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High-frequency ferromagnetic resonance on ultrafine cobalt particles
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We report on high-frequenc{800-700 GH ferromagnetic resonanc¢elF-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 £5D and 316 20. 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 disof@&%63-18209)50706-9

[. INTRODUCTION scopic parameters of the Landau-Lifshitz equation of the
magnetic-moment motiofigyromagnetic ratiay or g) and
Magnetic nanoparticles are a subject of intensive researctiamping parameteta)] are unknown. The work reported
due to their uniqgue magnetic properties which make them ohere shows that one way to determipend « is the use of
great interest both from theoretical and technological point§erromagnetic resonancéFMR) experiments under high
of view.! These nanometer scale species are at the border ehough magnetic field. Up to now, the experimental FMR
the molecular and the solid state physics. The size reductiostudies which are currently performed have not allowed this
i.e., the reduced coordination number, leads to an increasatktermination. Usually performed under low magnetic field,
magnetic moment per atémand to an enhanced effective they are devoted to the study of the temperature variation of
anisotropy K.g).*° At this small size the particles are single the spontaneous magnetizatidtiM ) or to the evaluation of
domain and present a superparamagn@m behavior. K, 1t through the temperature variation of the FMR signal
Recently, the progress in chemical synthesis has alloweg the resonance field, respectively. For diluted systems, the
the production of systems of cobalt freelike particles stabispectra commonly exhibit large absorption linewidths which
lized in a polymer. The particle sizes are controlled duringzre not well understoott
the elaboration process and their final distributions are very peare theoretical and experimental high-frequency ferro-

narrow. In addition, each particle is well isolated from all themagnetic resonand&lF-FMR) investigations on ultrafine SP

?thers, Itrft W'tho.Ut stron? ?hem'cal _and/ ﬁr ph){s'?‘?ﬂ 'n_te:ﬁc'particles are presented. This work leads to the determination
ions with its environment. Their major characteristic is the K¢, 0, anda on ultrafine cobalt particles.

enhancement of the magnetic moment for the smallest par-
ticles as in the case of free clustérghis manipulable sys-
tem is ideal to study other features, such as structural prop-
erties, magnetization, and ferromagnetic resonance, or
thermal relaxation and quantum tunneling of the
magnetizatior. In the interpretation of the FMR spectra of disordered
The magnetic properties of supported nanoparticles argystems, one has to take into account the angular dispersion
currently investigated using magnetization, ac-susceptibilitypf the crystalline axis which causes a distribution of the local
Mossbaler, and magnetotransport measureméfisese ex-  direction of the anisotropy fields, .1 Thus, the apparent
periments allow one to deduce the different parameters suatesonant field B,) and the linewidth AB) of the spectra
as the magnetic moment per atoi,;, or the relaxation will depend on this distribution. In the case of randomly
time associated with superparamagnetisththe latter pa-  oriented particles, the natural way to calculate the FMR sig-
rameter is always relatively consistent with the theoreticahal is to evaluate the dynamic susceptibiljty of a single
predictions®® to our knowledge no exact demonstration of isolated particle for a fixed direction &,, and to calculate
the theoretical expressions have been done, since the micrtiie average value of, over the distribution 0B, to get the

Il. THEORETICAL ASPECTS
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observable quantity=(x,)."* Sr

In the case of ultrafine SP cobalt particles, one has to take
into account the strong anisotropy and the effect of the ther-
mofluctuations of the magnetic-momedpi) direction due to
their SP properties. Indeed, because of the enhanced anisot-
ropy, B, could be more than 1 T. For a particle in the
blocked state, with its easy magnetization axis along the ap-
plied static field B, the resonant pulsation given by,
=vy(B+B,), imposes a pulsation of measuremenabove
w=yB,=30GHz.

For SP particles the thermofluctuations of the direction of
u reducesB,, which then depends on the magnetic field, on
the temperature, and on the volume of the particfé.
Raikher and Stepanov have developed a model which takes
into account these effects, but in the limiting case Bof
>B,. To our knowledge, no experimental study has vali-
dated their theoretical prediction$In order to reduce the
number of parameters, a solution is given by performing the
measurements under a magnetic field strong enough to satu-
rate the magnetizatiorB(>5 T), with a high-frequency ex- FIG. 1. Calculated high-frequency FMR spectra for three differ-
citation field (o), typically in the far infrared rangél00—  ent r, values withg=2, B,=1 T, w=2m 3x 10 rad/s, andB,
1000 GH3z. In such a configuration the thermofluctuation = /y=10.71T.
effects on the value d8, become negligible.

In these experimental conditions one can develop amjives general analytical expressions which can be used in
independent-grain model. The motion of the magnetic moany experimental configurations encountered.
ment u of a single domain particle uniformly magnetized If we consider an uniaxially anisotropic ferromagnetic

-Im y (arb. units)

B(T)

follows the Landau-Lifshitz equation, particle in a static field along thez axis, the general ex-
g I pression of the resonant frequeney is given byw,2=(1
M Y : + a?) y?{| B cos#+B, cog(6— 6) [ B coso+B, cos 26— 6) ]}
——=—yulBeg— o —(nOu0Bey), with Beg=— —. - el K ! a K
dt VI Beti ™ M (1OuDBer) eff du whered, is the direction of the anisotropy with respect to the

(1) zaxis. Asw,, Aw depends ord, while x, depends on both
. o ) 6, and on theb,; direction. For a system of particles with
Here By is the effective field, andr is the free energy randomly orientedB,, the FMR spectra is the average of
density of the particle. For an uniaxial anisotropic ferromag-aps over the angle distributions.
netic crystalF is given byF = — u|B(e-b) +0.58,(e-n)?], From these expressions we can derive various limits cor-
wheree=w/u, b=B/B, n=B,/B,, andB,=2K¢/Ms. In " ragponding to familiar results. Fdt.—0, we immediately
general, Eq.(1) is solved using the Smit-Beljers method, opain the classical result of an isotropic ferromagnet derived
leading toy,, as an analytical function of the derivativesfof | andau and Lifschitz. In the limit of particles made of a
with respect to the rotational angl¥?*" In this method the  aterial with a long transverse relaxation time or a van-
singular directiond=0 has to be excluded. To overcome this ishing intrinsic FMR linewidth &—0), the inhomogeneous
disadvantage, Suran, and more recently Bas@g@l. have \yigth of the resonance spectra is determined by the angular
proposed an alternate  method using  rectangulagisiripution ofB,. If we consider an isotropic distribution of
coordinates? In their model they used the rectangular coor- B, the particles witlB, perpendicular t® have the largest
dinate systent1,2,3, 3 being set along the equilibrium di- oconance field,,,, while the particles withB, along B
rection of », and solved Eq(1) in the absence of damping. haye the lowest resonance figd, . The broadeningB of
In order to derivey,, we start from Eq(1) which inte- 0 apsomtion spectra can then be well approximated by
grates the damping effects, and solvt()a it in ¢(he2,3 system, AB~3B,/2.
using the Baselgiet al. proceduré.&) We thus obtain a Figure 1 presents the numerical simulations for an assem-
general set of analytical expressions for the resonant frés), of randomly oriented particles with a constant value of
guencyw,, the linewidthAw, and the scalar susceptibility B,=1T and differentr, values. The other parameters have
Xp as a function of the rectangular derivativesFoind the  poan fixed tog=2 and w=273% 10" rad/s. It shows the
direction coefficients ob,; andB. It is then easy to calculate sensitivity of the shape of the spectra to the damping effects,
the derivatives of and the directions coefficients bf; and transforming the inhomogeneous broadened spectra to an
B in the (1,2,3 system using the orthogonal transformation 5oy mmetric Lorentzian one as decrease. Our results are in
between the(1,2,3 and the laboratory systemig,y,2. Fi-  perfect agreement with previous calculatidhsnd allow us
nally, the FMR spectra is then given by Abs- X’F’), where 14 validate our method of calculation.
Xlr') is the imaginary part of,. More details of the calcula-
tions and the analytical expressionsgf will be published
elsewheré?® The major interest of this method of calculation
is to suppress thé= 0 singularity in the general expressions HF-FMR experiments have been performed on two sys-
derived by using the Smit and Beljers method. This methodems of ultrafine cobalt particles of different siz&Soll-I,

Ill. EXPERIMENT



RAPID COMMUNICATIONS

R3936 M. RESPAUDet al. PRB 59
T=80K
Lo 200 &?i;%’%%?g oo Tt 82
@ E ° NG 00 OCP
£ <
5 g
g 3
< ~ T=42K
~ o oy
09 | oo 007
%© <
5 10 s " 2 2.0
B(T) B(T)
FIG. 2. Experimental high-frequency FMR speatsgmbolg of FIG. 3. Experimental high-frequency FMR speotsgmbols of

a Coll-Il sample measured at 4.2 K, for two different frequenciesa Coll-I sample measured at different temperatures, for a frequency
344 and 647 GHz corresponding, respectivelyBtoaround 11 T,  of 344 GHz corresponding tB, around 11 T. The solid lines are
and 22 T. The solid lines are the theoretical calculations. the theoretical calculations.

Coll-11).*8 These particles, prepared by a chemical methodspectra and its narrowing with increasing temperature illus-
are well dispersed in a polymer and have a very narrow siz&ate the temperature variation Bf,, andr, .
distribution. The analysis of magnetization curves evidences In these systems the size-indudggdistributions must be
the presence of freelike, isolated particles with a mean numtaken into account. For the two particle systems, we have
ber of atoms per particle of 1520 and 31620 for Coll-l ~ computed theB, distributions starting from the size distribu-
and Coll-ll, respectively. tion obtained by high-resolution transmission electronic mi-
HF-FMR measurements have been performed in the Facroscopy and magnetization measuremérasd using the
aday configuration using a pulsed magnetic field reaching 3phenomenological law giving the diametgb) dependence
T, with a cryogenic setup where the temperature can be vaof K4 in ultrafine particles, i.e.K=Ky+6Ks/p.*?! Ky
ied from 2 to 300 K. The high-frequency excitation field was and K5 are the volume and the surface contribution of the
produced by a far-infrared Fabry#@é cavity optically anisotropy, respectively, estimated with our experiments. Fi-
pumped by a C®laser. Each of the HF-FMR spectra corre- nally, it turns out that the distribution &, does not change
sponds to the sample transmission variation vs applied magsignificantly the fitting parameters, since they are very nar-
netic field?° row. TheKg4 values are found to be enhanced compared to
bulk value and decrease as the particle size increasegy The
IV. RESULTS AND DISCUSSION factors are clqsed to bulk value and seem to be insensitive to
the particle size& On the other hand, the, values are
In Fig. 2 are reported the typical experimental spectraconsiderably lowere¢two orders of magnitugecompared to
collected at 4.2 K on Coll-ll for two different frequencies bulk value?® They are decreasing with decreasing particle
wl27=344 and 647 GHz. Figure 3 presents the temperatursize.
dependence of the experimental spectra for Coll-l measured The values oK are consistent with those deduced from
at the same frequency/2w=344 GHz. All these spectra magnetization using the approach to saturation law, or from
show a rather large linewidth and are relatively homoge+the fitting of the thermal dependence of the susceptibiltties.
neously broadened, indicating strong damping effects. It allows us to discard definitively the method based on the
These spectra have been analyzed using the above destimation oK from the blocking temperature without tak-
scribed model. Using the sensitivity of the model to the threéng into account the size distribution which leads in a general
parameters, and by fitting all the absorption curves, we camanner to overestimated values.
determine accuratelf ¢, g, andr, (see Table)l For Coll- The most surprising result concerns the strong damping
I, both spectra have been fitted using a single set of paranphenomena. We suppose that the very shortoriginates
eters allowing us to determine accurat@y, vy, and 7, from canted surface spin which can induce inhomogeneous
=1/(wa). For Coll-l, the temperature dependence of theprecessions. Indeed, high-field magnetization measurements

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

Coll-1.

Sample: Coll-Il Coll-I

(n) (atomg 310 150

T (K) 4.2 4.2 80 250

g 2.22+0.02 2.26:0.02 2.206:0.02 2.206:0.02
K (1CP erglend) 7.5+0.5 9.0-0.5 9.0+0.5 8.5-0.5

7, (107 12s) 15+2 7+1 8.5x1 10+1
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up to 35 T do not evidence magnetization saturatidie V. CONCLUSION

differential high-field susceptibility which increases as par- | randomly oriented dispersed ferromagnetic particles,
ticle size decreases can be explained in the light of recertRMR measurements are a powerful method to determine the
micromagnetic calculations which predict in zero magneticmagnetic anisotropy and the microscopic parameters, as
field the presence of canted surface spins, with a hedgehoghown both theoretically and experimentally. We have de-
like spins structure, reflecting the competition between the&/€loped a method of calculation based on independent-grain
exchange phenomena and the strong perpendicular surfafgntributions averaged over angle distributions by generaliz-

niaxial anisotropy in zero maanetic fiddvery hiah fields Ing the Baselgiaet al. rectangular method. This original ap-
uniaxi : pyn z \gnetic neidvery high i proach, which can be used for other systems and suppress the
are necessary to reach a collinear spin structtifithis phe-

g s i problem of the singular directioA=0, was applied to the
nomenon which is more important as the particles arease of highly anisotropic ferromagnetic SP particles. Our
smaller can induce inhomogeneous precessions and increaleoretical investigations showed that the ideal configuration
ing damping effects with decreasing patrticle size. is the use of a high-frequency excitation100 GH2 in high

a can be now estimated using the relatior 1/(7, ), ~ Magnetic fields(>5 T), the latter being strong enough to
where wy~ B, . With the parameters determined aboue, saturate the magnetization. The numerical simulations evi-

is in the range of 0.3 and 0.35:0.05 for Coll-1l and Coll-I, %%?foep;h:nztrggr%;iﬁgsg]',}/gé:f the FMR spectra to both an-
respectively. These experimental estimations will be of great Experimentally, HF-FMR s.pectra have been obtained on

interest to test the analytical expressions predicting the relax;jirafine cobalt particles. Applying our model to the experi-
ation time of the magnetization due to superparamagnetisnmental results, we deducéd,; of the particles in agreement
They confirm that the convenient value @1 which was  with previous data from magnetization measurements. In ad-
already adopted in the theoretical works on the relaxatioflition, this procedure allows us to determigandr, . We
phenomena of SP nanoparticles is a rather goo&hOW thatg is insensitive to paytmlg size and is of the same
approximatiort® Since now all the parametefsiicroscopic order as for bulk samples, whilg is two orders of magni-

q : ¢ K ts of tude below the bulk value and decreases with decreasing
and macroscopic paramete@re known, measurements 0 size. We suppose that these weak values could be due to

the experimental relaxation time associated with the SP inhomogeneous precession phenomena. Further studies on
phenomena should be done in order to test the validity of theobalt particles of different size are necessary in order to
theoretical models predicting understand this unexpected result.
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