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The magnetic hysteresis of granular magnetic systems is investigated in the high-temperaturéstimit (
blocking temperature of magnetic nanoparticlédeasurements of magnetization curves have been performed
at room temperature on various samples of granular bimetallic alloys of the family, Qo (X
=5-20 at. %) obtained in ribbon form by planar flow casting in a controlled atmosphere, and submitted to
different thermal treatments. The loop amplitude and shape, which are functions of sample composition and
thermal history, are studied taking advantage of a novel method of graphical representation, particularly apt to
emphasize the features of thin, elongated loops. The hysteresis is explained in terms of the effect of magnetic
interactions of the dipolar type among magnetic-metal particles, acting to hinder the response of the system of
moments to isothermal changes of the applied field. Such a property is accounted for in a mean-field scheme,
by introducing a memory term in the argument of the Langevin function which describes the anhysteretic
behavior of an assembly of noninteracting superparamagnetic particles. The rms field arising from the cumu-
lative effect of dipolar interactions is linked by the theory to a measurable quantity, the reduced remanence of
a major symmetric hysteresis loop. The theory’s self-consistence and adequacy have been properly tested at
room temperature on all examined systems. The agreement with experimental results is always striking,
indicating that at high temperatures the magnetic hysteresis of granular systems is dominated by interparticle,
rather than single-particle, effects. Dipolar interactions seem to fully determine the magnetic hysteresis in the
high-temperature limit for low Co contenk£10). For higher concentrations of magnetic metal, the experi-
mental results indicate that additional hysteretic mechanisms have to be introB@£63-18209)01037-1

[. INTRODUCTION occurring when the granular structure is composed of two
metallic elementge.g., Fe-Ag, Cu-Cp>!! More recently,
Granular magnetic systems are formed by magnetic graingther systems such as metal-insulator nanocomposites have
or clusters whose size is of the order of a few nanometerslso shown interesting magnetotransport properties, as tunnel
embedded in a nonmagnefimsulating or metallit matrix. = magnetoresistanteand giant Hall effect® Owing to the
The ultrafine solid particles can be obtained by severainherent complexity of the nanostructure, the physical re-
preparation methodgvapor deposition, sputtering, melt- sponse of such systems is very difficult to model and predict.
spinning, electrodeposition, mechanical alloyihg and the  Therefore, although granular magnetic systems have been
final nanostructure can be usually tailored by specific therintensively studied during the last decades, they still present
mal treatmentseither in furnace or by Joule heatimyThe  many striking features which remain unexplained.
reduced particle size, combined with specific nanostructures, Let us consider the magnetic properties of an assembly of
provides the granular systems with a rich variety of interestnoninteracting magnetic particléwith a broad distribution
ing physical properties, which can be subsequently applied inf sizes and shapes, and randomly distributed easy),axes
a varied number of applicatioriplaying a fundamental role which can be studied in the framework of the well-known
in the area of magnetic recordint? Besides their obvious superparamagnetic modéiThe first assumption of the su-
technological relevance, these systems provide a unique sgterparamagnetic theory is that the atomic magnetic moments
ting to investigate several basic aspects of solid-state physvithin a particle move coherently, and therefore the mag-
ics, such as superparamagnetfsikinetics of crystal nucle- netic moment can be represented by a single classical vector
ation and growtH;® spin-glass behavidt'® In the last few of magnitudeu= w4 N, where u is the atomic magnetic
years, the interest in granular systems has been reinforced Isyoment andN is the number of magnetic atoms in the par-
the discovery of the so-called giant magnetoresistance effedicle. In the simplest case, the magnetic-moment direction is
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determined by a uniaxial anisotroggf crystalline, or shape, only on experimental results obtained from melt-spun Cu-Co
or elastic origin and by an external magnetic field. Each ribbons at room temperature. However, we believe that our
particle has a characteristic relaxation time, which is essertheoretical considerations can be extended to any granular
tially the average time to reverse its magnetic moment fronsystem which consists of small magnetic partigtesnall”

one equilibrium state to the other. The relaxation timass  Meaning here that the system would behave as a standard
determined by a characteristic attempt freque(afythe or- ~ Superparamagnet if the interactions were not present

der of 1d° Hz), and by a Boltzmann factor expE/kT),  these categories one can find several artificially prepared sys-
wherek is the Boltzmann constarit,is temperature, anlis ~ €MS, such as metallic granular solids, metal-insulator com-
the effective energy barrier which separates the two equilibPOSites(cermets, hybrid compounds, frozen ferrofluids, and
rium states. This energy barrier is given by the product of th&Ven many b|0|0gllca| and geological systems, such as soil,
particle volume times the anisotropy energy deniitgf the rocks, and blpod. Furthermore, in principle, the_ theor_y can
particle. IfkT>E (high T or small volumey 7 turns out to P& |0 applied to nanocrystalline systems displaying two
be much shorter than the standard measuring time, and tthases which are ferromagnetic at room temperature, but can

particle is in the superparamagnetic state. On the other hanfESult in @ ferromagnetic granular system above the Curie

if KT<E, r becomes much larger than any observation time:[e’mperature of the interfacial phase. In this family one can

and the particle magnetization remains blocked in the sam@clude extremely soft magnetLi](2:7materiaIs, such as Fe-Cu-
local energy minimum, so that the particle is known as\D-Si-B (Ref. 26 or Fe-Zr-B-Cu;" and hard magnetic ma-

blocked. For a specific measurement time it is possible t grials, such as thg spécalled spring-exchange magnets in the
define a temperature which separates both regimes, known 3i9h-temperature limit!
the blocking temperatur€g . It is worth noting that the com-

plexity of the problem makes exact solutions possible only in Il. EXPERIMENTAL
few limiting cases, such a§=0 K for fully blocked par- _ _
ticles (Stoner-Wohlfarth modé), or T>Tg (fully super- Continuous  ribbons  of  Ggo-xCo (x=5,10,15,

paramagnetic limjt>'® The systems become even more20 at. %) were obtained by planar flow casting in He atmo-
complicated when one takes into account the interactionsphere on a Cu-Zr wheel. The quenching parameters were
among the magnetic entities, which have been undoubted@ontrolled during the rapid solidification process for all stud-
found in different physical systems by using several experiied compositions in order to get comparable quenching rates.
mental technique$*®17180nly recently, with the enormous Different ribbon strips of the four compositior{svidth 5
development of computers and important advances of th&10™> m, thickness 4—-810"° m) were submitted to dc
techniques of statistical physics, realistic multiparticle sysjoule heating in vacuum, in order to change the number and
tems could be reliably simulated using Monte Carlosize of Co particles, as discussed in Ref. 3. dc joule heating
techniques®2*In this case, there are many simulation mod-is a technique of fast annealing, where the temperature of a
els which make use of different approaches and approximametallic sample is rapidly increased by the heat released by a
tions, and therefore the literature is full of inconclusive constant electrical current. Heating rates of the order
and/or conflicting results. However, recent investigation5102—103 K/s are routinely obtainet® During each treat-
agree that magnetostatic interaction produces an increase fiient, the samples were clipped between two copper elec-
Tg, in agreement with experimental findifg$® (with an  trodes(fixed sample length: 0.1 ;mand submitted to a direct
important exception measured by Morup and TfonAlso, ~ current (in the range 1 A<I<10A) for a fixed time {
it was found that dipolar interactions cause a slower decay of 60 s). All samples submitted to joule heating will be iden-
the remanence and coercivity with temperattr&herefore, tified by the symboUH followed by the value of the anneal-
there is much evidence that the interactions among magnetidg current.
entities can play a fundamental role in the magnetic behavior Magnetization curves were obtained at room temperature
of granular systems, and can even be responsible for then both as-quenched and annealed ribbon strips. The mag-
hysteresis loops measured at room temperature. netic moment was measured up to 10 kOe using a vibrating-
In this paper we introduce an analytical theory to describesample magnetomete(LDJ, model 950Q The sample
magnetic hysteresis arising exclusively from interaction ef-weight was determined by a high-precision electronic bal-
fects in granular magnetic systems. The introduction of @nce. Symmetric hysteresis loops were obtained starting
memory function, which depends on the initial magneticfrom the demagnetized stateeached through ac sample de-
state of the sample, brings about some simple consequencégagnetizatiop and increasing the applied field to a vertex-
and the problem is solved within the framework of a sort offield value +H, ranging between %10 Oe and 1
mean-field approximation. The theory will be first developedx 10* Oe. The hysteretic magnetization was then measured
for an assembly of identical superparamagnetic momentdetween+H,, by changing the measurement field at inter-
Extension to the case of distributed superparamagnetic mosals of the order of one-hundredth of the vertex-field value,
ments is, however, straightforward, because the moments ate get a high resolution and to keep the number of experi-
treated as statistically independent in a mean-field approacmental points invariant wittH,,. The low-field region of
Most impressive is that the theory allows one to fit experi-loops starting from vertex-field values higher than 5
mental curves with a high degree of accuracy, with only onex 10> Oe was carefully investigated by further increasing
adjustable parameter, namely the mean field resulting fronthe number of measurements. The overall time for a closed
the total long-range interactions within the sample. For thdoop to be completed was of the order of 120 s.
sake of simplicity(and to avoid discrepancies due to intrinsic ~ Anhysteretic magnetization curves were obtained as the
characteristics of different systejmsn this paper we focus loci of the cusps of sequential symmetric loops performed up
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to Hy values progressively increasing fromx10? Oe to  just the reduced remaneneez. The new representation
1x10* Oe. Asymmetric loops leading to the demagnetized?trongw amplifies the details of hystgresi.s Ioops: the spread
state were measured starting frafy,=+1x10* Oe and N the experimental data, apparent in Figb), is almqst
progressively reducing, in a controlled way, the values 01undetectab|_e Wh_en one observes _the usual _hys'gere3|s loops
both negative and positive vertex-field values. [compare with Fig. (@]. The following analysis will make
The analysis of hysteresis loops was performed using #S€ Of them, Ag(m) representation of hysteresis loops. The
method of graphical representation, specifically introduced téeduced remanence is a function of the amplitudeHof,
make clear and more apparent the features of narrow, elofoonotonically decreasing foH,—0. This behavior is
gated hysteresis loops, like the ones found in granular syshown in Fig. 2, whereng is plotted vsmy (the reduced
tems[Fig. 1(@)]. The adequacy of this method has been disvertex magnetization, univocally related tth,) for a set of
cussed in detail elsewhei®. Its main features are selected systems. At high values éf, (my—1), the
summarized here. The two branches of a symmetric hystefg(my) curves always reach a plateaund®™); in other
esis loop(i.e., one measured between opposite values of vewords, the maximum separation between loop branches stops
tex field Hy) are linearly combined to get the half-suln  increasing. These loops will be referred tomaajor loops In
and half-difference\: all studied systems, loops performed usingy=5
X 10° Oe are major loops. Loops performed up to a vertex
field smaller than % 10° Oe will be referred to asninor

1
2=§[M+(H)+M—(H)], loops

Ill. THEORY OF MAGNETIC HYSTERESIS

1
AZE[MJr(H)_M*(H)]' @ IN GRANULAR SYSTEMS

The half-sum2 has been proven to be exactly coincident The theory is first developed for an assembly of magnetic
with the anhysteretic magnetization cuffeyhich may be particles having the same magnetic momgntin magnetic
fitted to a superposition of Langevin functioh§uch a fit-  granular systems, the magnetic moments are distribited;
ting procedure will be justified in Sec. IV C. In this way, the extension to a moment distribution being straightforward, the
saturation magnetizatiol is obtained with a high degree results will be reported towards the end of this section.

of confidence, and the reduced half-sum and half- The reduced magnetization of such a model system, in the
differenceAR are derived: absence of interactions among moments, is simply
=L ma ) m (H i
m=3[m.(H)+m_(H)], m=L| 7=/, (3)

1 wherelL is the Langevin function, defined &gx) = cothx)
Ar=5[m.(H)—m_(H)], (20 —1/x , wherex=uH/KT. In granular systems, magnetic in-
teractions are of dipolar and, possibly, Ruderman-Kittel-
wherem. =M. /Mg. Ag may be plotted as a function af Kasuya-Yosida(RKKY )-like type. Let us consider, for the
as in Fig. 1b)]. The maximum value of thAg(m) curve is  moment, the effect of a pure dipolar interaction between any
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during a typical fluctuation event. The local equilibrium state

o144l o 6o oa of the vectoru, although substantially deter.mine'd by the
o 005 A oo values of absolute temperature a_nd exte_rnal field, is therefore
A 0010 EA O 0vE. S affected to some extent by the dipolar field.

0124 10 vo‘v"' Our point is that this rather complex, statistical effect,
v Coac , which is presumed to be at the basis of magnetic hysteresis
¢ Co, 6A Y + o, of these systems, may be accounted for in a comparatively

oodl * Co7A | oo PR simple way, i.e., by introducing in the argument of the

' X0y, THA | ks Langevin function a properly defined “memory function”
- : +,+ A A DDA 8(m,my)), depending on the actual magnetic stat® (@and
S E on the initial magnetic stateng,) of the system. It is this
. 0.08 4 ¥ A-'A term which ultimately gives rise to the hysteretic behavior
£ ] o o XXX for any given initial magnetization stateertex magnetiza-
& o Xx tion) my . Specifically, the reduced magnetization on upper

0.06 ~ ‘- (+) and lower(—) branches of a hysteresis lo@fhat is, for

,Ax x X decreasing and increasing magnetic fieldrespectively is

0.04 - v uH puH

£ X 5 ooooood m.=L| 7 *a(m. ,my) |~L ﬁié(m,mv)), )
0024  xx o o where the first expression indicates that, in principte,
T o0 should be obtained by solving an implicit equation, while the
BV ontp'-:'o © second expression means that, to a good deal of approxima-
0.00 mflljﬂ — tion, the argument in the memory function may be substi-
0.0 0.0 0.4 0.6 0.8 10 tuted by the anhysteretic reduced magnetizaton,
In this view, the memory function indicates that any
m, change in magnetic order is hindered by the weak magnetic

interactions existing among magnetic-metal particles. In fact,
he stability of the system against variations of any external
parameter, such as the applied field, is slightly increased by
the cumulative effect of magnetic interactions.

Thea priori requirements for the memory function are the
following:

(a) Eq. (5) must generatelosedsymmetric loops, i.e., the
magnetization value after a complete symmetric loop

FIG. 2. Reduced remanence vs reduced vertex magnetization
minor loops for a set of selected Gy ,Co, samples.

two momentsu; andu; at a distance;; apart. Such a choice
will be shown later not to be particularly restrictive.

The interaction field of dipolar origin acting on sités a
random function of time, changing in magnitude, direction,
and sign on a time scale whose characteristic time is th S : L
moment-moment relaxation timey, which in these systems \f;;rluHeY'_)_ Hy—+Hy) must be coincident with the initial
has been estimated to be of the order of a few tenths of a (b),é(m m,) must be larger where larger changesnof

~ 10 o 32 : At
nar)o_second7(2 .ZXlO s).” The externa_l field dlr_ect|on with H take place(this property makes the system of inter-
defining thez axis, thez component of the internal field of . PN 4 .
. - L acting moments similar, in a sense, to a continuous mechani-
dipolar origin on theth site is then : o e .
cal system characterized by an intrinsic viscosity
(c) 8(m,my) must be an even function of, reducing to
Hi ()= 20 Aijpgi(t)=p X Ajui(b), (4)  zero forH— = andm— =1 (i.e., the memory term must
J J disappear when all moments are alighed
Requirementa) is fulfilled assuming tha(m,m,) is in

WhereAij=(3cosZ0ij —1)/r3 ¢;; being the angle between )
the form of a difference:

ij s
the line connecting théth aJr1djth particles and the axis,
and whereu;=pu,j/u is the cosine of the instantaneous
angle between the direction of momenf and thez axis.
The time average dfl;, (performed over a time much larger where §(m) is factorized as follows:

thant,) is zero; similarly, the spatial average at fixed time of

the random functiorH;, over all magnetic sites is zero. In m

spite of this property, the presence of dipolar interactions 5(m):3d—H(I)(m) @)
significantly affects the equilibrium magnetization of the sys-

tem, and its history under a varying external field. In fact, thein order to satisfy requiremerib). HerednVdH is the first
characteristic time describing the approach to thermal equiderivative of the reduced magnetization with respedt tan
librium of the system of moments is the moment-lattice re-even function ofH (and ofm), while ®(m) is another even
laxation time 71, which in these systems and around roomfunction of m having the physical dimensions of a magnetic
temperature has been estimated to be not much higher thdield, and describing the effect of the dipolar interaction. The
m (11~5%10 %0 s)32 As a consequence, the dipolar inter- factor of 3 appearing in thé function [Eq. (7)] has been
action field is still effective in interfering with the thermal explicitly added in view of the subsequent introduction of a
fluctuation of theith moment, because it is not averaged outnew quantity, which will play a central role in the thedsee

s(m,my)=3s(m)—3s(my), |m|<|my/, (6)
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below, Eqg. (1D, and_ relat(_ed te)}I_ Nc_)te that 31m/dH WhereHmeanEHo[F(m)_F(mV)] is however adecreasing

=3u’ u/kT, whereu’ is the first derivative of the Langevin fynction of m, and has a sign depending on the one of
function L(x) with respect to its argument, so that when  d|m|/dH. The emergence of a mean-field theory is fully
=0, 3dm/dH=3u’(0)u/kT=pu/KT. Basically, ®(m) is  compatible with the long-range character of the dipolar
defined as the root-mean-square value of the random fielghteraction®* The whole theory may be checked on actual
Hai: Cuygo-xC0, systems. It is worth noting that the only adjust-

12 able parameter of the model is the valuetbf, all other
<I>(m)E<H§i>1’2= ( % Aiink<ujUk>) ’ (8) terms being known or obtained from the experiment.

: . IV. APPLICATION OF THE THEORY
which may be written agsee the Appendix

The main predictions of the model are summarized here.
®(m) = 3H,((u2)—(u)*)*'2

A. Dependence of remanence on vertex field

— /3F 2y 0 2\12
_\/§H°(<u )—mI ©) The value of the positive reduced remanence is
(u?) being the second moment of, which corresponds to - -
uHo 1 uH,
H m(my)=L| 7= [1=F(my)] |= 3 T [1-F(my)].
ZL(W) (13
(u?)=1- (10 : . ,
uH One can observe thatg is a function of the loop’s vertex
KT field through the vertex magnetization value. For a major

loop, my approaches unity anB(m,) approaches zero, so

andH0=M(%2jAﬁ)l’ZE(1/\/§)Hi, whereH, is an effec- that mg reaches its maximum value

tive interaction field, already estimated to be of the order i 1 uF
200-1000 Oe in the Gyo_,Co, Systent? The function mE*= L K| _ = Ko
®(m) takes its maximum valueH,,) for m=0, and reduces kT 3 kT
to zero as (1|m[)? for m— = 1. Requiremenfc) is natu-  For minor symmetric loopsng is predicted to decrease with
rally satisfied byd(m) anda fortiori by 5(m). The decrease decreasindd, or my: see Fig. 2. The reduced remanence of
of ®(m)=(HZ)2with mhas a simple physical explanation: a major loop is therefore a measure of the intensity of the
in fact, when all moments become parallel, the dipolar fieldse|d ﬁo, at least in the high-temperature limit. Equatid#)

on any site is identically zero, provided it originates from an rovides a way to easily determirié, from experimental
assembly of equal moments randomly distributed in space, ©

we are assuming her®. The memory function is finally

(14

written as L
B. Dependence on reduced magnetization
A of reduced half-difference of loop branches
M .
s(m,my) =343 k—_l_o{u’(<u2>— m?) /2 The half-difference between upper and lower branches of
a reduced loop, developed to the first order in the small pa-
—uy((u)y—md)¥2 rameteruH 0o/ KT, takes the form:
/.LHO . Mﬁo ,
=g LF(m—F(my)], 1y Ar(m)= 7 = [F(m)—F(my)]Ju’(m). (15

where F(m)=33u’ ((u?)—m?)2 is a monotonically de- For a major loopF(m,)=0, therefore

creasing, even function of. The factor 3/3 cause$ (m) to ~

range between the limits(0)=1, F(1)=0. F(m) will be Anmy="For myur(m). (16)
referred to in the following as the “cutoff” function, because KT

it represents how the memory function is attenuated by in-

creasing the alignment of magnetic moments, owing to the C. Anhysteretic curve

decrease of the rms dipolar field. The facgoH,/kT is a
small quantity at room temperaturg, being of the order ofSmall parametep:H .. /kT, the reduced half-surfi.e., the
0.12 for parameter values appropriate to this ca8&-%  anhysteretic magnetization cujvis nearly coincident with

X 10" *’emu andH,=1Xx10* Oe). Note that in this way the the Langevin function for noninteracting momefi. (3)],
effect of dipolar interaction has been cast in the form of apecause in this case the dipolar interaction merely introduces

Whereas the reduced half-difference is proportional to the

mean field,H nean a second-order correction:
© _[mHY 1 pHpean? (uH| [ uH
mt—L(ﬁ_(HiHmea,)), (12 m=L ﬁ)‘f’i( KT ) u KT =L T/ (17)
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The anhysteretic curve therefore closely represents the mag-

netization behavior of the granular system where the interac- Moo= 2 Pntn s
tion among particles has been turned off. This circumstance "
implies that the magnetic-moment values obtained by fitting H
the anhysteretic curve to a superposition of Langevin func- m0=L(MO )
tions are essentially correct, even in interacting systems. kT
. MoH
D. Self-consistency of the theory 1-2L T
A proof of the validity of this theory may be obtained by (U= H ,
considering the two independent ways of experimentally de- Ho
termining the cutoff function by means of Eq4.3), (14), kT
and(16). In fact, exploiting Eq(13) F(m,) may be canoni-
cally determined in terms of the vertex magnetization of a L moH
complete set of minor symmetrical loops, as Uo= kT )’
(=1 MR 18 Fo(m)=F(mo)=3y3u[(u?)o-m]"% (22
V) — V]
mg™ where the quantities in the right-hand term of the last line are

o . . . evaluated for the same field value at which the vaiuef the
where all quantities in the right-hand side are experimentally, ;< issa is calculated according to E20). The agreement
determined(Fig. 2. On the other hand, using EQLE) the  onyeen theory and experiment is shown in Fig. 4 for all

cutoff function may be independently obtained from a single,y 2 mined systems. The symbols always refer to the cutoff

major loop: function experimentally obtained by applying E49); the
lines are the corresponding theoretical predictions for pure
~ A(m) dipolar interaction. Two main features may be evidenced:
F(m)= 3.y’ m’ (19 (a) the agreement between experimental and theoretical

F(m) curves is very good for low Co contenx€5,
where again all quantities in the right-hand side are knowrlO at. %), becoming increasingly worse fer-10 at. %,
from experiment. In principle, the first method is far more When the experimental cutoff function appears to be sharper
accurate than the second one, because the denominator in fii@n predicted arounan=0. In any case, forx=5,10,
fraction of Eq.(19) approaches zer@s the numerator dops 15 at. % the overall behavior of af(m) curves—and con-
for m—+1, inducing large fluctuations in the values of sequently of hysteresis loops—is accurately described by a
F(m). However, the second method involves a single meatheory considering superparamagnetic particles and dipolar
surement of a major loop, and is much faster. In any casdnteractions only. This result may indicate that, at least for
Eqgs.(18) and(19) provide two independent ways of obtain- low Co content, other possible interactions are weaker than
ing the same function; the results f6(m) andF(m,) may dipolar coupling. This evidence is in complete agreement
be plotted together on the same horizontal scale, as shown With recent Monte Carlo simulation results, indicating that
Fig. 3. The agreement between the two data sets is striking ifhe dipolar term is much stronger than the indirect RKKY
all examined cases, and pro\/ides a strong clue about tHerm, OWing to the intrinsic osciIIatory nature of the latter.
validity of the whole theory. At higher Co concentration, either additional interaction
mechanism begins to play a role, or the blocked-particle ef-
fects become no longer negligible, even at room temperature;

(b) all cutoff functions belonging to the same family are
practically coincident, both experimentally and theoretically

A further step consists in extending E€lL2) to a real [the actual differences among theoretical curves essentially
system, where the moments are distributed in sizepl.dte  depend on values qi, only slightly varied from sample to
the fraction of magnetic moments of magnitudg; the ex- sample, and are always very small; they are consequently
pressions for the reduced anhysteretic magnetization and fghown in just one case, see Figh{. Once again, no free
the branches of a hysteresis loop are simply parameters were used in producing the theoretical curves in

Figs. 4.

E. Form of the theory for distributed moments.
Validity of the model

nH
m—; an< kT ) (20 F. Major symmetric loops
The adequacy of the theory to fit the whole hysteretic
magnetization curves of Gg, Co, granular systems is
pointed out in Fig. 5, where selected experimental and theo-
_ Hn retical loops, both major and minor, are plotted together. The
m.= Ll —=(H=H , 21 ' P .
- En: Pn (kT( mea’)) 2Y) agreement between theory and experiment is always as good
as the one shown in Fig. 5, where not all collected experi-
whereH .qnis defined as before, but using the average valuenental datgsymbols are actually displayed, in order to deal
Mo Of the magnetic moments in the expression Fgm): with more readable plots. Note that the theoretical loops cor-

and
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FIG. 3. Cutoff function obtained from a single major lo@pen symbolsand from different minor loop&ull symbolg for samples of
CugsC0s (@), ClyeCOy (b), CgsCoy5 (C), and CigCoy (d).

rectly close at both vertexes, owing to the form of thea choice has been madeere as well as in Refs. 3 and)34
8(m,my,) function. These loops were obtained as follows:because increasing the number of discrete moment values, or
first, the anhysteretic curve was measured; then, it was fittedven introducing a continuous distribution of moments, ex-
to a superposition of a few Langevin functions. In this way,pressed by a functiop(w), brings about a relatively insig-
both the average momept, and the saturation magnetiza- nificant increase in the precision of the fit, at the cost of
tion were obtained, and the,(m) function was generated. heavily reducing the reliability of the obtained fitting param-

The fieldH, was determined by fitting the experimental re- €ters.
duced remanence of major loofisqg. (14)]. Finally, the loop

branches were generated using Ez{). In the present case,
only two Langevin functions, corresponding to two different

G. Minor symmetric loops: Remanence-coercivity relationship

magnetic-moment values, were used. This is of course a A closely linear relation between reduced remanence and
somewhat crude representation of the actual distribution ofoercivity, similar to the one discussed in Ref. 34, also holds
magnetic moments in such granular systems; however, sudhr minor loops. In fact, indicating the coercivity of a loop
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FIG. 4. Experimental cutoff
functions and theoretical predic-
i 0.0 tions for different CysCos (a),
’ : CugoCoyo (b), CugsCoys (c), and
CugoCoyg (d) samples. The differ-
Cu,,Coy, ences among theoretical curves,
o ascast always very small, are reported
o JH,4A only for case b.
s JH,7.5A
v JH,85A H1.0
—F,(m)

with vertex fieldH,, asH.y,, andmg(m,,) given by Eq.(13) a demagnetization procedure. In such a case, the vertex field
asmgy, the following formula is obtained by manipulating values form a sequence of the typeH,, —Hyi, +Hys,
Egs.(13) and(22) to the second order in the small parameter—Hys, ... , where|Hy .1/ <|Hy . We have chosen a
(poH/3KT): demagnetizing procedure characterized by the law

m :MoHcV+ 27mm3~</“«oHcV 2

RV 3kT ~ 5 R | 3kT
wheremg® is the reduced remanence of a major Idspe
Fig. 2 and u, is the average magnetic momdig. (22)].
The agreement between thedlyes) and experimentsym-  starting with H,, ;= +1x10* Oe and ending wittH, 5=
bols) is shown in Fig. 6 and turns out to be rather good for all - 156 Oe. The complete field history of the magnetization

: (23

1
[Hy nseal= §|Hv,n|v (24)

examined systems. Note that all theoretical lines are almogjf a selected sample (GyCoy0, JH, | = 7A) is shown in
coincident, and that the quadratic term only provides a smalfig. 7(a); the central region is expanded in Figb¥to evi-
correction to the linear law. dence the three descendifafd) branches and the three as-

cending(even ones. The corresponding remanence values
(both positive and negatiyare well determined from these

The theory may also be used to predict the magnetizationurves; they are reporte@ds reduced valugsn Fig. 7(c) as
behavior in asymmetric loops, like the ones observed durindunctions of the branch numbéiull symbols.

H. Minor asymmetric loops: Demagnetizing a granular system
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FIG. 5. Major(a) and minor(b) loops of selected samples of 805, CuygCoyg, CgsCo;5. Symbols: experimental data; lines: theory.

In this case, the theory predicts that thefunction for Mg
subsequent loop branches must keep the memory of all pre- 5= 8(m,myg,My1,My,) = T.I_O[F(m)—ZF(mVl)
vious vertex magnetization values, according to the follow-

ing scheme: +2F(my) — F(myo) ],

First branch(descending and so on. In this way, the continuity of magnetization

~ branches at all vertexes is automatically guaranteed. The

5= 8(m,myg) = Mkio[F(m)— F(myo)]. magnetization values on the first three branches are, in fact,
: a_, [ #H #H,
Second branclascending my’=L ﬁJr T [F(m)—F(myg)]],
5(m,m\,0,mVl):LH°[F(m)—2F(mv1)+F(mvo)]. ) pH  pH,
kT m*=L T kT [F(m)—=2F(my)+F(myo)] ],
Third branch(descending 5
uH  uH
0.20 s mP=L| T += F[F(M) = 2F(my;) + 2F(myy)
| R A v ~Fimo),
R s . oot and so on. One can easily check that’(H=—H,,)
I I =m®(H=—Hy,), as well as for all considered vertexes.
£ 0.08d b o @ b i The sequence of reduced remanence values is, therefore,
: | Co,JH, 7A 1 ,U,H
R IS M=_1" 01 = mnax
004 | gIIEIL | MRS g T R =R
O Co,, JH, 6A
: O - Co,JH,7A
0.00 { - o . X . °°=°Jf"7‘5A H mg)z —mR¥{1-2F(my4)],
0.00 004 008 012 0.16 0.20 O o1 oF -
”oHcv/skT mg’=+mg y[ - (mV1)+ (mvz)],

the general term being
FIG. 6. Reduced remanence ugH./3kT (u, is the average

magnetic momentt. is the vertex fieldT is the room tempera- m(Rn);(_ l)“’lmgaﬁl— 2F(myq)+ - - -
ture) for different samples of Gy, Co,. Lines indicate the
theory. Note that all lines are almost coincidental. +(— 1)”’12F(m\,,n,1)].
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FIG. 7. Complete demagnetization history of a joule-heategh@y, sample;(a) overall magnetization behaviofh) detail aroundH
=0 (branch numbers are indicajedc) experimental values of the reduced remang(ficen b; full symbolg and model’s predictioiopen
symbolg as functions of branch number.

These values are reported in Figc)7(open circles Once  history. Fig. 3 clearly indicates that in all examined cases
again, the agreement between theory and experiment is vef(m)~0 when m~0.75 (such a value is reached fdi
good. =H*~5x10> Oe forx=5, 10 at.% and foH=H*~1

It is interesting to remark that both theory and experiment< 10° Oe for x=15,20 at.%). Any magnetic state corre-
clearly indicate that in the examined case a truly demagnesponding to an applied field larger theit is described by a
tized state ng=0) is not reached, although the final value single-valued magnetization, and may be considered as a
of mg is close to zero. This result is related to the specificgood reference state, i.e., a magnetic state independent of the
choice of the demagnetization procedure, which occurs in @revious field history. On the contrary, the statesHat 0
few steps, each vertex field being halved with respect to thendm~0 do not fulfill such a condition.
previous one. The conditiomg=0 is actually reached when To further illustrate this point, let us briefly comment on
the demagnetization procedure involves a much larger nunthe so-called first magnetization curve of any of our samples.
ber of steps, of the order of several téirssuch a case, each Such a curve starts from the statd 0, m=0), which is
vertex field in the sequence is only slightly lower than theonly reached by performing a complete demagnetization pro-
previous ong For just a few steps with big vertex-field cedure of the type discussed in the previous subsection.
jumps, the final value afng may be either small and positive WhenH is again increased, starting from zero, the reduced
(as in the present caser small and negative. magnetization on the resulting curven{,) is described by

the equation:

|. Reference states: First magnetization curve

At both low and intermediate field${<5x 10° Oe), the | uH
field history of magnetization may become very complex by Miirst= L KT
effect of the peculiar behavior of the functi@hwhich keeps

the memory of all previous vertex-magnetization values, avhere S represents the total contribution of all terms in the

already evidenced in the description of asymmetric mmormemory function arising from the demagnetizing procedure

loops. As a consequence, the magnetization is not a Slnglef(')llowed. It is easily recognized th&=1 if the requirement

valued function of the external field. In principle, a one-to- mis(H=0)=0 has to be satisfied. As a consequemg,;
one correspondence betweehand m only occurs in the can be written as

limit |H|—,/m|—1, i.e., when all moments are aligned
and the magnetic entropy of the system is zero. In practice,

however, such a one-to-one correspondence occurs when the uH  uH,

8(m) function given by Eq(11) becomes negliglible with Mirs=L| T 7 + g [L-F(mM]/. (26)
respect touH/KT, which is the leading term in Eq5). The

loop’s branches then merge, within the experimental uncer- -

tainty, into a single Langevin cun&g. (3)], and the mag-  The term I-F(m) is very close to zero whed <H,, while
netization behavior becomes fully anhysteretic. The memoryt approaches unity whel~H*>H,. The relative differ-
function may be considered negligible whEfm)—0 [Eq.  ence Am/m= (mg— M)/m, where m is the anhysteretic
(11) and Fig. 3, quite independently of the previous field magnetization given by the Langevin functifigqg. (3)], is

MHO
T LF(m)=S]], (25
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Am  wF, [1-F(m)]u’ Ie;s simple, but more suitable to describe magnetic hyster-
—= , (270  esis.

Our analysis suggests that the dominant interaction
taking its maximum value fom~0.4. It is easily checked among magnetic moments is of a dipolar nature, at least for
thatAm/m never exceeds 3%, so that the first magnetizationow Co content. In fact, dipolar interaction is sufficient to
curve is almost coincident with the anhysteretic Langevinaccurately describe and predict all the details of hysteretic

m kT m

function. magnetization.
The effect of these weak, long-ranged interactions has
V. CONCLUDING REMARKS been described by a sort of mean-field theGmpere how-

ever the mean fieldlecreaseswith m, instead of being a

The proposed theory successfully explains in detail all theinear function ofm). Using a mean-field approach implies
examined features of hysteresis loops observed in thgompletely neglecting the correlation among individual mag-
Cugo-xCo, system. This is, to our knowledge, one of the netic moments, which are considered to be statistically inde-
very rare cases where an analytical theory of magnetic hygpendent. Such a simplifying assumption is, however, justi-
teresis has been set out, the most fruitful approach beinfled in an analysis dealing with thermal-equilibrium
usually a statistical on¥. The intrinsic coherence of the properties of the system of moments, i.e., with properties
theory has been discussed in Sec. IV D. However, anothéhvestigated through experiments involving measurement
type of coherence is remarkable: in fact, tsemeset of  times much larger tham;. As known, magnetic correlations
magnetic-moment values and weights needed to fit the arplay instead a significant role in determining the giant mag-
hysteretic magnetization curve is used to fit all properties ohetoresistance behavior of Gy ,Co, systems’ In fact, the
the hysteresis loop. Moreover, teameset may also be used |atter effect essentially results from spin-dependent scattering
to describe the giant magnetoresistance behavior of the sysf conduction electrons by adjacent magnetic moments; in
tem in the framework of Ref. 3. that case, the electrons explore a nearly instantaneous, off-

A central role in this mean-field theory is played by the equilibrium local magnetic staighe electronic time-of-flight
memory functiond(m), which contains both the function between adjacent magnetic particles being much shorter than
®(m) (taking into account the cumulative effect of dipolar 7, at room temperatufd. The following hierarchy may
interaction) and the derivative ternlnVdH. Actually, any  therefore be established when different physical properties of
function of the typef (dm/dH) could, in principle, appear in  granular systems are studigd) the anhysteretic magnetiza-
Eq. (7); however, the agreement between theory and experiion is well described in terms of a pure Langevin function,
ment indicates that the simple representatio@h) given  i.e., neglecting the existence of both magnetic interactions
by Eq. (7) is substantially correct. and correlations among magnetic momefi$ihe hysteresis

The effective interaction field; is not obtained from first  loop can be described in terms of a mean-field term added to
principles[the fieldH, appearing in Eq(9) is justH;/\3].  the argl_Jment_of the !_angevin fu_nction, i.(_a., taking in.to ac-
As a matter of fact, all the values &, arising from the count dipolar interactions, bult still neglecting magnetlc cor-
experimental reduced remanences through (Ed) lie be-  relations;(c) the magnetoresistance can be described by a
tween 80 and 300 Oe, in agreement with the estimated MOre complex approa(_:h, expllchIy conadermg the e_ffect of
values (200-1000 O&2 However, the values ofl; for a instantaneous magnetic correlations among interacting mag-
given sample are not exactly predictable on the basis of thBEtiC moments.
known structural datdaverage particle size, average inter- Finally, it should be noted that the theory, although rather
particle distancefor that sample. This may be considered asCOMPIete, has been checked only at room temperature. The
an intrinsic limit of the proposed approach. next step will consist in applying th_e model to describe hys-

In real systems, a broad distribution of magnetic-momenferet_'c features at both Iower and higher temperatures, wh_ere
values can be present, as evidenced in a few cases by act%@u”qus effects, respectively, related to the progressive
particle observatiofi® so that magnetic contributions from PloCking of superparamagnetic particles, and to possible
both superparamagnetic and blocked particles can be eganges in particle number and size, will have to be properly
pected. As a matter of fact, magnetization curves of granulai2ken into account. Moreover, the theory will have to be
systems are often explained in terms of a mere superpositidgSted on different magnetic systems containing ultrafine par-
of independent effects of this type. Although such a picturd!CleS: in order to establish the domain of its prospective
cannot be excluded, we point out here the relevant r0|@ppl|cat|0n.
played in granular systems by interparticle, rather than
single-particle, effects. It should be stressed that in any ACKNOWLEDGMENTS
granular system the present theory becomes applicable only
in the high-temperature limit, where blocked-particle effects M.K. acknowledges the financial support given by
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In other approaches, the presence of weak interactions
among fine magnetic particles is taken into account by intro- APPENDIX
ducing an additional term to the energy barrier overcome by
the particle magnetization in a spin-flip procé$s.In this The time-dependent dipolar field acting on flle site is
way, a genuine interparticle effect is again described withirgiven by Eq.(4). When all magnetic moments are aligned
the framework of a single-particle picture. We have followed(u;=1) and are randomly distributed in spa¢g, is iden-
another way of representing magnetic interactions, possiblgically zerc*
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E A =0 (Al) <UJUk>:<U>2:m2(I¢k), (A4)
P so that

The square of the instantaneous dipolar field onisite

(H)y=u?2 Aizj<U2>+M22 g AijAm?®. (A5)

H?Z=M22 > AijAiUjuy . (A2) . b

;oK Using Eq.(A1), one gets

The average value dfi? is

) ) > g Aiink:_z Aizj , (A6)
(Hip=n E Ek AjjAi(Ujuy). (A3) y ! J

: and finally

Time averagdover times larger tham,) and space average

(over all sitesi) of HZ, are considered to be coincident. For 2 o 2 5 o a2 2 5

uncorrelated magnetic moments, the pair-correlation func- (HZ)=n EJ: Ajj |[{u%) =m?]=3H[(u%) —m7].

tion (ujuy) takes the form: (A7)

(Ujuy =(u?(j=k), See Eq/9).
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