Monte Carlo M-atelrj.s:4,'2567(1gzré. - oreners, 7. faasen, and R. Bormann, Acta
simulations and a model of balance between the magnetizaip. A, Dimitrov and G. M. Wysin, Phys. Rev. B4, 9237(1996.
tions of superparamagnetic and blocked granules of Cd?J.-O. Andersson, C. Djurberg, T. Jonsson, P. Svedlindh, and P. Nordblad,
When the temperature rises, the remanence initially del—sahyél-_ﬁii‘)’- 5%\/1335251%37)5 nd K. O'Grady, J. Appl. Phy8d, 5114
creases steeply due to the unblocking of a large fraction of (1998- T ’ ' Yo < APR -
small granules; then above a certain temperafat which  14p. Kechrakos and K. N. Trohidou, Phys. Rev5B, 12169(1998.
most of the small granules are superparamagnetic, the rem&!n all the simulations, the probabilities were actually calculated for the
nence gradually decreases as the unblocking of a muchTS T ketbere e bk o e roment
smaller fraction of larger and larger granules proceeds. This gy, 3. Chem. Phy21, 1087(1953. o ’ '
behavior characterizes a bimodal distribution of sizes. Thé’k. Binder and D. W. Heermanrlonte Carlo Simulations in Statistical
coercivity also steeply decreases when the temperature rise&hysics Springer Series in Solid State Sciences Vol(8fringer, Berlin,
untl Tr,, because initially the unblocking predominates overlaé?%a..smner and E. P. Wobhlfarth, Philos. Trans. R. Soc. London, Ser. A
the thermal fluctuations of superparamagnetic moments; 4 599 (1948. ’ ' S T
aboveT,,, the coercivity increases almost linearly with the *°J. Garcia-Otero, A. J. Garcia-Bastida, and J. Rivas, J. Magn. Magn. Mater.
temperature, because now the thermal fluctuations predom;;189 377(1998. o
nate over the unblocking. The expected maximum was noy” Cele, Ve Saus So A s o0, L
observed in the temperature range of the measurementsy. peleg, s. Shtrikman, G. Gorodetsky, and I. Felner, J. Magn. Magn.
which indicates the presence of very large granules and Mater.191, 349(1999.
brings additional support to the proposed interpretation inZ3When the temperature is much smaller than _the blocking temperature,
terms of a bimodal distribution of sizes. These results estab- EZE t::}?s‘;’; ?éthat 'S, the magnetic moment is blocked in the positive
lish that the moment distribution must be taken into account+p_ ajiia. m. Coisson, P. Tiberto, F. Vinai, and M. Knobel, J. Appl. Phys.

in any in-depth analysis of magnetic granular alloys. 85, 4343(1999.



