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Remanence breakdown in granular alloys at magnetic percolation
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Microstructural effects on the magnetic behavior of rf-sputtered CoFe—AgCu granular alloys are
examined through the study of the in-plane remanence-to-saturation magnetizatioMyatib,

as a function of temperature, ferromagnetic volume contentand annealing temperature. At low
ferromagnetic contentx(=<0.25), theM M ratio in as-deposited samples tends towards 0.5 at low
temperature, as expected from the uniaxial perpendicular anisotropy displayed by all samples, which
is magnetoelastic in nature and arises from the axial distortion of the CoFe face-centered-cubic cells.
In as-deposited samples witk,>0.25 (well below the volume percolation thresholo,
~0.5-0.55), a collective magnetic behavior develops due to magnetic correlations among patrticles.
Consequently, a domain structure perpendicular to the film plane appears, which results in a
remanence breakdowiM, /Mg is about 0.2. Besides, magnetic correlations prevents the thermal
decay ofM, /Mg, which is almost constant between 5 and 300 K, even for ferromagnetic particles
no more than 3 nm in size. The axial distortion disappears with annealing, the cubic symmetry is
recovered, the out-of-plane magnetic structure is lost and, thereforeMithi® ratio at low
temperature tends towards 0.8 for highly annealed samples. Consequently, the magnetic properties
of granular alloys depend on the interplay between anisotropy, exchange, and dipolar interactions,
which in turn depend crucially on the microstructure. 2000 American Institute of Physics.
[S0021-897€00)00115-9

I. INTRODUCTION particular topological arrangement of the particles., lin-
ear chain of regular particlesnay lead to a nose-to-tail or-
Magnetic granular alloys, consisting of a distribution of dering of the magnetic moments and thus to an enhancement
fine magnetic particles embedded in a nonmagnetic metallief the magnetizatiot® However, experimental remanence at
matrix, have generated great interest due to their technologhigh concentration is usually found to decrease in a random
cal applications and their new challenging magnetic andiistribution of fine particles due to dipolar interactiohg,in
transport properties, such as giant magnetoresistafieeh- agreement with Monte Carlo simulatiohs.
nological requirements make the role of interparticle interac-  Similarly, the effect of exchange interactions is difficult
tions increasingly importarft® In granular structures, ex- to predict since it also may either enhance or reduce magne-
change coupling is developed through the conducting matrixization. It has been observed that as the ferromagiiekity
while dipolar interactions are intrinsic in dispersions of finecontent is increased and magnetic particles become closer,
magnetic particles. the increase in exchange coupling enhances remafiéfiéé.
The temperature decay of remanence is found to providelowever, weak exchange coupling may also enhance the
useful information about the energy barrier distributfon, formation of flux-closure loops, leading to a reduced rema-
which can be used to examine the effects of interactionsent magnetization. Remanence enhancement has been
when compared to the low-field susceptibility and time de-widely studied in systems with coexisting soft and hard mag-
pendence of the thermoremaneridst T=0 K, the Stoner— netic phases, antfl, /M, values up to 0.964 have been re-
Wohlfarth mod€l predicts that the remanence-to-saturationported in recording medi&.
magnetization ratioVl, /Mg, is 0.5 for a random distribution M, /Mg values smaller than 0.5 have been reported in
of noninteracting uniaxial single domain particles with co- uniaxial system$®~*°which has been attributed to quantum
herent rotation of the total magnetization. However, deviarelaxation'® interaction effects/*® or M being overesti-
tions from this ideal value are observed in real systems dugated due to surface and dilution effeftsAn increase in
to interparticle interactions and textured growth. The effecthe blocking temperature with particle concentration has also
of dipolar interactions oM, /Mg is strongly dependent on been found due to dipolar interactioh$® Magnetic inter-
both their strength and local particle distribution, and theyactions also cause a slower thermal decay of the remanence.
may either enhance or reduce remaneh¢éFor example, a In this article we study th&1, /M ratio for CoFe—AgCu
granular alloys with FM volume contents, , ranging from

dAuthor to whom correspondence should be addressed; electronic maiQ-10 tp 0.45. In as-dep0§ited Sample&' the mean CO'_:e par-
amilcar@ffn.ub.es ticle size and CoFe alloying to the matrix are irrespective of
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X,, which means we can studyi) the effect of magnetic 1.0 c —
. . . R . . .. o,,Fe Ag,,Cu, (x =0.33)
interactions as a function of interparticle distance éndhe o s T
way in which magnetic correlations cause a remanence 05t
breakdown at magnetic percolation. The physical and mag-
netic microstructural changes with annealing are also moni- <”
tored by remanence measurements. s 0.0F
Il. EXPERIMENT 05k
CoFe—AgCu films 200—-300 thick were rf sputtered onto
glass substrates. Fe and Cu were added to the widely studied -1.010 . (') s T

Co—Ag system for a number of reasons: Fe was added to Co
in order to increase the magnetic moment and, consequently, H (kOe)

the magnetoresistive effettwhile a small amount of Cu  FiG. 1. Normalized parallel and perpendicular hysteresis loops at 300 K for
(about 3% by volumewas added to increase the Co—Ag a CayFeAgsCu, (x,=0.33)as-deposited sample.

immiscibility.? Cu is immiscible in both Co and Ag, which

leads to a granular system even for as-deposited samples,

obviating substrate heating or postdeposition annealing, butirections in the film plane are in tension, giving rise to a
not avoiding a certain degree of CoFeAgCu alloying. Postperpendicular uniaxial magnetic anisotropy along the tex-
deposition phase segregation was promoted by rapidly ariured (111) direction?® This axial distortion is associated
nealing (0.1 9 at 600, 650, 700, and 750 °C. A detailed with the residual stresses produced during deposition by dif-
description of the experimental procedure and structuralerences in the thermal expansion coefficients of the sub-
characterization is given elsewhéfeParallel and perpen- strate and the filn3®=24

dicular hysteresis loops were measured with a vibrating The value of the perpendicular uniaxial anisotropy may
sample magnetometer with fields up to 12 kOe, within 5 ande evaluated by comparing parallel and perpendicular hyster-
300 K. In-plane remanence curvésothermal remanent esis loopsFig. 1):?° The angled of the resulting anisotropy
magnetization and dc demagnetizing cujwesre also mea- K with respect to the film normal may be found using the
sured at 5 K. The field sweeping rate was kept constant aneixpressions, Hg=2K cog /My and Hg+Hg =47M,

all samples were carefully ac demagnetized before any ex+ 2K/Mg, whereHg, and Hg, are the parallel and perpen-
periments were performed in order to avoid magnetic-historyicular saturation fields, respectively, ahtl is the satura-
dependence. Susceptibility measurements at low field wergon magnetization. The values 5, Hg, Hg , K, and
performed with a superconducting quantum interference ded obtained are listed in Table I. Values fdt within

vice magnetometer, in the in-plane geometry. 0.30-0.4x 1C° erg/cn? and 6=0 for all as-deposited
samples have been found, in agreement with the magneto-
11l. RESULTS AND DISCUSSION elastic energy calculation from the axial distortfdrSimilar

results have been observed in CoFe—Cu granular fifms,
thoughK values were smaller~0.2x10° erg/cnt), as a
Structural characterization confirms the granular natureonsequence of a lower degree of texture with respect to the
of the samples for all the concentrations studie®oth ~ CoFe—AgCu films.
CoFe and Ag crystals displayed a face-centered-c(fbim The mean size of CoFe particles is about 3 nm for all
structure with the(111) direction textured perpendicular to as-deposited samples. This mean size irrespectivg ofay
the film plane, with an angular dispersion for the CoFe parbe understood bearing in mind that the process of forming
ticles of about 30° in as-deposited samples and about 10° iparticles at x, below the percolation threshold x(
samples annealed at 750 °C. Structural data also showed-a0.5-0.55) is a segregation-nucleation diffusion and
rhombohedral distortion of the cubic cell in all as-depositedgrowth process, in such a way that by stopping it at the
samples: Thg111) direction is in compression, while the earlier steps, the final size of the particles only depends on

A. Microstructure and magnetic anisotropy

TABLE I. Angle of the magnetic anisotropy with respect to the film norf#land anisotropy constanK| for variousx, and annealing temperatures, for
CoFe—AgCu alloys at 300 KM is the saturation magnetizatiodg, andHg, are the parallel and perpendicular saturation fields, respectively. The thickness
of the films are as follows: 260 nm fot, =0.15, 240 nm forx,=0.19, 355 nm foix,=0.25, and 210 nm fox,=0.33.

Sample X, M (emu/cr) Hg (0O Hq (09 K(10° erg/cnt) o°)
Co;sFesAg,oCu, as-deposited 0.15 254 2000 3400 Q2805 Qat5
CogFesAg,Cu, as-deposited 0.19 327 2000 4200 0:%B05 a5
Co,gFe,AgeCUg as-deposited 0.25 422 1900 5300 (3:3¥P05 Qat5
CoygFeAggClg 650 °C 0.25 440 2900 8200 0.90.10 497
CoyFe;Ags,Cu, as-deposited 0.33 539 1650 6800 (:3B05 Qat5
CoyFe3Ags4Cuy, 450 °C 0.33 563 1850 7360 0.30.05 274
CoyFe3Ags4Cuy, 650 °C 0.33 575 2300 8700 0.78.10 467
CoyFe3Ags4Cu, 750 °C 0.33 575 2344 9850 1.18.15 54+9

Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



1578 J. Appl. Phys., Vol. 88, No. 3, 1 August 2000 Batlle et al.

1.0 .
Co,,Fe,Ag, Cu, (x,=0.19) 0.8

T=5 K as-deposited

051 750 °C o6k
E as-deposited Em . "
00 < o4}
= E‘-

0.5 [ ]

0.21 n
(a)
-1.0 L L 1 1
15 1.0 -05 00 05 1.0 15 0.0 L . L L
H (kOe) 0.1 0.2 0.3 0.4 0.5
X
1.0 v

Co,Fe,Ag,,Cu, (x,=0.33)
FIG. 3. M, /M4 ratio measured at 5 K as a function of the FM contept,

05 750 °¢ for CoFe—AgCu as-deposited samples.

as-deposited

s
o
<o

Figure 3 also shows that when,>0.25, theM, /Mg
ratio decreases considerablgemanence breakdownThe
dilution of CoFe atoms in the metallic matrix favors ex-

M(H)/M

o= L ib) change interactions among FM particlsther through the
2.0 -15-1.0-0.5 0.0 0.5 1.0 1.5 2.0 metallic matrix aided by the diluted paramagnetic atthos
H (kOe) because the matrix itself becomes a weak ferromafaet-

. . _ ing to couple the FM particles. Therefore, when magnetic
FIG. 2. Normalized parallel hysteresis loops5aK for as-deposited and . .
750°C annealed samples(@) CoF@AgCl(x,=0.19) and (b) particles are close to each oth@t distances between par-

COsFaAGs.Cly(x, =0.33). ticle surfaces smaller than about 1.5 nmxgt=0.25), inter-
particle interactions stabilize an out-of-plane stripe-like mag-
netic domain microstructure?’ This result led us to

the synthesis conditions and not on the FM content. Besidesonclude that magnetic percolation takes place well below

the degree of alloying was calculated using Vegard's lawthe volume percolation threshold. Consequently, the rema-
after carefully analyzing the shifting of the Bragg pe&ks, nent state after in-plane saturation displays an out-of-plane
leading to a 2% of CoFe diluted in the Ag matrix for all component of the magnetization, which does not contribute
as-deposited samples irrespectivexgf indicating that the to the in-plane remanence. In all likelihood this effect is
latter is CoFe saturated for all the concentrations studied. responsible for the remanence breakdown, leading to very
small values ofM, /Mg at low temperature. This is not the
case for as-deposited samples with<0.25, which do not
show any out-of-plane component of the magnetization after
in-plane saturation and display valuesMf/M¢~0.5.

Parallel hysteresis loops at 5 K are shown in Fig. 2 as a In addition to this remanence breakdown, the shape of
function of both the FM content and annealing temperaturethe thermal dependence of tMg, /M ratio for as-deposited

It is evident from Fig. 2 that botk, and annealing tempera- samples significantly changes witj) (Fig. 4). The effects of

ture largely affect thé, /M ratio. The unusual shape of the interactions clearly favor low remanence at low temperatures

hysteresis loop for the as-deposited samples wjth0.25is  and stabilize a blocked state at high temperature. Assuming
associated with an out-of-plane magnetic domain structuréhat the mean blocking temperatu{@g), may be calculated
and is discussed in Ref. 27. as KV~ 25kg(Tg), whereV is the particle volumekg the

In as-deposited samples with=0.25, the perpendicular Boltzmann constant and~0.35x 10° erg/cnt, then CoFe
uniaxial anisotropy arising from the deformed fcc cell makesparticles of 3 nm in diameter should be superparamagnetic
the in-planeM, /Mg ratio tend towards 0.5 at low tempera- above about 10 K. Thus, at room temperature, all as-
ture (Fig. 3. However, for some as-deposited samples, thisleposited samples should be superparamagnetic and the
value is greater than 0.5, which might be due to the coexistM, /Mg ratio should be zergFigs. 4a)—4(c)]. However, in
ence of axial distorted and cubic fcc crystals. In fact, strainghose samples with high FM content, magnetic correlations
are stronger nearer the substrate than further away from é@nsures that thél, /Mg ratio is kept almost constant with

(because of the stress relaxation associated with plastic deemperature, since these correlations prevent the thermal de-

formations as the film grow£® An axial distortion larger cay of M, /Mg [Fig. 4(d)].

than 0.01% is at least needed to induce significant uniaxial Three curve types are observed when comparing the

anisotropy?* Thus, for the CoFe—AgCu as-deposited sampleshape of the data shown in Fig. 4. The rapid decay with

with x,=0.25, the thickness is 355 nm ai, /M4 (5 K) is  temperature of a weakly interacting distribution of fine mag-
about 0.6, while for the as-deposited sample with=0.19,  netic particles is observed in as-deposited samples xyjth
the thickness is 240 nm ard, /Mg (5 K) is about 0.5. The <0.19, which evolves to a slower thermal decayxasis
effect of thickness is largely responsible for the dispersiorprogressively increased. Fgj=0.10 the curve correspond-
around 0.5 of theM, /M values atx,<0.25 (Fig. 3. ing to the annealing temperature at 750 °C is similar to that

B. Temperature decay of the remanence and low field
susceptibility
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FIG. 5. Zero-field-cooling and field-cooling susceptibility as a function of
the temperature measured at 50 OexXp#0.10, 0.19, 0.25, and 0.33 as-
deposited samples.

for the as-deposited sample, reflecting the slight evolution in
the microstructure with annealing at low concentratifffig.
4(a)]. Correspondingly, the zero-field-coole@FC) and
field-cooled (FC) susceptibilities do not show a significant
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change with annealin§Fig. 5a)] and display the typical

features of a random distribution of weakly interacting fine 6L CowFehanCu, (x=019) (a)

magnetic particles. Fox,=0.19, the as-deposited and soft

annealed samples also display a rapid decay iriM [Fig.

4(b)], while for the samples annealed at 650 and 750 °C, a

kind of bimodal behavior is observed corresponding to the

superimposition of two contributions: One associated with

the smallest particlegapid decay and the other associated

with the largest particles and agglomeratgsw decay, due

to the broad particle size distribution achieved with anneal-

ing in samples withx,=0.192 This bimodal distribution in 0 100 T 200 300
S : (K)

the annealed samples is confirmed through the thermal de-

pendence of the ZFC and FC susceptibilifisse Figs. )

and Ga)]: The existence of small particles is evidenced by

the fact that the ZFC curve decreases and the FC curve in- """‘***i,“

X (emu/cms)

8r Co,Fe,Ag,,Cu, (x,=0.25) (b)

—

creases as temperature goes down; while the existence of ©
large particles and aggregates is confirmed by the fact that
the later thermal dependencies are rather smooth and no peak
is observed in the ZFC curve. The as-deposited sample with
X, =0.25 shows similar behavior, with smallbt, /Mg val- f .
ues[Fig. 4(c)], while the annealed sample at 750 °C shows a 5 / 600 °C
quasilinear decay, which is due to the existence of very large L L .
; ; : 0 100 200 300
particles and aggregates, in agreement with the very broad T(K)
particle size distribution observed by transmission electron
microscopy?! In this case, the bimodal behavior observed in
the as-prepared and soft annealed samples is attributed to the or Co,,Fe, Ag,,Cu, (x =0.25) (©)
coexistence of strongly correlated and weakly interacting o
particles:(i) The ZFC and FC susceptibiliti¢figs. 5c) and o "’“***“a*******‘*‘***“*,,‘
6(b)] are almost flat above the temperature of the maximum
of the ZFC curve; the magnetic irreversibility extends up to
very high temperatures and the FC curve is also flat below
the maximum of the ZFC curve, thus suggesting the presence
of strong interparticle interactiongii) the ZFC curve dis- 3 _‘.,.-*‘ 650 °C
plays a maximum and largely decreases at low temperature. . . .
However, for the 650 and 750 °C annealed samples the over- 0 100 200 300
all behavior is quite similar to that observed foy=0.19, T(K)
but with larger particles and interactiongthe FC curve is
flatter; Fig. &c)]. Finally, for x,=0.33M,/Mg for as-
deposited and all annealed samples displays a weak thermal
decay[Fig. 4d)], as a consequence of the strong magnetic 90-000-0.0-0.0-0-0-0.0-0-0-0-0-0-0-00-0-0-03
correlations in the as-deposited samples and large magnetic ¢ J_,y*"
particles in the annealed ones. This is in agreement with the ) o
ZFC and FC curvedi) Taking into account the fact that the
size distribution is rather the same for all as-deposited
samples irrespective of, ,?! the evolution shown in Fig. 5 3f .,,a""
suggests that the interparticle interactions largely increase »°
with x,; (ii) the curves corresponding to the annealed ' . L
samples forx,=0.33 indicate the existence of very large 0 100 200 300
particles and magnetic interactioiigrobably between the T(K)
particles within the same aggreghate FIG. 6. Zero-field-cooling and field-cooling susceptibility as a function of
The M, /Mg ratio increases progressively with anneal- the temperature measured at 50 Oe for the following annealed sart@les:
ing, approaching 0.8 at low temperatifég. 7), as expected %, =0.19 annealed at 650 °Gb) x,=0.25, annealed at 600 °Qg) X,
for cubic symmetnf23 Through annealing, the microstruc- = 0-25 annealed at 650 °C; afd) x,=0.33 annealed at 750 °C.
ture evolves to a higher degree of crystallinity: Phase segre-
gation and strain relaxation take place, the crystal symmetry
tends progressively to cubic and the magnetic anisotropgue to the random agglomeration of FM particles with an-
axis moves towards thél00) direction of the cubic cell, nealing, which might withstand an enhanced remanence due
forming an angle of 545° with respect to the film normal to exchange interactions. Transmission electron microscopy
(Table ). This remanence increase might also be partiallyshowed that particles coalesce during annealing and twins,
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perature T,)for two FM contentsx,=0.19 andx,=0.33.

, L . 02r#,750°C  Co, Fe Ag..Cu, (x =0.25)
transparencies and Moirfeinges were observed, suggesting / \ oW TR T
the formation of large particle aggregatésHowever, we 0.0 ﬁ'-"‘:*: assasssissisiptibtestestititiniioe
believe that it is the cubic symmetry that leads to\yVM 1
value of about 0.8 in highly annealed samples, since similar s 02r \_ 600 °C
M, /Mg values are found fox,=0.19 andx,=0.33(see Fig. < \
7). Even forx,=0.10, where structural analysis showed al- 041 '\
most no agglomeration, thd, /Mg value after annealing at o6k '\_
750 °C is close to 0.8 at low temperatyfgg. 4(a)]. ' as-deposited
For samples annealed at 750 °@,z) should be well 08 , ) X . ()
above room temperature, thus the weak thermal dependence 0.0 0.5 1.0 1.5 2.0 25
of M, /Mg for the 750 °C annealed samples at high Figs. H (kOe)

4(c) and 4d)] has to be attributable to the large size of the

FM particles rather than to interparticle interactions. In addi-FiG. 8. AM plots for a variety of as-deposited and annealed samples at 5 K:
tion, as the CoFe spins diluted in the matrix are completelya x,=0.19; (b) x,=0.25.

segregated and the perpendicular anisotropy is removed, no

out-of-plane component of the magnetization is observed in

the annealed samplés; suggesting the formation of large structural features, including residual stresses and axial dis-
in-plane domains. Consequently, no reduction in the remaprtions as small as 1%. Moreover, while remanent enhance-
nence is observed. ment has been widely studied in thin films and magnetic
The interpretation given above for the thermal depentecording media, we have shown how remanence breakdown
dence ofM,/Mjs as a function ok, and annealing tempera- takes place in granular systems due to the stabilization of a
ture is reinforced through the analysis of the magnetic fieldongrange out-of-plane domain microstructure. Similar stud-
dependence of the so-calledM plots (Fig. 8), which are  jes in CoFe—Cu samp&sprepared under the same condi-
based in the comparison of the isothermal remanent magngons also showed the evolution ®,/M from 0.5 in as-
tization and the demagnetizing remanence cufgeg Ref. deposited samples to 0.8 in annealed ones, although no
31). AM plot is a powerful method to determine the strengthremanence breakdown was observed in as-deposited samples
and nature of the macrOSCOpiC dominant interaction in th@wth h|gh X, - No 0ut-of-p|ane Component of the magnetiza-
sample. As-deposited samples below the physical percolatiofion was observed after in-plane saturation, in agreement
threshold display negativA M values[Fig. 8@]. At low  with the smaller anisotropy values and lower crystal texture
concentrations, this is attributed to the demagnetizing effecgisplayed by these sampl&sthan those used here. It has
of the dipolar interactions among a random distribution ofa|so been shown that magnetic correlations are able to main-
well separated particles. A,=0.25, AM<O is attributed  tain a constanM, /M ratio up to room temperature, since
to the flux closure between antiparallel neighboring domainS‘Ehey are able to avoid thermal decay of remanence, even for
Annealing causes particle growth and clusterization, leadingarticles no more than 3 nm in size. These findings illustrate
to AM>Ovalues at higlx, [Fig. 8(b)]. This fact is due to the  the extent to which the magnetic properties of granular alloys
increase in the direct exchange through the surface of neigr(lj'epend on the interp|ay between anisotropy, exchange' and

boring particles in the same aggregate, at expense of dipol@fipolar interactions, which in turn depend crucially on the
interactions, which decreases as the clusters become mofigcrostructure.

separated.
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