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FMR evidence of finite-size effects in CoCu granular alloys
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Granular CoCu ribbons, as cast and heat treated, were studied by means of theX-band ferromagnetic
resonance~FMR! as a function of temperature, in the range from 10 K to 250 K. The FMR spectra were fitted
as a sum of absorption and dispersion functions. The effective anisotropy constantKe f f and average grain
diameter of the magnetic grains were obtained from a model derived for identical independent particles with
effective uniaxial anisotropy.Ke f f is enhanced in comparison to values for the bulk materials, and also shows
a decrease with increasing mean grain diameter. The asymmetry parameter for the FMR line shows both
temperature and grain-size dependence. In addition, zero-field cooled and field cooled magnetization measure-
ments at higher fields show irreversibility for smaller grains. These results indicate an important role of the
finite grain size in the magnetic behavior of the granular alloys.

DOI: 10.1103/PhysRevB.67.024402 PACS number~s!: 75.75.1a, 73.22.2f, 76.50.1g
o
n
re
lk

is
ing
T

on
nu

th
n

le
et
fa
nt
th

g
el

at
b

ic

y,
f
te
tr

oc

iq
uc

f the
ains

ider-
nts.
par-
the
of
o-
etic
hen
ges
in

ibu-
on

sults
ag-

tem-

m-
pun
n-

-
o-
ons,

id-

ER
tat

el
I. INTRODUCTION

Magnetically structured granular systems composed
magnetic grains of a ferromagnetic metal embedded i
nonmagnetic matrix have been a source of scientific inte
due to the different properties in comparison with their bu
counterpart.1 Nanostructured systems exhibit many prom
ing technological applications in new high-density record
media, ferrofluids, magnetic sensors and reading heads.
latter make use of the giant magnetoresistance effect, an
fect arising from the spin-dependent scattering of electr
from magnetic moments in magnetic multilayers and gra
lar solids.2–4

In order to understand the physical properties of
granular systems, a series of theoretical and experime
studies have been made in recent years.5–7 Factors such as
the shape, size, and spatial distribution of the nanopartic
crystalline structure, interactions between ferromagn
grains, etc., affect the properties of these materials. Sur
and size effects in small magnetic particles have rece
gained increasing attention since they can also modify
magnetic properties of the granular systems.8 Kodamaet al.9

and Martı´nez et al.10 observed in their studies of NiFe2O4
and g-Fe2O3 nanoparticles, respectively, anomalous ma
netic behaviors at low temperatures, particularly a high-fi
irreversibility in the zero-field cooled and field cooled~ZFC-
FC! magnetization measurements. Their results were rel
to the existence of a ferromagnetic core surrounded
canted spins of multiple stable configurations on the part
surfaces~spin-glass-like surface layer!. Bo”dker et al.,11 in
their study ofa-Fe particles using Mo¨ssbauer spectroscop
proved that the effective anisotropy energy density o
whole particle increases with decreasing particle diame
This result was interpreted in terms of an increased con
bution from the surface anisotropy analogously to what
curs in ultrathin films.12–16

In this context, ferromagnetic resonance~FMR! has
proved to be an extremely sensitive spectroscopic techn
for the local study of magnetic properties and internal str
ture of a variety of systems.17–22 De Biasi and Devezas18
0163-1829/2003/67~2!/024402~6!/$20.00 67 0244
f
a
st

-

he
ef-
s
-

e
tal

s,
ic
ce
ly
e

-
d

ed
y

le

a
r.
i-
-

ue
-

described expressions for the temperature dependence o
magnetic anisotropy assuming superparamagnetic gr
with similar shape, size, and anisotropy constantK. This
temperature dependence was obtained through cons
ations on the thermal fluctuations of the magnetic mome
Some experimental studies in systems of magnetic nano
ticles at different temperatures show that the line shape of
FMR spectra remains symmetric in the whole range
temperatures.19,20In this case, a correlation between the res
nance field and linewidths is observed, and the magn
properties of the system can be established. However, w
the line shape of the FMR spectra is asymmetric, the chan
of symmetry with temperature can also reflect differences
the magnetic behavior of the system.23–25

We have recently17 reported FMR spectra of CoxCu1002x
alloy samples, where a thermal treatment creates a distr
tion of grains of cobalt with a mean diameter that depends
the Co concentration and annealing temperature. The re
also show deviations from the independent superparam
netic character for the samples treated at high annealing
peratures.

In this work, we present the systematic study of the te
perature dependence of the FMR spectra for melt-s
CoxCu1002x granular alloys with different nanostructures i
duced by annealing.

II. EXPERIMENT

The CoxCu1002x (x55 and 10! alloy samples were pre
pared by melt spinning on a Cu-Zr wheel in a He atm
sphere. The samples used in the experiments were ribb
either as cast or annealed in quartz tubes during 1 h under
argon atmosphere, at temperaturesTA5450, 500, 550, and
600 °C. For simplicity, for the as-cast sample, it was cons
ered thatTA530 °C.

FMR measurements of the CoxCu1002x alloys as a func-
tion of temperature were recorded at theX band~9.45 GHz!,
with a Bruker ESP 300E spectrometer provided with an
4102ST rectangular cavity using a helium gas-flow cryos
ER 4118 CF~Oxford! and a temperature controller mod
©2003 The American Physical Society02-1
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ICT4 ~Oxford!. Measurements were carried out from 10 K
250 K using 2 mW of microwave power and modulatio
amplitude of 1 G. The samples were mounted on the tip o
goniometer and the magnetic field was applied parallel
perpendicular to the ribbon plane by rotating the sample.
microwave magnetic field was maintained within the pla
of the sample. Because of the asymmetry of the FMR li
the FMR spectra were fitted as a mixture of absorption
dispersion functions.17 From these fits, the resonance fiel
Hr , linewidthsDH, and the ratio of absorption and dispe
sion functions in the FMR lineh were obtained.

Magnetization measurements were performed using
standard ZFC-FC procedures in the range of 4.2–300 K w
applied fields of 90 kOe, in a quantum design PPMS m
netometer.

III. FMR LINEWIDTH IN SMALL PARTICLES

For an ensemble of identical independent magnetic p
ticles with the same anisotropy constantK and magnetization
Ms , de Biasi and Devezas18 developed a model that take
into account the effects of temperature on the crystalline
isotropy, and which was applied to the interpretation of FM
spectra. Using this approach, information on the struct
and magnetism of the granular system can, therefore, be
tained. In the case of axial symmetry, the effective anis
ropy of the superparamagnetic particles has been shown18 to
be

HA
SP5HA

12~3/x!L~x!

L~x!
, ~1!

FIG. 1. The FMR spectra of Co5Cu95 annealed at 450 °C an
measured perpendicular to the ribbon plane as a function of t
perature.
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wherex5mH/kBT, andHA5K/Ms is the anisotropy field of
the particle.Ms is the particle saturation magnetization, a
L(x) is the Langevin function defined by

L~x!5LS mH

kBTD5cothS mH

kBTD2
kBT

mH
, ~2!

wherem5yMs , y the mean particle volume, andH is the
applied magnetic field.

For our study, we assume that the effective magnetic
isotropyHe f f of the magnetic grains has uniaxial symmet
i.e., the sum of the contributions of the intrinsic magne
crystalline anisotropy, shape anisotropy, and stress-
surface-induced anisotropy shows a uniaxial character. S
the line broadening is caused by the random distribution
local effective anisotropy fields,26 we can take the linewidth
as proportional to the effective uniaxial anisotropy, a
therefore,

DH5DHo1sHe f f

12~3/x!L~x!

L~x!
, ~3!

whereDHo is the linewidth at high temperatures ands is a
proportionality constant.

From the fitting of the curve ofDH vs 1/T, it is possible
to obtain the average size of the magnetic particles and
term proportional to the effective uniaxial anisotropysHe f f
of the magnetic grains. In this simplified model, the descr
tion is applicable to an average magnetic particle size.

IV. EXPERIMENTAL RESULTS

All the samples were characterized by the FMR spectra
a function of temperature, for both parallel and perpendicu

-
FIG. 2. The FMR linewidths from spectra for Co5Cu95 samples

with magnetic field~a! parallel and~b! perpendicular to the ribbon
plane. The solid lines are a guide for the eyes.
2-2
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configurations of the external applied magnetic field relat
to the plane of the ribbon. Figure 1 illustrates the experim
tal spectra in the perpendicular configuration recorded at
ferent temperatures for Co5Cu95 heat treated at 450 °C. T
allow a comparison between the different results, all
FMR spectra have been normalized to the same area.
first analysis of Fig. 1 shows a broadening of the FMR lin
upon cooling. The behavior of the resonance field show
trend towards lower fields with decreasing temperature
more rigorous analysis of the behavior of the resona
fields and linewidths with the temperature can be perform
through the computer fitting of the FMR spectra.

The behavior of the temperature dependence of the l
width obtained from the fits is summarized in Fig. 2 f
Co5Cu95 alloy samples. It is clear that for samples as cast
annealed at 450 °C, a more marked increase in the linew
at temperatures lower than 60 K is observed in both para
@Fig. 2~a!# and perpendicular@Fig. 2~b!# configurations, in
comparison to the samples treated at higher temperatur
similar behavior was observed for Co10Cu90. For the
samples annealed at 500, 550, and 600 °C, for bothx55 and
10, the linewidths show only a monotonic increase up
cooling, and their values at the lowest temperatures
smaller in comparison to the ones treated at lower temp
tures.

Because the temperature dependence of the linewid
related to the effective magnetic anisotropy and size of

FIG. 3. Experimental FMR linewidth~filled triangles! versus
inverse temperature for Co5Cu95 samples. The dashed lines a
computer fits using Eq.~3! for samples ~a! as cast, ~b! TA

5450 °C, and~c! TA5550 °C.
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grain, computer fits of the linewidth as a function of th
inverse of the temperature were performed using Eq.~3!, for
all the samples. The results for the case of perpendic
linewidth (DH') are shown in Fig. 3 for Co5Cu95 samples,
as cast and treated at 450 and 550 °C. The dashed line
the computer fits; a good agreement between the model
the experimental points is observed.

The parameterssHe f f and mean diameter shown in Fig.
for Co5Cu95 samples are the averages of those obtained
parallel and perpendicular configurations. Figure 4~a! shows
the evolution of the quantity proportional to the effectiv
uniaxial anisotropy (sHe f f) with the annealing temperature
Figure 4~b! presents the results obtained for the mean p
ticle diameter, as a function of temperature, for all t
Co5Cu95 samples. These results show an increase in the g
diameter with annealing temperature from 1.3 nm to 4.1 n
For Co10Cu90 samples, the increase was from 1.5 nm to
nm; the incertainties vary from about 0.1 nm to 0.5 nm.

The asymmetry parameterh is a measure of the ratio o
absorption to dispersion in the FMR line. Figure 5 shows
temperature dependence of the asymmetry parameterh, ob-
tained by fitting the FMR spectra, for Co5Cu95 samples as
cast and annealed at 450 and 500 °C. It should be noted
as the measuring temperature is lowered, the parameth
decreases for samples as cast and treated at 450 °C. Si
behavior was observed for Co10Cu90 treated at 450 °C. In
contrast, for Co5Cu95 samples annealed at 500 and 550 °
the behavior of theh parameter with the temperature of me
surement undergoes a drastic change, increasing at lo
temperatures of measurement. For higher annealing temp

FIG. 4. Evolution of~a! sHe f f and ~b! mean diameterD as a
function of the annealing temperature for Co5Cu95 samples. The
solid lines are a guide for the eyes.
2-3
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tures,h is approximately constant with the temperature
measurement.

Figure 6 shows the high-field~90 kOe! ZFC-FC magneti-
zation measurements for Co5Cu95 alloy, as cast and hea
treated at 500 °C~inset!. A clear irreversibility was found
below 60 K for the as-cast sample, which practically disa
pears after annealing.

V. DISCUSSION AND CONCLUSIONS

The FMR spectra of Co5Cu95 as cast and annealed up
600 °C show the presence of a single peak in the wh
range of temperatures as shown in Fig. 1 for 450 °C. T
Co10Cu90 as-cast sample was not considered in these stu
because there are evidences of a size distribution with at
two peaks. This arises from our FMR spectra, which sh
two resonance lines, and from NMR measurements.5

The mean diameter of the magnetic grains and its ev
tion with the annealing temperature, shown in Fig. 4~b! for
Co5Cu95, is essentially the same as obtained in our previ
work,17 where this parameter was determined from the an
lar variation of the FMR spectra at room temperature, giv
further confidence on the reliability of the present metho

From Fig. 4~a!, it is observed that for Co5Cu95 samples as

FIG. 5. Variation of the asymmetry parameter of the FMR li
shape (h) for as-cast and annealed Co5Cu95 samples as a function
of temperature in both parallel and perpendicular configuration.
solid lines are a guide for the eyes.
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cast and annealed at 450 °C, the values for the term pro
tional to the effective anisotropy field (sHe f f) derived from
the computer fits to Eq.~3! are larger than those for th
samples annealed at 500 °C and above. The values ofsHe f f
can be better studied if plotted as a function of the me
diameter D of the magnetic grains. Such behavior~not
shown here! exhibits a reduction of the effective anisotrop
field with the mean diameter of the grains. A similar behav
of sHe f f with D was observed for annealed Co10Cu90
samples.

In order to understand the microscopic origin of this co
plex behavior, the effective anisotropy constantKe f f should
be estimated. In analogy to polycrystalline systems,27 the
proportionality factor in Eq.~3! is chosen as 5/3. Assumin
that the saturation magnetization of the cobalt grains
CoxCu1002x samples is the same for bulk cobalt (Ms
51430 Oe), we can obtain the effective anisotropy const
The calculated values ofKe f f are presented in Fig. 7 as
function of the inverse of the diameter for all the CoxCu1002x
samples, and an increase ofKe f f with decreasing grain diam
eter is observed.

It is known that in dilute CoCu alloys, the cobalt grain
adopt an fcc structure.5–7 Assuming that the magnetocrysta
line anisotropy is dominant in bulk fcc Co,Ke f f ~fcc Co! can
be estimated30 as'6.53104 J/m3. In our samples, the val
ues obtained forKe f f are larger than this value. These resu
indicate that for very small particles, the contributions
other terms to the effective anisotropy are more import
than the crystalline anisotropy.

Similar values forKe f f , with the same dependence on th
mean diameter found in Fig. 7, have been reported by o
authors in the study of supported magne
nanoparticles.28–30 Their results were related to the surfa
anisotropy of the particles. Bo”dker et al.11 proposed a phe-
nomenological expression for the effective anisotropy c
stant of spherical particles with mean diameterD:

Ke f f5Kint1
6

D
Ks , ~4!

e

FIG. 6. The ZFC-FC magnetization measurements~90 kOe! at
low temperatures for as-cast Co5Cu95, showing the high-field irre-
versibility. In the inset, the curves for the sample annealed atTA

5500 °C.
2-4
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whereKint and Ks are the intrinsic and the surface aniso
ropy constant, respectively. Equation~4! shows a linear
variation of Ke f f with the inverse of the particle diamete
The values obtained from the fit in Fig. 7 with the use of E
~4!, for Co5Cu95, are Ks5(0.1860.02)31023 J/m2 and
Kint5(21.6160.62)3105 J/m3. The calculated value ofKs
is comparable to that found in the literature.16,30

In systems of metallic particles with regularly distribute
nanoparticles of spherical shape and a very narrow size
tribution, the dependence ofKe f f with 1/D is linear even for
larger particles.11,28–30 However, in granular alloys, the in
crease in the mean size of the grains is accompanied by
appearance of stress, deformation of the grains, formatio
clusters, and also variation of the saturation magnetiza
Ms .17 The influence of these factors would require a mo
complex function forKe f f than that represented in Eq.~4!.
The results shown in Fig. 7 indicate that the negative va
of Kint obtained by extrapolation to infiniteD may result
from the simplified form of Eq.~4!. It should be remarked
that the values ofKe f f obtained from different samples fa
on the same straight line. This is a surprising result in gra
lar alloys, and indicates that the origin of the magnetic
havior in these samples is a manifestation of the same
nomenon as observed in supported magnetic particles
also in ultrathin films.

In addition, the experimental results in Fig. 6 indicate th
the irreversibility found in the smaller grains and which
associated with the presence of cobalt moments that are

*Corresponding author. Email address: brpu@cbpf.br
1Studies of Magnetic Properties of Fine Particles and their R

evance to Materials Science, edited by J. L. Dormann and D
Fiorani ~North-Holland, Amsterdam, 1992!.

2M.N. Baibich, J.M. Broto, A. Fert, F. Nguyen Van Dau, F. Petro
P. Etienne, G. Creuzet, A. Friederich, and J. Chazeles, P
Rev. Lett.61, 2472~1988!.

3A.E. Berkowitz, J.R. Mitchell, M.J. Carey, A.P. Young, S. Zhan

FIG. 7. Effective anisotropy constant as a function of the rec
rocal mean diameter for the Co5Cu95 and Co10Cu90 alloys. The
dashed line is a computer fit to Eq.~4! for the Co5Cu95 samples.
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aligned even at such a high field, practically disappears
the larger grains. This irreversibility was also observed
small particle systems and attributed to atoms located on
grain surface.9,10

It is known that in magnetic particles without chemic
bonding at the surface, the atoms located on the surfac
the grains present an electronic structure different from t
found in the core.8 This is mostly due to the reduced numb
of nearest neighbors which leads to an exchange coup
that is weaker than that within the core. Furthermore, the
electrons of the atoms situated on the surface of the grain
more localized and have a larger orbital magne
moment.28–30 The net effect is the appearance of a surfa
magnetic anisotropy of uniaxial type, and normal to the s
face of the particle. When the particles are very small,
surface-to-volume ratio of the grains increases and an
hancement of the uniaxial surface magnetic anisotropy is
pected.

The results in Fig. 5 ofh versus temperature reflect
strong dependence of the parameter with the average siz
the magnetic grains. For the smaller grains, with a me
diameter less than 1.6 nm,h decreases when the temperatu
of measurement is lowered. In the other case, for gra
larger that 2.6 nm,h increases at lower temperatures of me
surement. These results could indicate that the surface ef
on the smaller grains increases the dispersive compone
the FMR line at low temperatures, and that for larger grai
the absorptive component in the FMR line, increases at
temperatures.

In conclusion, we have studied the FMR spectra of gra
lar CoCu alloys at different temperatures, and derived
anisotropy constant (Ke f f). We have found that the values o
Ke f f obtained with different samples fall on the same strai
line, increasing for smaller diameters. We have obser
ZFC-FC irreversibility in the samples with smaller particle
These results give experimental evidence for the surface
order on the particles and finite-size effects in CoCu allo
and that eventually they become less relevant as the par
size increases.
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