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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 amorphous SiO2 matrix prepared
from a modified sol–gel method have been studied by the frequencyf dependence of the ac
magnetic susceptibilityx(T). For samples with similar average radii;3–4 nm, an increase of the
blocking temperature fromTB;20 to ;40 K was observed for Ni concentrations of;1.5 and 5
wt %, respectively, assigned to the effects of dipolar interactions. Both the in-phasex8(T) and the
out-of-phasex9(T) maxima follow the predictions of the thermally activated Ne´el–Arrhenius
model. The effective magnetic anisotropy constantKeff inferred fromx9(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 energyEa in specimens with 5 wt % Ni was found to be
comparable to the intrinsic magnetocrystalline anisotropy barrier. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1540032#
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The dynamics of ferromagnetic nanoparticles with d
ferent interaction strengths has been widely studied in re
years.1,2 The model describing the magnetic behavior o
system of monodispersed and noninteracting single-dom
particles proposed by Ne´el3 has been successfully tested
numerous experiments with increasing sophistication, as
delicate series of works that have recently confirmed its
plicability at the single-particle level.4

For a single-domain particle, the energy barrier betwe
magnetic states may be considered to be proportional to
particle volumeV. In the case of uniaxial anisotropy, th
anisotropy energyEa in the absence of external magne
field is described byEa5KeffVsin2 u, whereKeff is an effec-
tive magnetic anisotropy constant andu is the angle between
the magnetic moment of the particle and its easy magne
tion axis. On the other hand, the dynamic response of s
particles to an alternating external magnetic field is de
mined by the measuring timetm of each experimental tech
nique. Since reversion of the magnetic moments over
anisotropy energy barrierEa is assisted by thermal phonon
the relaxation timet of each magnetic particle exhibits a
exponential dependence on temperature characterized
Néel–Arrhenius law

t5t0 expS Ea

kBTD , ~1!

wheref 05t0
21 is an attempt frequency. Typical values fort0

are in the 1029– 10211 s range for superparamagnetic~SPM!
systems.
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When anensembleof single-domain magnetic particle
is considered, the above description is still valid provid
that the particles are noninteracting. However, as the con
tration of the magnetic phase increases, interparticle inte
tions alter the single-particle energy barrier, and concurr
effects involving dipolar interactions, particle size distrib
tion, and aggregation make the application of Eq.~1! not
obvious. To better understand how dipolar interactions aff
the SPM relaxation rates it is, therefore, desirable to prep
samples near the infinite-dilution limit of the magnetic pha
settling the single-particle properties of a specific magne
system, and then gradually, increase the particle density
this work we have used the above approach to study
dynamics of magnetic properties in high-quality Ni nanop
ticles. The samples were prepared by a modified sol–
technique and characterized by ac magnetic susceptib
x(T) measurements as a function of temperature, app
field, and excitation frequency.

Nanocomposites of Ni:SiO2 were synthesized by usin
tetraethylorthosilicate~TEOS!, citric acid, and nickel~II ! ni-
trate. The citric acid was dissolved in ethanol and the TE
and the nickel nitrate were added together and mixed
homogenization at room temperature. After the polymeriz
reaction adding ethylene glycol, the solid resin was heate
300 °C, ground in a ball mill, and then pyrolyzed at 500 °
Further details of the method employed can be fou
elsewhere.5 In the present work we will concentrate our di
cussion in two samples having;1.5 and 5 wt % Ni, which
will be referred to as S1 and S2, respectively. The struct
and morphology of the magnetic powders were examined
transmission electron microscopy with a 200 kV, hig
resolution transmission microscope. Magnetization and
1 © 2003 American Institute of Physics
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magnetic susceptibility measurements were performed
commercial superconducting quantum interference de
magnetometer both in zero-field-cooling~ZFC! and field-
cooling ~FC! modes, between 1.8 K,T,300 K and under
applied fields up to 7 T. The frequency dependence of b
in-phasex8(T) and out-of-phasex9(T) components of the
ac magnetic susceptibility was measured by using an ex
tion field of 2 Oe and driving frequencies between 20 m
, f ,1.5 kHz.

We have previously characterized these two sample
Ni nanoparticles embedded in SiO2 by several technique
and have observed some features which are summarize
follows: ~1! a log–normal distribution of particle sizes wit
average radius close to;3–4 nm for both samples;~2! the
occurrence of a SPM behavior aboveTB.20 and 40 K, for
samples S1 and S2, respectively;~3! a nearly spherical mor
phology for both samples; and~4! the absence of a shell-cor
NiO–Ni morphology, where an antiferromagnetic layer
NiO ~shell! surrounds the ferromagnetic Ni~core! particles.6

Turning now to the dynamics of the magnetic partic
systems, Fig. 1 displays the temperature dependenc
x8(T) and x9(T) of the more diluted sample S1 and fo
different frequenciesf. The data for both componentsx8(T)
and x9(T) exhibit the expected behavior of a SPM syste
i.e., the occurrence of a maximum in temperature for b
x8(T) andx9(T) components, and a shift of this maximu
towards higher temperatures with increasing frequency.
freezing of the magnetic moments from the SPM to
blocked state occurs at the blocking temperature,TB , at
which the relaxation timet of the Ni nanoparticles is equa
to the experimental time windowte51/f of the ac measure
ment, TB5b Ea /kB ln(1/f t0).7 In this expressionb repre-
sents the effect of the particle size distributiong(D), being
b51 for a monodispersed sample@i.e., a deltag(D)5d(D
2D0) size distribution#. However, spin-glass systems al
display features similar to the ones described above an
seems convenient to classify first our Ni nanoparticles.
empirical and model-independent criterion used for class

FIG. 1. Temperature dependence of the real componentx8(T) of the mag-
netic susceptibility for 1.5 wt % Ni~sample S1! at different excitation fre-
quencies. Inset: imaginary partx9(T) for the same sample shown in a
expandedT scale. The data were taken with an external magnetic field H
50 Oe.
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ing a transition to a frozen state is the relative shift of t
temperature of the maximum inx9(T), Tm , with the mea-
suring frequencyf as

F5
DTm

TmD log10~ f !
, ~2!

where DTm is the difference betweenTm measured in the
D log10( f ) frequency interval.

Experimentally, theF values found for SPM systems ar
in the range;0.10–0.13, whereas a much smaller depe
dence of Tm with f is observed in spin glasses (F;5
31023– 531022).2,8 Therefore, Eq.~2! provides a model-
independent classification of the kind of freezing transitio
However, it is well known that intermediate situation
(0.001,F,0.05) are often reported, usually related to no
diluted particulate systems.2,9 Our calculated values ofF
50.12 and 0.13 for samples S1 and S2, respectively, s
unambiguously that the shift inTm with increasingf corre-
sponds to a thermally activated Ne´el–Arrhenius model for
superparamagnets.

This behavior was confirmed by the linear depende
of ln@t# vs 1/TB shown in Fig. 2 for both samples. It can b
further seen that both curves are fitted very well by using
~1! and show the same extrapolated value oft058
310210 s, consistent with a SPM system. The frequency
pendence ofTB in Eq. ~1! is determined by the effective
activation energy barrierEa . Contributions toEa can origi-
nate from intrinsic anisotropies of the particles~shape, mag-
netocrystalline, or stress anisotropies! or interparticle inter-
actions ~dipolar or exchange!. Inasmuch as these tw
mechanisms contribute to modify the energy barrier, it
usually quite difficult to separate both kind of effects.

The values ofKeff of our samples were extracted from
the activation energies by using the average particle r
from transmission electron microscopy~TEM! data (r m

54.2 and 3.3 nm for S1 and S2, respectively! and then com-

f
FIG. 2. Arrhenius plots of the relaxation timet vs blocking temperatureTB

obtained from the imaginary componentx9(T) of the ac magnetic suscep
tibility. Dashed lines are the best fit using Eq.~1! with a singlet0 value and
Ea(S1)5282 K, Ea(S2)5529 K.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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pared to the first-order magnetocrystalline anisotropy c
stant at low temperatureK1

bulk5283105 erg/cm3 of bulk
Ni.10 For the present case, with cubic anisotropy andK1

,0, the effective ~uniaxial! anisotropy is related toK1

through the relationKeff5K1/12.7 Therefore, from theKeff

51.33105 erg/cm3 value obtained for S1, a magnetocrysta
line anisotropy ofK15153105 erg/cm3 is extracted, which
is only twice the value ofK1

bulk . If shape anisotropy is as
sumed as the only source of anisotropy, a small devia
from spherical shape~e.g., to prolate spheroidal! to an axis
ratio ;1.2 would be enough to explain the calculated va
of Keff . On the other hand, it is useful to relateKeff51.3
3105 erg/cm3 with the expected coercive field for pure
magnetocrystalline anisotropy of spherical particlesHC

52Keff /MS'500 Oe, a value in excellent agreement w
HC;520 Oe obtained from hysteresis curves at l
temperatures.6 Therefore, the above data suggest that th
Ni particles have indeed nearly spherical shape, with int
sic magnetic anisotropy close to the Ni~fcc! bulk value.

Returning to the curves shown in Fig. 2, it is also cle
that the energy barriers increase with increasing Ni cont
as inferred from the larger slope of lnt vs TB

21 curves. Such
an increase inEa cannot be related to a larger average v
ume of the Ni particles in sample S2 since both radius d
tributions have similar mean values. Actually, the avera
radius r m extracted from the log–normal distribution o
sample S2 is slightlysmaller than for sample S1.6 Similarly,
from our previous discussion regarding the value ofKeff ob-
tained for sample S1, a significant contribution from surfa
effects toEa in sample S2 seems to be unlikely. Therefo
the increase of the effective energy barrier for the more c
centrated sample should be related to dipolar interaction

Following this discussion, we have estimated this dipo
contribution to the total energy by comparing the values
Ea for both samples S1 and S2. Based on the similar volu
distributions from TEM images, we assume that Ni nanop
ticles in both samples have similar intrinsic anisotropi
Within this context, the only effect of increasing concent
tion is thus to add a dipolar termEdip to the effective activa-
tion energy Ea . Following Luis et al.11 we have used a
modified Arrhenius–Ne´el expression for the relaxation tim
including the contribution of the dipolar energy ast
5t0 exp$(U01Edip)/kBT%, where U0 is the single-particle
energy barrier. From this relationship, we can write

lnS t2

t1
D5

Edip

kBT
, ~3!
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wheret1 andt2 are the relaxation times of samples S1 a
S2, respectively. From theEa values fitted for samples S
and S2, we obtainedEdip5247 K. This value is comparable
to U05282 K for single-domain and isolated Ni nanopa
ticles as estimated from S1 sample.

In conclusion, we have studied the dynamics of fer
magnetic Ni nanoparticles with similar radius distributio
and different concentrations via ac magnetic susceptib
measurements. The general behavior of these nanopartic
well described by the Ne´el–Arrhenius model for single-
domain, noninteracting particles. For the more dilut
sample with 1.5 wt % Ni, the estimated magnetic anisotro
of the particles was similar to the value of the magnetocr
talline anisotropy for bulk~fcc! Ni, suggesting that both
shape and surface anisotropies are negligible. For the m
concentrated sample with 5 wt % Ni, the increase of the
ergy barrierEa could be described by an additional cont
bution Edip coming from dipolar interactions. We estimate
Edip'247 K, a value comparable to the intrinsic magne
anisotropyU0'282 K for single-domain nanoparticles.
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