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Magnetic dynamics of single-domain Ni nanoparticles
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The dynamic magnetic properties of Ni nanoparticles diluted in an amorphoy&ittix prepared

from a modified sol-gel method have been studied by the frequériBpendence of the ac
magnetic susceptibility(T). For samples with similar average raéiB—4 nm, an increase of the
blocking temperature fromz~20 to ~40 K was observed for Ni concentrations ofL.5 and 5

wt %, respectively, assigned to the effects of dipolar interactions. Both the in-ghéBg and the
out-of-phasey”(T) maxima follow the predictions of the thermally activatedeNeArrhenius
model. The effective magnetic anisotropy constidgt inferred from x”(T) vs f data for the 1.5

wt % Ni sample is close to the value of the magnetocrystalline anisotropy of bulk Ni, suggesting that
surface effects are negligible in the present samples. In addition, the contribution from dipolar
interactions to the total anisotropy energ§y in specimens with 5 wt% Ni was found to be
comparable to the intrinsic magnetocrystalline anisotropy barrier2003 American Institute of
Physics. [DOI: 10.1063/1.1540032

The dynamics of ferromagnetic nanoparticles with dif- When anensembleof single-domain magnetic particles
ferent interaction strengths has been widely studied in receri$ considered, the above description is still valid provided
years™? The model describing the magnetic behavior of athat the particles are noninteracting. However, as the concen-
system of monodispersed and noninteracting single-domaitration of the magnetic phase increases, interparticle interac-
particles proposed by N& has been successfully tested by tions alter the single-particle energy barrier, and concurrent
numerous experiments with increasing sophistication, as theffects involving dipolar interactions, particle size distribu-
delicate series of works that have recently confirmed its aption, and aggregation make the application of EZ). not
plicability at the single-particle levél. obvious. To better understand how dipolar interactions affect

For a single-domain particle, the energy barrier betweenhe SPM relaxation rates it is, therefore, desirable to prepare
magnetic states may be considered to be proportional to thr@amples near the infinite-dilution limit of the magnetic phase,
particle volumeV. In the case of uniaxial anisotropy, the settling the single-particle properties of a specific magnetic
anisotropy energye, in the absence of external magnetic system, and then gradually, increase the particle density. In
field is described b¥E,=K 4V sir? 6, whereK ¢ is an effec-  this work we have used the above approach to study the
tive magnetic anisotropy constant afids the angle between dynamics of magnetic properties in high-quality Ni nanopar-
the magnetic moment of the particle and its easy magnetizaicles. The samples were prepared by a modified sol—gel
tion axis. On the other hand, the dynamic response of suctechnique and characterized by ac magnetic susceptibility
particles to an alternating external magnetic field is detery(T) measurements as a function of temperature, applied
mined by the measuring time,, of each experimental tech- field, and excitation frequency.
nique. Since reversion of the magnetic moments over the  Nanocomposites of Ni:SiQwere synthesized by using
anisotropy energy barriéf, is assisted by thermal phonons, tetraethylorthosilicatéTEOS), citric acid, and nicke(ll) ni-
the relaxation timer of each magnetic particle exhibits an trate. The citric acid was dissolved in ethanol and the TEOS
exponential dependence on temperature characterized byaad the nickel nitrate were added together and mixed for
Neel—-Arrhenius law homogenization at room temperature. After the polymerizing

, (1) 300 °C, ground in a ball mill, and then pyrolyzed at 500 °C.
Further details of the method employed can be found
whe_ref0=rgz is an attempt frequency. Typical values ff ¢ \;ssjon in two samples having1.5 and 5 wt% Ni, which
are in the 10°-10""" s range for superparamagne®M il pe referred to as S1 and S2, respectively. The structure

E reaction adding ethylene glycol, the solid resin was heated at
T=To ex;{ i
elsewheré.In the present work we will concentrate our dis-

systems. and morphology of the magnetic powders were examined by
transmission electron microscopy with a 200 kV, high-

¥Electronic mail: goya@if.usp.br resolution transmission microscope. Magnetization and ac
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FIG. 1. Temperature dependence of the real compoggT) of the mag- 0 10 20 30 40 5 60 70 80
netic susceptibility for 1.5 wt % Nisample Sl at different excitation fre- - 3.,
guencies. Inset: imaginary pagt’(T) for the same sample shown in an T (X10 K )
expandedr scale. The data were taken with an external magnetic field H of
50 Oe. FIG. 2. Arrhenius plots of the relaxation timevs blocking temperaturég

obtained from the imaginary componeyit(T) of the ac magnetic suscep-
tibility. Dashed lines are the best fit using Ed) with a singler, value and
E.(S1)=282 K, E,(S2)=529 K.
magnetic susceptibility measurements were performed in a
commercial superconducting quantum interference device
magnetometer both in zero-field-coolin@FC) and field- ing a transition to a frozen state is the relative shift of the
cooling (FC) modes, between 1.8KT<300K and under temperature of the maximum ig"(T), T, with the mea-
applied fields up to 7 T. The frequency dependence of botiguring frequency as
in-phasey’(T) and out-of-phaseg”(T) components of the AT,
ac magnetic susceptibility was measured by using an excita- &= T Aoa<F)’
tion field of 2 Oe and driving frequencies between 20 mHz mA 10G1(T)
<f<1.5kHz. where AT,, is the difference betweeili,, measured in the
We have previously characterized these two samples o log,¢(f) frequency interval.
Ni nanoparticles embedded in Siby several techniques Experimentally, theb values found for SPM systems are
and have observed some features which are summarized esthe range~0.10-0.13, whereas a much smaller depen-
follows: (1) a log—normal distribution of particle sizes with dence of T,, with f is observed in spin glassesb(-5
average radius close to3—4 nm for both sampleg?) the X 10 3-5x 10 2).28 Therefore, Eq(2) provides a model-
occurrence of a SPM behavior aboVg>20 and 40 K, for independent classification of the kind of freezing transition.
samples S1 and S2, respectivel§) a nearly spherical mor- However, it is well known that intermediate situations
phology for both samples; and) the absence of a shell-core (0.001<®<0.05) are often reported, usually related to non-
NiO-Ni morphology, where an antiferromagnetic layer of diluted particulate systents. Our calculated values of®
NiO (shel) surrounds the ferromagnetic Ktiore particles? =0.12 and 0.13 for samples S1 and S2, respectively, show
Turning now to the dynamics of the magnetic particleunambiguously that the shift ifi,, with increasingf corre-
systems, Fig. 1 displays the temperature dependence sponds to a thermally activated &le Arrhenius model for
x'(T) and x"(T) of the more diluted sample S1 and for superparamagnets.
different frequencie$. The data for both components (T) This behavior was confirmed by the linear dependence
and x"(T) exhibit the expected behavior of a SPM system,of In[7] vs 1/Tg shown in Fig. 2 for both samples. It can be
i.e., the occurrence of a maximum in temperature for botHurther seen that both curves are fitted very well by using Eq.
x'(T) and x"(T) components, and a shift of this maximum (1) and show the same extrapolated value Bf=8
towards higher temperatures with increasing frequency. Thex 102 s, consistent with a SPM system. The frequency de-
freezing of the magnetic moments from the SPM to apendence ofTgz in Eq. (1) is determined by the effective
blocked state occurs at the blocking temperatdrg, at  activation energy barrieE, . Contributions toE, can origi-
which the relaxation time- of the Ni nanoparticles is equal nate from intrinsic anisotropies of the particishape, mag-
to the experimental time window,= 1/f of the ac measure- netocrystalline, or stress anisotropies interparticle inter-
ment, Tg=8 E,/kgIn(1/f 7). In this expressiond repre- actions (dipolar or exchange Inasmuch as these two
sents the effect of the particle size distributigfD), being  mechanisms contribute to modify the energy barrier, it is
B=1 for a monodispersed samgliee., a deltag(D) = (D usually quite difficult to separate both kind of effects.
—Dy) size distribution. However, spin-glass systems also The values oKy of our samples were extracted from
display features similar to the ones described above and ihe activation energies by using the average particle radii
seems convenient to classify first our Ni nanoparticles. Arfrom transmission electron microscopffEM) data (,
empirical and model-independent criterion used for classify=4.2 and 3.3 nm for S1 and S2, respectiyelnd then com-
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pared to the first-order magnetocrystalline anisotropy conwherer; and r, are the relaxation times of samples S1 and
stant at low temperatur&®*=—8x10° erg/cn? of bulk  S2, respectively. From thE, values fitted for samples S1
Ni.2® For the present case, with cubic anisotropy abd and S2, we obtaineH y,= 247 K. This value is comparable
<0, the effective (uniaxia) anisotropy is related t;  to U,=282K for single-domain and isolated Ni nanopar-
through the relatiork .=K,/12.” Therefore, from theKos  ticles as estimated from S1 sample.
=1.3x 10 erg/cn? value obtained for S1, a magnetocrystal- | conclusion, we have studied the dynamics of ferro-
line anisotropy ofk,=15x 10° erg/en? is extracted, which  magnetic Ni nanoparticles with similar radius distributions
is only twice the value oK3"“. If shape anisotropy is as- anq different concentrations via ac magnetic susceptibility
sumed as the only source of anisotropy, a small deviatiog,easrements. The general behavior of these nanoparticles is
from spherical shapée.g., to prolate spheroidalo an axis \ye|| described by the Na—Arrhenius model for single-
ratio ~1.2 would be enough FO _explain the calculated Valuedomain, noninteracting particles. For the more diluted
Of Kegr. ON the_other hand, it is usefu_l to relal@eﬁ:l':)’ sample with 1.5 wt % Ni, the estimated magnetic anisotropy
X 10° erg/cn? with the expected coercive field for purely fth ficl imilar to the value of th ¢ g
magnetocrystalline anisotropy of spherical particlels ot the particles was simiar o te value ot the magnetocrys
talline anisotropy for bulk(fcc) Ni, suggesting that both

=2K4/Mg~500 Oe, a value in excellent agreement with h nd surf nisotropi re negligible. For the mor
Hc~520 Oe obtained from hysteresis curves at low>"13P€ and suriace anisotropies are negigib'e. or e more

temperature8.Therefore, the above data suggest that thesgoncentrated sample with 5 wt% Ni, the increase of the en-

Ni particles have indeed nearly spherical shape, with intrinSr9Y barrierE, could be described by an additional contri-

sic magnetic anisotropy close to the ffiic) bulk value. bution Eg, coming from dipolar interactiops. 'We. estimategl
Returning to the curves shown in Fig. 2, it is also clearEdp=247 K, @ value comparable to the intrinsic magnetic

that the energy barriers increase with increasing Ni conten@nisotropyU,~282 K for single-domain nanoparticles.
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