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High-frequency ferromagnetic resonance on ultrafine cobalt particles
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We report on high-frequency~300–700 GHz! ferromagnetic resonance~HF-FMR! measurements on cobalt
superparamagnetic particles with strong uniaxial effective anisotropy. We derive the dynamical susceptibility
of the system on the basis of an independent-grain model by using a rectangular approach. Numerical simu-
lations give typical line shapes depending on the anisotropy, the gyromagnetic ratio, and the damping constant.
HF-FMR experiments have been performed on two systems of ultrafine cobalt particles of different sizes with
a mean number of atoms per particles of 150620 and 310620. In both systems, the magnetic anisotropy is
found to be enhanced compared to the bulk value, and increases as the particle size decreases, in accordance
with previous determinations from magnetization measurements. Although no size effect has been observed on
the gyromagnetic ratio, the transverse relaxation time is two orders of magnitude smaller than the bulk value
indicating strong damping effects, possibly originating from surface spin disorders.@S0163-1829~99!50706-6#
ar
o

in
er
tio
s

e
le

we
b

in
e
he
ac
he
pa

ro

he

a
lity

u

ca
of
ic

the

d

R
his
ld,

of

al
the

ich

ro-

tion

ed
sion
cal
t

ly
ig-
I. INTRODUCTION

Magnetic nanoparticles are a subject of intensive rese
due to their unique magnetic properties which make them
great interest both from theoretical and technological po
of view.1 These nanometer scale species are at the bord
the molecular and the solid state physics. The size reduc
i.e., the reduced coordination number, leads to an increa
magnetic moment per atom2,3 and to an enhanced effectiv
anisotropy (Keff).

4,5 At this small size the particles are sing
domain and present a superparamagnetic~SP! behavior.

Recently, the progress in chemical synthesis has allo
the production of systems of cobalt freelike particles sta
lized in a polymer. The particle sizes are controlled dur
the elaboration process and their final distributions are v
narrow. In addition, each particle is well isolated from all t
others, i.e., without strong chemical and/or physical inter
tions with its environment. Their major characteristic is t
enhancement of the magnetic moment for the smallest
ticles as in the case of free clusters.4 This manipulable sys-
tem is ideal to study other features, such as structural p
erties, magnetization, and ferromagnetic resonance,
thermal relaxation and quantum tunneling of t
magnetization.6

The magnetic properties of supported nanoparticles
currently investigated using magnetization, ac-susceptibi
Mossbäuer, and magnetotransport measurements.1 These ex-
periments allow one to deduce the different parameters s
as the magnetic moment per atom,Keff , or the relaxation
time associated with superparamagnetism.7 If the latter pa-
rameter is always relatively consistent with the theoreti
predictions,8,9 to our knowledge no exact demonstration
the theoretical expressions have been done, since the m
PRB 590163-1829/99/59~6!/3934~4!/$15.00
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scopic parameters of the Landau-Lifshitz equation of
magnetic-moment motion@gyromagnetic ratio~g or g! and
damping parameter~a!# are unknown. The work reporte
here shows that one way to determineg anda is the use of
ferromagnetic resonance~FMR! experiments under high
enough magnetic field. Up to now, the experimental FM
studies which are currently performed have not allowed t
determination. Usually performed under low magnetic fie
they are devoted to the study of the temperature variation
the spontaneous magnetization10 (MS) or to the evaluation of
Keff ,

11 through the temperature variation of the FMR sign
or the resonance field, respectively. For diluted systems,
spectra commonly exhibit large absorption linewidths wh
are not well understood.12

Here theoretical and experimental high-frequency fer
magnetic resonance~HF-FMR! investigations on ultrafine SP
particles are presented. This work leads to the determina
of Keff , g, anda on ultrafine cobalt particles.

II. THEORETICAL ASPECTS

In the interpretation of the FMR spectra of disorder
systems, one has to take into account the angular disper
of the crystalline axis which causes a distribution of the lo
direction of the anisotropy fieldsBa .13 Thus, the apparen
resonant field (Br) and the linewidth (DB) of the spectra
will depend on this distribution. In the case of random
oriented particles, the natural way to calculate the FMR s
nal is to evaluate the dynamic susceptibilityxp of a single
isolated particle for a fixed direction ofBa , and to calculate
the average value ofxp over the distribution ofBa to get the
R3934 ©1999 The American Physical Society
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observable quantityx5^xp&.
14

In the case of ultrafine SP cobalt particles, one has to t
into account the strong anisotropy and the effect of the th
mofluctuations of the magnetic-moment~m! direction due to
their SP properties. Indeed, because of the enhanced an
ropy, Ba could be more than 1 T. For a particle in th
blocked state, with its easy magnetization axis along the
plied static field B, the resonant pulsation given byv r
5g(B1Ba), imposes a pulsation of measurementv above
v5gBa>30 GHz.

For SP particles the thermofluctuations of the direction
m reducesBa , which then depends on the magnetic field,
the temperature, and on the volume of the particle.15,16

Raikher and Stepanov have developed a model which ta
into account these effects, but in the limiting case ofB
@Ba . To our knowledge, no experimental study has va
dated their theoretical predictions.16 In order to reduce the
number of parameters, a solution is given by performing
measurements under a magnetic field strong enough to
rate the magnetization (B.5 T), with a high-frequency ex-
citation field (bhf), typically in the far infrared range~100–
1000 GHz!. In such a configuration the thermofluctuatio
effects on the value ofBa become negligible.

In these experimental conditions one can develop
independent-grain model. The motion of the magnetic m
ment m of a single domain particle uniformly magnetize
follows the Landau-Lifshitz equation,

dm

dt
52gm∧Beff2a

g

m
~m∧m∧Beff!, with Beff52

]F

]m
.

~1!

Here Beff is the effective field, andF is the free energy
density of the particle. For an uniaxial anisotropic ferroma
netic crystal,F is given byF52m bB(e•b)10.5Ba(e•n)2c,
wheree5m/m, b5B/B, n5Ba /Ba , andBa52Keff /MS. In
general, Eq.~1! is solved using the Smit-Beljers metho
leading toxp as an analytical function of the derivatives ofF
with respect to the rotational angles.14~b!,17 In this method the
singular directionu50 has to be excluded. To overcome th
disadvantage, Suran, and more recently Baselgiaet al. have
proposed an alternate method using rectang
coordinates.18 In their model they used the rectangular coo
dinate system~1,2,3!, 3 being set along the equilibrium d
rection ofm, and solved Eq.~1! in the absence of damping

In order to derivexp , we start from Eq.~1! which inte-
grates the damping effects, and solve it in the~1,2,3! system,
using the Baselgiaet al. procedure.18~b! We thus obtain a
general set of analytical expressions for the resonant
quencyv r , the linewidthDv, and the scalar susceptibilit
xp as a function of the rectangular derivatives ofF and the
direction coefficients ofbhf andB. It is then easy to calculate
the derivatives ofF and the directions coefficients ofbhf and
B in the ~1,2,3! system using the orthogonal transformati
between the~1,2,3! and the laboratory systems~x,y,z!. Fi-
nally, the FMR spectra is then given by Abs52xp9 , where
xp9 is the imaginary part ofxp . More details of the calcula
tions and the analytical expressions ofxp will be published
elsewhere.19 The major interest of this method of calculatio
is to suppress theu50 singularity in the general expression
derived by using the Smit and Beljers method. This meth
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gives general analytical expressions which can be use
any experimental configurations encountered.

If we consider an uniaxially anisotropic ferromagne
particle in a static fieldB along thez axis, the general ex-
pression of the resonant frequencyv r is given by v r

25(1
1a2)g2$ bB cosu1Ba cos2(uk2u)c@Bcosu1Ba cos 2(uk2u)#%
whereuk is the direction of the anisotropy with respect to t
z axis. Asv r , Dv depends onuk while xp depends on both
uk and on thebhf direction. For a system of particles wit
randomly orientedBa , the FMR spectra is the average
Abs over the angle distributions.

From these expressions we can derive various limits c
responding to familiar results. ForKeff→0, we immediately
obtain the classical result of an isotropic ferromagnet deri
by Landau and Lifschitz. In the limit of particles made of
material with a long transverse relaxation timet' or a van-
ishing intrinsic FMR linewidth (a→0), the inhomogeneous
width of the resonance spectra is determined by the ang
distribution ofBa . If we consider an isotropic distribution o
Ba , the particles withBa perpendicular toB have the largest
resonance fieldBmax, while the particles withBa along B
have the lowest resonance fieldBmin . The broadeningDB of
the absorption spectra can then be well approximated
DB'3Ba/2.

Figure 1 presents the numerical simulations for an ass
bly of randomly oriented particles with a constant value
Ba51 T and differentt' values. The other parameters ha
been fixed tog52 and v52p331011rad/s. It shows the
sensitivity of the shape of the spectra to the damping effe
transforming the inhomogeneous broadened spectra to
asymmetric Lorentzian one ast' decrease. Our results are
perfect agreement with previous calculations,18 and allow us
to validate our method of calculation.

III. EXPERIMENT

HF-FMR experiments have been performed on two s
tems of ultrafine cobalt particles of different sizes~Coll-I,

FIG. 1. Calculated high-frequency FMR spectra for three diff
ent t' values withg52, Ba51 T, v52p 331011 rad/s, andB0

5v/g510.71 T.
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Coll-II !.4,6 These particles, prepared by a chemical meth
are well dispersed in a polymer and have a very narrow
distribution. The analysis of magnetization curves eviden
the presence of freelike, isolated particles with a mean n
ber of atoms per particle of 150620 and 310620 for Coll-I
and Coll-II, respectively.

HF-FMR measurements have been performed in the
aday configuration using a pulsed magnetic field reaching
T, with a cryogenic setup where the temperature can be
ied from 2 to 300 K. The high-frequency excitation field w
produced by a far-infrared Fabry-Pe´rot cavity optically
pumped by a CO2 laser. Each of the HF-FMR spectra corr
sponds to the sample transmission variation vs applied m
netic field.20

IV. RESULTS AND DISCUSSION

In Fig. 2 are reported the typical experimental spec
collected at 4.2 K on Coll-II for two different frequencie
v/2p5344 and 647 GHz. Figure 3 presents the tempera
dependence of the experimental spectra for Coll-I measu
at the same frequencyv/2p5344 GHz. All these spectra
show a rather large linewidth and are relatively homo
neously broadened, indicating strong damping effects.

These spectra have been analyzed using the above
scribed model. Using the sensitivity of the model to the th
parameters, and by fitting all the absorption curves, we
determine accuratelyKeff , g, andt' ~see Table I!. For Coll-
II, both spectra have been fitted using a single set of par
eters allowing us to determine accuratelyBa , g, and t'

51/(va). For Coll-I, the temperature dependence of t

FIG. 2. Experimental high-frequency FMR spectra~symbols! of
a Coll-II sample measured at 4.2 K, for two different frequenc
344 and 647 GHz corresponding, respectively, toB0 around 11 T,
and 22 T. The solid lines are the theoretical calculations.
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spectra and its narrowing with increasing temperature ill
trate the temperature variation ofBa , andt' .

In these systems the size-inducedBa distributions must be
taken into account. For the two particle systems, we h
computed theBa distributions starting from the size distribu
tion obtained by high-resolution transmission electronic m
croscopy and magnetization measurements,4 and using the
phenomenological law giving the diameter~f! dependence
of Keff in ultrafine particles, i.e.,Keff5KV16KS/f.4,21 KV
and KS are the volume and the surface contribution of t
anisotropy, respectively, estimated with our experiments.
nally, it turns out that the distribution ofBa does not change
significantly the fitting parameters, since they are very n
row. TheKeff values are found to be enhanced compared
bulk value and decrease as the particle size increases. Tg
factors are closed to bulk value and seem to be insensitiv
the particle sizes.22 On the other hand, thet' values are
considerably lowered~two orders of magnitude! compared to
bulk value.23 They are decreasing with decreasing parti
size.

The values ofKeff are consistent with those deduced fro
magnetization using the approach to saturation law, or fr
the fitting of the thermal dependence of the susceptibilitie4

It allows us to discard definitively the method based on
estimation ofKeff from the blocking temperature without tak
ing into account the size distribution which leads in a gene
manner to overestimated values.4

The most surprising result concerns the strong damp
phenomena. We suppose that the very shortt' originates
from canted surface spin which can induce inhomogene
precessions. Indeed, high-field magnetization measurem

FIG. 3. Experimental high-frequency FMR spectra~symbols! of
a Coll-I sample measured at different temperatures, for a freque
of 344 GHz corresponding toB0 around 11 T. The solid lines are
the theoretical calculations.

s

I and
TABLE I. Adjustment parameters obtained from the HF-FMR spectra for the two samples Coll-I
Coll-I.

Sample: Coll-II Coll-I
^n& ~atoms! 310 150
T ~K! 4.2 4.2 80 250

g 2.2260.02 2.2060.02 2.2060.02 2.2060.02
Keff (106 erg/cm3) 7.560.5 9.060.5 9.060.5 8.560.5
t' (10212 s) 1562 761 8.561 1061
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up to 35 T do not evidence magnetization saturation.4 The
differential high-field susceptibility which increases as p
ticle size decreases can be explained in the light of rec
micromagnetic calculations which predict in zero magne
field the presence of canted surface spins, with a hedge
like spins structure, reflecting the competition between
exchange phenomena and the strong perpendicular su
uniaxial anisotropy in zero magnetic field.24 Very high fields
are necessary to reach a collinear spin structure.24 This phe-
nomenon which is more important as the particles
smaller can induce inhomogeneous precessions and inc
ing damping effects with decreasing particle size.

a can be now estimated using the relationa51/(t'v0),
wherev0'gBa . With the parameters determined above,a
is in the range of 0.3 and 0.55~60.05! for Coll-II and Coll-I,
respectively. These experimental estimations will be of gr
interest to test the analytical expressions predicting the re
ation time of the magnetization due to superparamagnet
They confirm that the convenient value ofa51 which was
already adopted in the theoretical works on the relaxa
phenomena of SP nanoparticles is a rather g
approximation.8,9 Since now all the parameters~microscopic
and macroscopic parameters! are known, measurements o
the experimental relaxation timet associated with the SP
phenomena should be done in order to test the validity of
theoretical models predictingt.
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V. CONCLUSION

In randomly oriented dispersed ferromagnetic particl
FMR measurements are a powerful method to determine
magnetic anisotropy and the microscopic parameters,
shown both theoretically and experimentally. We have
veloped a method of calculation based on independent-g
contributions averaged over angle distributions by genera
ing the Baselgiaet al. rectangular method. This original ap
proach, which can be used for other systems and suppres
problem of the singular directionu50, was applied to the
case of highly anisotropic ferromagnetic SP particles. O
theoretical investigations showed that the ideal configura
is the use of a high-frequency excitation~.100 GHz! in high
magnetic fields~.5 T!, the latter being strong enough t
saturate the magnetization. The numerical simulations
dence the strong sensitivity of the FMR spectra to both
isotropy and damping effects.

Experimentally, HF-FMR spectra have been obtained
ultrafine cobalt particles. Applying our model to the expe
mental results, we deducedKeff of the particles in agreemen
with previous data from magnetization measurements. In
dition, this procedure allows us to determineg andt' . We
show thatg is insensitive to particle size and is of the sam
order as for bulk samples, whilet' is two orders of magni-
tude below the bulk value and decreases with decrea
size. We suppose that these weak values could be du
inhomogeneous precession phenomena. Further studie
cobalt particles of different size are necessary in order
understand this unexpected result.
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