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Magnetic resonance in spherical Co-Ni and Fe-Co-Ni particles
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Magnetic resonance is studied in absence of external field on composite materials made up with spherical
and monodisperse fine Co—Ni and Fe—Co-Ni particles. The particle size range varies over one order of
magnitude from 25 to 250 nm. In the frequency range stufiieti-18 GHZ% several resonance bands are
generally observed attributed to nonuniform resonance modes. The resonance frequencies are found to depend
on the magnetic particle size, only weakly for the lowest frequency mode, in a more pronounced manner for
the following modes. A theoretical model based on a discrete treatment of the resonant effect in independent
small spherical or cylindrical grains is proposed. It allows to compute the resonance frequencies, the spin-wave
profiles, and the spin-wave intensities. The respective influences of particle geometry, surface pinning, crys-
talline anisotropy, and exchange parameter values are presented. According to this model it is found that the
size dependence of the resonance frequencies is mainly related to the surface pinning and to the exchange
parameter value. In all cases the size dependence of the lowest frequency mode is found weaker than that of the
following modes and for large particles the frequency of the first mode is directly related to the crystalline
anisotropy. The particle shape effect on resonance frequencies is weak whereas the spin-wave profiles of the
first modes are found to depend on the particle geometry. This model enables us to describe the general shape
of the experimental spectra and to infer the magnetocrystalline anisotropy congtgnfsofn the experimen-
tal data, which are found in good agreement with bulk values. Moreover it shows that the weak size depen-
dence of the lowest frequency mode is due to a weak pinning at the particle surface. Nevertheless, the effect
of particle size on higher spin-wave modes requires us to account for the magnetic interactions between grains.

I. INTRODUCTION magnetic, the preparation of magnetic metallic grains opens
the very rich and active field of magnetic grains with numer-
Recently the interest in metallic particles also called me-ous physical effects such as superparamagnétigiant

tallic grains has been strongly increased since efficient routemagnetoresistancegr mesoscopic transport effects in mag-
to make grains with well-defined characteristics appearechetic tunnel junction? for instance. These materials display
This is the case of physical ways and of chemical ways aghysical properties related to surface or quantum size effects.
well. First, small and large clusters have been produced in In the present paper we are interested in spherical alloyed
atomic beams under ultrahigh vacuum with an accurate sizparticles of magnetic elements such as cobalt, nickel, and
selection for more than ten yedrdhen, the preparation of iron, which are prepared by a chemical way. The observed
layered materialA\BAB.. by means of molecular-beam epi- physical property here is magnetic resonance, which is well
taxy is known to lead sometimes to self-organization pro-known to be very sensitive to the sample size, at least in the
cesses with the production of nearly spherical inclusions otase of thin films?! Thus, by analogy, magnetic grain reso-
material A in a matrix B, specially when materiald andB  nance is expected to be sensitive to grain size and grain
are immiscible in the bulk. This can be the case for a metallicomposition. The preparation of monodisperse particles over
material A and a metallic materiaB,2 or for a metallic ma- a wide range of size and composition, allows an accurate
terial A and an insulating oxid®® with the result of mag- comparison between experimental results and models. Re-
netic grains inserted in a matrix. Well-defined metallic grainscently several of Aharoni’'s worké'® dealt with exchange
can also be obtained through chemical routes: by decompanodes both in spherical and in cylindrical grains of reglii
sition of organometallic precursotseduction from homo- within a continuum approach. With the same approach the
geneous solutionsor in microemulsion$:” In these liquid  eigenvectors were also computéddA R™2 law for the be-
phase processes the control of the particle morphology ikavior of eigen frequencies is fouil.The comparison of
achieved by a careful control of the nucleation and growththis last conclusion with experimental results on very small
steps of the solid particles. Since many metallic materials arspheres of Fe—Co—Ni or Co—Ni alldysshows that such a
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R~ 2 law is not observed for the resonance frequencies. We
present here results upon magnetic resonance in small spheri-
cal particles. The size range presented has been extended
toward nanometer size particles and covers one order of
magnitude: 25—-250 nm. Attention has been paid to the size
dependence of the different modes observed. Moreover, in
order to have a better understanding of the experimental re-
sults a discrete treatment of the resonant effect in indepen-
dent small spherical or cylindrical grains is proposed.

The sample preparation is indicated in Sec. Il while the
experimental investigation of dynamic properties is reported
in Sec. lll. Section IV deals with the model and comparison
with the experimental results. Finally conclusions are de-
duced. FIG. 1. TEM image of CgNiss particles (d,=93nm; o

=11 nm) prepared in propanediol by heterogeneous nucleation with
Pt(Co+Ni)=2.5x10"5.

Il. EXPERIMENT

. . . B. Powders characterization
A. Preparation of monodisperse ferromagnetic metal powders

. . . The particles have, generally, an almost spherical shape, a

Ferromagnetic CNi(100-x) and FelCoNigoo-xla-2 narrowpsize distributio?(the stgndard deviatign of the sife
particles were prepared by precipitation in 1,2-propanedioljisripution inferred from image analysis 6250 particles
according to a procedure reported in detail previod$l. s found to be less than 15% of the mean diameterd a
Nickel, cobalt, and iron are produced in this medium by|imited agglomeration as exemplified in Fig. 1. Nevertheless,
reduction upon heating of nickdll) and cobaltil) hydrox-  the finest CoNi samples are not made up of spherical par-
ides and by disproportionation of ir@h) hydroxide, respec- ticles but of faceted isotropic particles.
tively. Reaction of mixed hydroxides yields polymetallic CoNig100-x) and F@ ;4 CoNi100-x]ogz powders ap-
particles. CQNi10-5) particles withx varying in the whole  peared always as crystalline by x-ray diffraction with a pat-
composition range can be synthesized by this method sindern varying with the composition. High-nickel content pow-
both Cd' and Ni' are quantitatively reduced by the polyol. ders <35) crystallize as a single fcc phase. High-cobalt
For Fg[ CoNi100-511-7 Particles the composition range content powders X>35) crystallize as a mixture of two
available is limited to 82z<0.25 by the disproportionation close-packed phases with a fcc and a hcp lattice, respec-
of Fe(ll), while x varies in the range 0—100. tively. The fcc lattice parameter was found to vary linearly

Metallic particles are formed by nucleation and growthVersusx all over the composition range from the nickel
from the solution. Upon controlled experimental conditionsParameter §=0.35238nm) to the cobalt one a(
the mixed hydroxide plays the role of a reservoir phase, the0-354 47 nm). This verification of Vegard's law allows us
dissolution of which releases slowly (M) species in the so- 0 describe this phase as an alloy of the two mefalhe

lution. In this way the growth step of the particles can beX &Y diffraction line broadening analysis following the Wil-

controlled!® Hence a complete separation between nucleli@mson and Hall methddl showed that for the CoNi par-

ation and growth steps can be achieved and thug’cles the main contribution to the broadening comes from
monodisperse particles are obtained. Spontaneous nucleatisitﬁ3Cklng faults, mainly in the hcp phase. For the FeCoNi

leads to CoNi particles in the micrometer size ratigpical particles, an additional contribution comes from the small
mean diameteprd —2 um)™® and to FeCoNi partic?es i crystallite size. Transmission electron microsco@EM)
m

. : . 17 Observations and selected area electron diffraction on iso-
the submicrometer size rang@,=0.2um typically).”"  |ateq particles confirmed that the CoNi particles are made up
An accurate control of the partlclg mean size can be obtalnegy a few number of crystallites whereas the iron-based poly-
through heterogeneous nucleation: a small amount of ystalline particles are made up of a large number of small
precious metal salt is readily reducedsitu by the polyol  crystallites. Structural and textural characteristics of the pow-
to give ultrafine metal particles that act as heterogeneougers do not present any significant change when the mean
nuclei for the further growth of Cti;00-x) and size of the particles varies.

Fe ] CoNi(100-x 1(1-2 Particles. By varying the molar ratio Chemical analysis showed that carbon and oxygen are the
of precious metal upon ferromagnetic metal it is possible tanain impurities. They were found in low contents in large
control the average diameter of the final ferromagnetic parparticles(e.g., 0.5 wt. % and 1.4 wt. % for C and O respec-
ticles. AgNQ; and K,PtCl, appeared as complementary tively, in CoggNiyg particles withd,,=220 nm). Powder den-
nucleating agents for heterogeneous nucleation in liquicity p and saturation magnetization at room temperaM§e
polyols. By varying the molar ratig M]/[ Co+Ni+Fe] are close to bulk values for the large particl&5 gcm
(M=Ag or PY in the range 105—10 4 ferromagnetic par- and 135 emug", respectively for CgNiy, particles with
ticles were obtained with average diameter in the rangedm=220nm. When the particle size decreases C and O con-
200-500 nm and 20-150 nm using silver nitrate and platitents increase whereagsand Mg decreases; in all cases the
num tetrachloride, respectivel§fIn this last case, the size of variations with the size follows a,' dependence. These
the platinum nuclei was estimated to 2—3 H. physicochemical characterizations allow us to describe the
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FIG. 2. CoercivityH. and remanence to saturation magnetiza-
tion ratio M, /Mg at room temperature of GgNi,, particles vs FIG. 4. Imaginary part of the intrinsic permeability vs frequency
mean diameter. of CoggNiyg particles(a) dy,=142 nm, (b) d,,=82 nm, and(c) d,,

=62 nm.

particles as made up with a metallic and ferromagnetic core

surrounded by a thin nonmetallic lay€rSaturation magne- responsible for the increase i, andM, /Mg values. Below

tization and density of the metallic core were found very25 nm, the effect of thermal fluctuations has consequences to

close to the bulk values. The thickness of the nonmetalliclecreaseH, and M, /Mg values, and below 7 nm a super-

layer was estimated in the range 2—3 nm and independent gramagnetic behavior is observed at room temperature.

the particle size. Thus, within the investigated rand@5-250 nnj for dy-
Static magnetic measurements at room temperature wef@mic magnetic properties, the smallest particles tend to a

performed on compacted powders with an hysteresismeténonodomain configuration but do not present a superpara-

SIIS 2000. The powder coercivityl . and remanent to satu- magnetic behavior at room temperature.

ration magnetization rativM, /M ¢ were found to depend on

the particle size. For a given gomposmon, When the particle Ill. DYNAMIC MAGNETIC PROPERTIES
size decrease$]. and M, /Mg increase steadily to reach a
maximum and then decrease sharply to z@¥m. 2). The The microwave characterizations were carried out on non-

critical size corresponding to the maximum of coercivity andconducting composite materials having high-volume concen-
remanence lies between 20 and 40 nm according to th&ations of magnetic inclusions. Such composites were made
chemical compositioA® For that size theM,/M, ratio by compacting the metal powders previously coated by a
reaches the values of 0.45 ahld, several hundreds of Oe manganese oxide thin layer through a chemical treatment in
(higher is the Co content, higher is the value of the maxi-acidified aqueous solutions of potassium permangahate.
mum of coercivity. So, when the particle size decreasesThe coating of the particles appears by TEM to be quite
from 250 to about 25 nm the magnetic configuration goeshhomogeneous with an average thickness of about 10 nm. The
from a polydomain to a monodomain configuration, which isferromagnetic particle volume concentration in the com-
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FIG. 3. Imaginary part of the intrinsic permeability vs frequency  FIG. 5. Shift of the resonance frequency with Co content for
of (a) Fey 14 CasNisoly g7 particles,dy, =206 nm, (b) CosNisg par-  CoNi(390-x) Nanoparticles(@) CozsNigs dy=50 nm, (b) CaoseNisg
ticles,d,,=250 nm. dy,=50nm, and(c) CoggNiy d, =34 nm.
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pacted samples was determined with accuracy, from the 16
mass and the volume of the sample, the saturation magneti (a) . o f,
zation of the coated powder, and from the saturation magne T A
tization and density of the as-made powder. This concentra- 12+ a o o f
tion varies between-25% for the finest particles and 50% § . f’
for the largest ones. O 4 o
The microwave propertids(w), u(w)] were measured in - o 84 . °
the 0.1-18 GHz range with a APC7 coaxial line associated & °
with a network analyzer HP8510. Measurements were con- ] ° 4 o
ducted in the absence of an external magnetic field. The per 4] o
mitivity e(w) of these composite materials was found low "= ° A
and constant on the whole frequency range studied. No di- T «s s g . o
electric losses were observed’(w)=0]. 0 . ' . -
The microwave properties of composite materials are very 0 100 200 300 400
dependent on the magnetic particle concentration. The com d_(nm)
parison of the properties of different particle concentration "
materials is made easier through the comparison of the in-
trinsic permeability of the particles calculated according to 12 o f
the formul&? 10‘ (b) I
T 2
o T
Mi:ﬂe[zﬂe+l‘*m(3q_2)] ’ Y R . f;
me(3d—1)+ un g o
S <
with w; the particle intrinsic permeabilityyx. the material g 8 ° M
permeability, u,, the matrix permeability(x,,=1 in our = A ©
case, andq the volume concentration of the particles in the 4 ° A
material. 1 o o ‘
Previous studies clearly showed that the dynamic perme: 2 * - ©
ability in the microwave range of micrometer sized particles 0' - e "

presents a single and very broad bah&or particles with a o 50 100 150 200 250 300
mean diameter lower than about 400 nm several bands ag
pear in the frequency range investigated, for CoNi and Fe- d, (nm)
CoNi particles as wel(Fig. 3).

The accurate control of the particle size allowed by the 10
synthesis process affords the possibility to follow the size | (c)
dependence of the different resonance bands for severe 8
chemical compositions. For the largest particles, several °
resonance bands close to each others are obsérigd3).

Both the resonance band frequencies and their relative inten 6
sities are found to vary with the particle mean size. As ex- 5 ]
emplified in Fig. 4 for CgyNi,, particles, when the particle T 4. A °
size decreases, an overall shift of the bands toward high freg
guencies is observed and the relative intensity of the lowes
frequency resonance band increases steadily. For the smalle 21 °
particles, the bands become less and less close to each othe a "
the number of bands observed in the range studied 0.1-1i o _
GHz decreases, and the relative intensities of the highes 0 100 200 300
frequency resonance bands decrease. Below a mean diar d_, (nm)

eter, which is about 50 nm for every composition studied, a

single band only remains in that ran¢fég. 5. FIG. 6. Resonance frequencies of microwave permeability vs

Despite an overall shift whed,, decreases, it is notewor- mean radius ofa) CogoNi,q particles,(b) CosgNisq particles, andc)
thy that all the resonance frequencies do not present the sar@,Nig, particles.
size dependence. As shown in Figéa)6-6(c) the first band
frequency increases very slowly when the particle size deresonance bands of the permeability curves are shifted to-
creases within a large range. It is only for the smallest parward high frequencies when the Co content increases from
ticles that a significant shift is observed. At the opposite a fax=20 to 100. This is exemplified on the permeability curves
more important shift is observed for the following bands asof nanometer sized particléEig. 5 and by the comparison
the mean size decreases in the submicrometer range. of the resonance frequencies of submicrometer sized

The influence of chemical composition on the resonanc&€gNi(;00-5 particles in Figs. @-6(c) [see also Ref.
bands frequency has been studied. For botiNGgy ) and  23(a)]. Moreover low-iron content in the ferromagnetic par-
Fe [ CoNi(100-xl(1-2 Systems, at a given particle size, the ticles composition has a significant influence on their perme-
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FIG. 7. The resonant frequency as a function of the radius in g-dog,, plot with J=10° G andh=1000 G for(a) a spherical grain
with an unpinned outer surfacég) a cylindrical grain with an unpinned outer surface, &c)da spherical grain with a pinned outer surface.

ability. From the comparison of the permeability of
Fey1d CoNi(100-x)log7 @and CQNiigo-5) particles with a
similar mean diameter and a same Co/Ni ratio, it is shown
that the resonance bands appear at lower frequencies for théhere the exchange field, is deduced from the magnetiza-
iron-based particles than for iron-free particl&sg. 3). tion Laplacian byHy= DaSAM =JAM, with the exchange
constantsD and J and the lattice parametex,, the local
anisotropy field isH, and A\ is the Gilbert damping param-
eter, which is taken as null here. The local anisotropy field
results from the sum of a uniform crystalline anisotropy field
The discrete treatment of the resonant effect we deveIHA’ of the de_magnetlzmg field, and_ Of the e>_<terna| field
oped here is based upon the idea that realistic finite-size eHe.X' The d_eta|ls of the magnetostatic Interaction petwgen
fects are essential in the determination of spin waves irpPINS: leading to terms ot.her than the demagnet!zmg field,
grains. It deals with independent small spherical or cylindri—are here neglec_ted na S|_mpl_e approach. Assumlng_a reso-
cal grains. First, either from a quantum treatment of thenant'process W'th. an oscnlatmg part of the magn§t|zat|on
equation-of-motion for a spin Hamiltonian with exchangeM(t)'m(t)weXp(_'wt)' the equation-of-motion reads:
interaction, magnetic anisotropy, and Zeeman effect, or from
a classical treatment of the Landau-Lifshitz equations with
Gilbert damping, the equation of evolution for local magne- With a coordinate system where tlzeaxis is collinear
tization is easily deduced within a continuum motfel. with the effective magnetic field and thus with the static part

ot

=y IM{O(Ho+ Ha + Hed - AM{T(M),], (D)

IV. MODEL OF SPIN-WAVE RESONANCE IN SPHERICAL
AND CYLINDRICAL GRAINS

—iwm=yMOJAM +Ha+Hey). )
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2-51 T T T T T T T T T 2.0 of fact such a common orientation between grains is obvi-
oM 12 13 W 15 18 17 18 19 20 ously imposed by dipolar interactions that define the demag-
Iogm n netizing field in the sample. This common orientation has
. been observed in numerous numerical computations of the
FIG. 7. (Continued. magnetic and structural nematiclike order of grain chains

o when magnetic spheres interact via magnetic dipolar interac-
M, of magnetizationAM, can be neglected. Here both the tions and short-ranged repulsive interactiéh®. Thus this
anisotropy field and the external field are assumed to be cotommon “nematic” anisotropy axis is well justified here
linear with thez axis, so the equations-of-motion for the from dipolar considerations even in the present experimental

magnetization components read situation of magnetic resonance without external field.
) Introducing the complex variablen=m,+im,, the
—lom,=y[my(Ha,+ Heyx) —MJAM ], equation-of-motion of this complex magnetization reads

—iomy=y[—m(Ha,+Heyx) + M JAM,]. ©) Amat

m=0, (4)

w
‘]Mz ;7 HAzf Hexz

With this approach, for every grain a uniform orientation which looks like a Schidinger equation orm and was

of the effective magnetic field is assumed within each graing o\ o4 by means of Bessel functions by AharBniith a

At the grain level it means that each grain contains only & " . ; .
. . ) . -cylindrical geometry as valid for granular rods, it reads more
few magnetic domains and that their common crystalline ori->7 .".

. . . . . explicitly
entation defines the crystalline anisotropy easy axis. Thus no
external field is required to magnetically orient the sample, 2 19 1 1 (o
and in such a case, which is close to the experimental one, [(?rz+ T 87+ 2 W‘F M. h) m=0, (43
the effective field is just the anisotropy field with the addi- 2\
tion of the demagnetizing field due to magnetized parts. Fowhereh is the uniform effective field in the direction, as
the whole grain set, this approach means that all grains shadiscussed before. In this geometry, because of periodicity in
a common crystalline and magnetic orientation. As a mattethe cylindrical angley, the eigenmodes are characterized by
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FIG. 9. The effect of exchange parameter on the spin-wave spectrum for a spherical grain with a pinned outer sunfa@d@iii(a)
J=10° G, (b) J=5.1C G, and(c) J=10"G.

an integer numbep with the formc, exp(pé) for the eigen-
magnetization fluctuation. The time-dependent magnetiza-
tion of resonant modes cannot depend since the reso-
nant field is uniform over the grain size, which is quite l (w

smaller than the resonant field wavelength and thus interac- + IM (—h”m—o
tion integrals such as z

P 24 1 ? 1 4 1t d
—t+——+————+—=—+ tanp—
a2 rar  rZsife a2 r2ag? 12 M%%e

(4b)
4

f h.c, exp(ip6)de i; obtained. Simil_ar arguments of uniformity of Fhe _resonant
r~p field over the grain, as developed before for cylindrical rods,
lead here to consider for resonant modes, only a radial varia-
tion of the magnetization, i.e., the on‘i§8 spherical harmon-
are equal to zero for non-null values @fThus in the calcu- ics. The reason for this is that the spherical averages of the
lation of transition probabilities, the integration of the angle-Y|"s, which are involved as general solutions of Etp) are
dependent magnetization modes all over the grain, leads tzero if| andm are not simultaneously equal to zero. Similar
the effective interaction of such nonuniform modes with thearguments about effective selection rules in ferromagnetic
resonant field to be zero. resonance in grains were given recently by another gfbup.

Quite similarly, with a granular spherical geometry, asFinally the resulting radial equation of resonant spin motion
expected here, the equation-of-motion reads
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Then with a discrete definition of the spin-wave amplitude 2
b, at shelln:b,=m(r,) and of the radial spin wave deriva- 1+2a 1- -
tive on the shelln:(Vb),=b,—b,_1, this equation-of- T,= _ (6)
motion becomes the discrete equation of resonant spin-wave 2
i i - 2a 1-—
propagation for the serids, : n
b .—b242 _E b 1_% 5 These “spherical” transfer matriceg, depend on the shell
n+17">n a-q n-1 nl’ ®) humbern because of spherical grain curvature. This curva-

] ] ) . ture leads the area of successive shells and thus the number
where the parametea is a linear function of the eigenfre- of magnetic sites on a shell to increase with the shell radius.

quency:a=(1JM,)($—h). It appears for the validity of this approach that the shell
In order to solve this discrete problem of radial wavenumbern must be larger than two, with a minimal grain

propagation within a grain, two-by-two transfer matricesradius of three times the lattice paramedgr But this cen-

with simple definitions of pinning and unpinning on central tral singularity cannot be observed here where magnetic clus-

and outer surfaces, the so called Poinsanensfer matrices ters are large and contain at least thousands of atoms.

T,, are introduced’ From the mere rewriting of Eq(5) Quite similarly “cylindrical” transfer matriced |, can be

these matrices are given by defined for granular rods. In this case a slight difference
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FIG. 9. (Continued.

occurs because of the lower increase of the number of neighhe pinning condition at the external surface is assumed to be
bors versus radius increase for cylinders than for spheres: isotropic. Thus the spin amplitude is a scalar quantity. This
assumption corresponds to a simple isotropic surface anisot-

142 1 ropy as introduced by Shilov and co-worké?sThis condi-
tZa 1-- tion at the outer surface can be any state between perfect
T,= } (7) pinning where spins at the surface are rigid and perfect un-
2a 1_} pinning where spins at the surface are free to move. In the
n general case, the pinning angleat the outer surface is de-
p g

In this case the minimal grain radius would be twice theflned by

lattice parameter, which is also a very small size unexpected bn_1

for realistic grains. tany=——. )
With either cylindrical or spherical grains the boundary N

conditions for spin waves are no longer symmetric as they Finally, the characteristic equation for the spin-wave fre-

usually are for thin film$’ Here, at the center or at the quency reads as a scalar product resulting from a matrix

central axis, continuity of spin waves at the atomic scalegproduct involving the two boundary conditions as well as the

implies the occurrence of an unpinned sthie=b,. In the  radial propagation through the grain:

continuum model, this continuity argument at the origin

leads to select only the regular solutipg{kr).1>*>2°At the

external surface, the pinning constraint comes from real sur-

face conditions as they occur in thin filrASIn this paper,

- - 1
siny—cos iy cosiy -TN~TN,1~..T3~( 0) =0. (9)
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FIG. 10. Resonance frequencies of microwave permeability vs mean radius igyaltag, representation ofa) CoggNiyg particles,(b)
CosNisg particles, andc) Co,gNigg particles.

This characteristic equation is a polynomial equation inare then deduced from the successive application of transfer
the parametea and thus in the rf pulsation. It is solved by  matrices with the eigenpulsation in right order to the central
means of standard numerical methods for different pinningspin and spin gradient vector. The resonant spin-wave pro-
conditions. The corresponding radial spin-wave eigenvectorfiles in a given rf resonant field are then deduced. The spin-
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wave intensities are calculated from the integration of tran- 05
sition probabilities over all sites. That integration favors the 1.0
first mode where all amplitudes are positive and add, while &~
higher modes with alternate signs are highly compensated E
and appear with weaker intensities. P 20
A comparison of the numerical result obtained for reso- -n: 25 .
e
¥

-1.5

nant pulsations in spherical and cylindrical grains with the

same magnetic parameters as a function of the grain size is
reported in Fig. 7 in a logrlog;o plot, with evidence for a 3.5
very weak difference between these spectra. Thus the grain 40 .
shape effect on resonant frequencies is weak. The similar

-3.0 »

-4.5

spectra for the same anisotropy field and for both unpinned ~0 20 40 60 80 100
external surfaces in Figs(a) and 7b) are characterized by % Co

the nearly constant behavior of first modes at large radii,

while the higher modes show a neafy ? law at least for FIG. 11. Anisotropy constank; of CoNi(;g0 ) particles vs

small radii. The lowest resonant frequency is directly deter£obalt conteni inferred from the first resonance frequensy of
mined by the external fielth, which is just the anisotropy 'arge particlegsee the text
field. Thus the measurement of the lowest resonant fre-
quency,w=10>G in Fig. 7a), enables us to determine the  Figure 10 shows the size dependence of the experimental
anisotropy field of the sample, hehe=w=10°G. This re- resonance frequencies in lgglog,, representations for sev-
mark is exact for unpinned outer surfaces and but remains @ral compositions. The experimental number of shells within
good approximation for other kinds of outer surface pinningthe particles has been calculated from: R/d, with R the
since the resonant frequency of the first modes slowly demean radius andi=0.204 nm the interplanar distance of
creases when the radius increases. Such a behavior with(d11) and (001) dense planes in Co and Ni close-packed
smooth variation of the lowest mode frequency is shown irphases. As inferred from Fig. 10 the power law is always
Fig. 7(c) in the extreme case of pinned outer surfaces wheriound lower than 0.5 for the first mode and closer to 1 for the
the other parameters are equal to those of Figs.ahd 1b).  following ones. Such a weak variation of the lowest resonant
The comparison of Figs.(@ and 7c) shows the part due to frequency is in good agreement with the computational re-
partial pinning effects. sults reported in Fig. 7, with evidence for an effective inter-
The spin-wave profiles of the first three eigenmodes formediate pinning at the outer surfaces. Thus as shown above,
spherical and cylindrical geometry with the same parameterlow size dependence of the first mode allows us to estimate
and radii, are reported in Fig. 8 in the case of pinned outethe anisotropy fieldH,= wq/vy from the first resonance fre-
surfaces for comparison. For a given geometrical shape thesgiencyw, of large particles, withy being the gyromagnetic
profiles are quite different from each other in the number ofgtio (y=2.8 MHz OeY). In case of cubic anisotropy the
nodes. Profiles for cylindrical and spherical grains differ andanisotropy constani; is given byK;=—2H,x M, with
also differ from the wavy modes of a thin film as expected), _ the saturation magnetization of the particle. Feval-
from the d|ffere_nt symmetries; they indicate a power-_law dees of CqNi(100 ) particles were calculated from the reso-
crease as continuous Be_sse_l solutions. As a c_onclu5|on of t_rheance frequency, for the largest particlesd=200 nm).
general results reported in Figs. 7 and 8, the eigenfrequenci ey present increasing values with increasing cobalt con-

of resonant spin waves in a grain depend on the grain size iﬂentx (Fig. 1. That result is in good agreement with the

its smaller dimension but depend only weakly on the grain : . ) _
. 7 ; expected increase of anisotropy with cobalt concentration of

shape. The shape effect is more efficient on the spm-wavg ch samples because of the strong crystalline anisotropy of

profile which is an eigenvector. u P u g crystall ! Py

The effect of the value of the exchange parameter on thgobalt. Nevertheless, the variation does not exceed one order
resonance spectra is studied in Fig. 9. Increadinglue has ©f magnitude, it is not surprising since the hcp phase is ob-

two consequences: first, the gap between the different mod&§Tved only as a minor phase for cobalt-rich composition. A
increases; then, the power law of the different modes wheMery Similar variation was found in previous works for fcc
the size decreases, including the lowest resonant frequengpbalt-nickel bulk alloy&’ and our experimental value for
mode, tends much more rapidly te2 with the highest)  the CagNiso composition (-2.35x 10° erg cmi®) is close to
values. the bulk one which lies between-1.5 and —2.75
In order to fit the computed resonance spectra with exx 10° ergcm 2, 28

perimental results, two parameters can be varied, the external Dealing with the frequencies dispersion, the comparison
field h, which is practically close to the local anisotropy field of computational and experimental results in Figs. 9 and 10
and is defined from the first experimental mode, and theshows that in both cases the difference between two succes-
valueJ of the exchange parameter, which is determined fronsive modes decreases when the order of the modes increases.
the frequency difference between the first and second moddevertheless, an accurate determination of the exchange pa-
for large grains. These parameter values can also be comameters cannot be obtained. The experimental gap between
pared to available data for bulk materials with admittedthe successive modegig. 10 is very large and it is the
variations due to the change in density between bulk samplegsighest valuel [Fig. 9(c)] which can describe such a differ-

and grains. ence between the first and the second mode. Unfortunately
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for such highJ value the radius exponent is always close to 597
—2 in the computation while its absolute value is found ex-
perimentally smaller.

The reason for such a discrepancy is that the assumpti0|ﬁ“°_
of independent grains is probably not valid for higher modest -
and that magnetic interactions must be taken into accounz, |
between separate grains in an effective composite materiat;f;
Another explanation of the low-exponent experimental value&
could be related to the surface oxidation of the particles and™ 2o
consequently to a nonuniform exchange near the particle sur
face. This process would lead to a difference between the
structural radius and the magnetic radius and to a variation o= 10
the pinning condition. Both effects can be easily estimated. |
These effects are both rather restricted and they cannot ex | |
plain the observed discrepancy. Thus the main effect for this ° : T e a0 e amo 10000
low power law is the composite effect, that introduces long- w
ranged contributions because of multiple scattering within
the sample. So our conclusion is that the independent grain FIG. 12. The effect of linewidtlAh=500G and anisotropi

model is just, to our knowledge, a first approach to this prob-=3000G on the intensity spectrum of spherical grains with
lem. =5.1¢ G andn=200.

~In the present independent grain model, the spin-wave, nanometer size range, were produced by a chemical pro-
mtensme_s are easily computed from the spin-wave proﬂle%ess in a reproducible way. Their resonance spectra were
as explained before. As a matter of fact, the experimentayy,died in the absence of an external field in the 0.1-18 GHz
resonance spectra also give evidence for finite ||n6W|dth$ange; they present several resonance bands related to non-
that can be expected to be intrinsic for grains because of thgniform resonance modes. The large size and composition
energy dissipation within grains and therefore to weakly deranges available by the synthesis process provided an ex-
pend on the mode nature. So Lorentzian shapes for eadBnded set of resonant spectra that allows us to follow accu-
resonance line with the same linewidth for all modes arerately the dependence of the resonance frequencies with par-
introduced in the computation. The resulting resonance spedicle size and composition and to compare with theoretical
trum for a given radiugn=200, R=40nm is reported in  results. The resonance frequencies are shifted toward high
Fig. 12 with a realistic value of the linewidthh=500G and  frequencies either when the particle size decreases or when
an anisotropy ofh=3000G in order to compare with the the cobalt content increases in the particle composition. A
experimental results of Fig. 4. The lines on the frequencyheoretical model based on a discrete treatment of the reso-
axis give the resonant frequencies that are weighted by thgant effect in independent grains has been developed. This
intensities and the shape function. This spectiiig. 12 ~ Model allows us to compute easily the resonance frequen-
agrees qualitatively with the experimental one for the sam&€S: the spin-wave profiles, and their intensity. It allows us,
particle mean diametdFig. 4(b)]. In both cases the lowest- as well, to study the respective influence of the particle ge-

frequency mode is the first one in intensity scale. As see@rrlnaitr% Zﬂg&%ﬁef'\gwgg '(I:'Ly:tr?)llhemca)f ?r?elssgtrdc}?f)greﬁ?dareg%-
experimentally in Figs. 3 and(d), for largest particles, the 9¢€ p | P

first mode is no more the first one in intensity. That res Itseters on the size dependence of the resonant modes has been
: : ! n i Ity W tressed. The analysis of the experimental spectra on the ba-

fl’;)IT in apprgximatg l%alance betV\lleen tlhe generalf weakemrggs of this model enabled us to show that the weak size de-
of higher modes and their practical overlapping in frequency ) :
This observed feature is linked to the abundance of highependence of the lowest-frequency mode is due to a weak

des that th I ) i th > d_|5inning condition at the particle surface. It allowed us to
modes that are rather close in energy even It they aré INdiz, e |ate this resonant mode with the magnetic crystalline
vidually weak in intensity.

anisotropy of the samples. Thus, the low-frequency part of
the particle permeability is well understood through this
V. CONCLUSION model while the high-frequency part involves multiple scat-
tering within the set of grains and thus requires a more so-
Spherical and monodisperse magnetic metal particles gfhisticated approach. These interactions made of the grain
various compositions with sizes varying from submicrometerset a real complex composite material.
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