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Abstract

In contrast to the spin glass-like state described in the literature, an alternative approach to explain the temperature
dependence of the magnetization in a zero-field-frozen ferrofluid (ZFFF) is proposed in this work. It is claimed that the
presence of a well-defined peak in the magnetizatdh\ersus temperaturd § curve results from the following combined
effects: the temperature dependence of the reorientation of the magnetic moment associated to the nanomagnetic particle,
saturation magnetization and magnetic anisotropy. The sample used in this work is a Nickel ferrite-based ferrofluid, which was
investigated using magnetometry and transmission electron microscopy, the latter indicating the presence of nanomagnetics
with a mean particle diameter of 11.1 nm and standard deviation of 0.37. Excellent agreement between theory and experiment is
found for theM vs T curve using the ferrofluid sample containing 320 particlecm® and submitted to magnetic fields of 1, 3
and 5 kG.© 2000 Elsevier Science Ltd. All rights reserved.
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Material systems composed of magnetic nanoparticles signature of the onset of a spin glass-state [6,7]. Magnetic
dispersed in a nonmagnetic matrix are of great current inter- nanoparticles dispersed in nonmagnetic matrices and cooled
est. From the practical point of view, the interest spans from down to low temperatures under zero magnetic field condi-
the development of high-density storage media, where spon- tion also present a well-defined cusp in tklevs T curve
taneous magnetization reversal determines the efficiency of [8,9]. Likewise, investigation of the magnetic properties of
the stored information [1], to the development of biocom- zero-field-frozen ferrofluids (ZFFF) shows a well-defined
patible ferrofluids, where the application of low-amplitude peak in theM vs T curve [10—12]. The peak temperature
alternated magnetic fields may cause cancer cell disruption in ZFFF depends upon both the nanomagnetic particle
[2]. As far as the theoretical aspect is concerned, magnetic concentration and the applied magnetic fiett) (sed in
nanoparticles immersed in nonmagnetic material media can the course of the magnetization measurements. The peak
be used to investigate the competing dipolar interaction temperature increases with increasing applied field for
combined with random anisotropy. Mean-field calculation low-fields (below 100 G) and decreases with increasing
has shown that weak local anisotropy would destroy the applied field for high-fields (above 100 G) [10]. Further,
long-range magnetic order, giving rise to a glass-like the peak temperature increases monotonically with the
phase at high temperatures [3]. This theoretical result has nanoparticle concentration [11,12]. In the ZFFF tlevs
been experimentally confirmed in highly anisotropic T data have been only qualitatively discussed in terms of a
dysprosium (Dy) alloys [4]. The magnetizatioM) versus spin glass-like behavior where dipole—dipole interaction is
temperatureT) curve of zero-field-cooled (ZFC) Dy alloys  supposed to dominate the magnetic properties at low fields
shows a sharp cusp at low temperature [5]. The cusp while uniaxial anisotropy dominates at high fields [10—12].
observed in the ZFC Dy alloys has been taken as the A local-mean-field study has been performed to explain the

ZFFF data, though it reproduces qualitatively the main
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Fig. 1. The NiFgO, particle size histogram as obtained from trans-

mission electron microscopy. Fig. 3. TemperatureT) dependence of the magnetizatidvl)(for

the zero-field-frozen ferrofluid sample (open circles). Different
values of external fields (1, 3 and 5 kG) were used to obtain the
work discusses quantitatively thé vs T curve of ZFFF in zero-field-frozen magnetization curves. The solid lines represent the
the high magnetic field regime (above 100 G) in terms of a best fitting according to the model discussed in this work.
simple model. It will be shown that an alternative explana-
tion, not based on spin glass theories, is successfully used toaddition, they represent the ideal material system to inves-
explain the experimental data obtained with a nickel ferrite- tigate the competing dipolar interaction combined with
based ionic ferrofluid, in a wide range of temperatures. The random anisotropy. The ferrofluid stability is achieved
success of the single-particle approximation used here wasthrough a combination of particle thermal motion and parti-
previously predicted by Shliomis et al. [14], who stressed cle—particle repulsion, both working against a magnetic
that magnetic relaxation mechanisms rather than a phasedipole and van der Waals’ interaction that tends to stick
transition to a magnetically ordered state or to a dipole particles together. Steric repulsion prevents particle agglom-
glass state, would explains the peculiarities of the magneti- eration in surfacted ferrofluids [16] while coulombic repul-
zation of ferrofluids. sion accounts for the stability in ionic ferrofluids [17,18].
Ferrofluids are ultra-stable colloidal systems composed of The nickel ferrite-based (Nik®,) ionic ferrofluid sample
subdomain magnetic nanoparticles dispersed in organic or used here has been synthesized using the chemical conden-
inorganic carrier fluids. In particular, ionic ferrofluids are sation of NF* and F€" ions in alkaline medium [19]. The
water-based ferrofluids, stable under both low pH (acid magnetic nanoparticle concentration was set around 3
ferrofluids) and high pH (basic ferrofluids) condition [15]. 10 particlécm®, through dilution from the initial sample.
Because ferrofluids can be continuously diluted by solvent The particle size polydispersity parameters, i.e. the mean
particle diameter (11.1 nm) and the standard deviation of
the distribution (0.37) were obtained using transmission
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electron microscopy (TEM). The particle size histogram
obtained from the TEM data was fitted using the standard
approach, i.e. the log-normal distribution function, as shown
in Fig. 1 [20]. The magnetization measurements were
performed in the range of 4.2—-293 K using a commercial
VSM system, previously calibrated with a nickel-standard
sample. Full points in Fig. 2 show the temperature depen-
dence of the normalized saturation magnetizatidg/l!).

In order to obtain thé/ vs T curves, the nickel ferrite ferro-
fluid sample was first cooled in a zero magnetic field from
room temperature to 4.2 K. Previous magnetic resonance

100+
® cxperimental @ investigation showed that this sample freezes around
50k fitting 260 K with no indication that flocculation takes place
. ) \ [21]. After the cooling process, a steady magnetic field
0 100 200 300 was applied to the sample and the magnetization measure-
Temperature (K) ments were performed while the temperature was increased.

Fig. 2. Reduced saturation magnetizatidy/(M,) versus tempera-
ture (T) for the nickel ferrite-based ferrofluid sample.

Steady fields of 1, 3 and 5 kG were used duringhhes T
measurements. Open circles in Fig. 3 represent the tempera-
ture dependence of the magnetization of the NMzre&ZFFF
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Fig. 4. Schematic representation of the relative orientation of the
external applied fieldH), easy axis (e.a.) and magnetic moment

(m).

sample, being qualitatively identical to the results obtained
with ferrofluids based on B€, [10,11] andy-Fe,0O; [12].

The errors involved in the measurement of the temperature
and magnetization are of the order of 0.01K and
0.0004 emu, respectively.

The model used in the present work to fit the ZFFF data
starts with the calculation of the magnetizatidd)(of a
randomly oriented ensemble containiny identical
magnetic nanoparticles per unit volume bearing a magnetic
moment (m) and frozen in a nonmagnetic matrix. Though
the polydispersity of the sample is not included in the calcu-
lation, the non-rigid magnetic dipole approximation is taken
into account. The frozen ensemble is then submitted to an
external magnetic field of 1, 3 and 5 kG which leads to an
angular distribution of the magnetic momem)(of the
particle with respect to both the external field)(and the
easy axis (e.a.), as shown schematically in Fig. 4. Under the
applied magnetic field, the sample magnetization would be
calculated as

M(T) = > m cog6, — ¢),
i
wherem is the magnetic moment associated to itre

particle. Note that the summation performed to ob{{T)
is done over th& particles per unit volume. Assuming the
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particles bearing the average magnetic momentthe
magnetization reads [22]

M(T) = Nm(cog(6 — ¢)), @

where( ) means statistical average. The temperature depen-
dence ofM(f) is described here in terms of the product of
Nmby (cog6 — ¢)). To calculat€cog 6 — ¢)) we start writ-

ing the free energy ) of the nanoparticle asE =

KV sir? ¢ —mHcog60— ¢), where K and V are the
magnetic anisotropy and the particle volume, respectively.
Note that the particle—particle interaction is neglected in the
description of the free energyE). This approximation is
supported by earlier experiments where particle—particle
interaction only plays a marginal role on thevs T curves,

at high magnetic fields [10]. The relationship involvidg
and ¢, namely

T KV .
0=¢ + arcsv[ ﬁS|n(2<;5)]

is obtained at the free energy minimum condition. The
(cog0 — ¢)) term is then calculated by

r cog0 — ¢) sin ¢ exp—E/KT) dop

0

(cog0 — ¢)) = )

JZ sin ¢ exp(—E/KT) d¢

On the other hand, the temperature dependence of the
saturation magnetization per unit voluni®s = Nm) is
usually described by [23]:

Ms = Mo(To — T)%. )

Note that the best fit of the experimental data shown in Fig. 2
(full line) was obtained using Eg. (3) withMy =

204 emucm® x K¥3, Ty = 348 K and 8 = 0.33. Egs. (2)

and (3) are then used in Eq. (1) to fit tMevs T data of

the ZFFF sample (see Fig. 3). Note that our fitting procedure
of the M vs T data in Fig. 3 only takes into account the
temperature dependence of the magnetic anisotréy (
This is done numerically through the optimization of the
M vsT curve using the best value of the magnetic anisotropy
at each experimental point. In Fig. 5, open circles represent
the temperature dependence of the magnetic anisotropy as a
result of the fitting of the 3 kG ZFFF data from this paper,
while full circles represent the temperature dependence of
the magnetic anisotropy as reported for bulk NBge
samples [24]. According to our fitting procedure, we esti-
mated the errors involved in the determination of the
magnetic anisotropy to be of the order of05x

10° ergem®. The shift observed in Fig. 5 between full and
open circles is probably due to differences in nature of the
samples (nanoparticles and bulk material). Indeed, the solid
lines going through the points in Fig. 3 represent the best fit
of the experimentaM vs T points using Eq. (1) after taking

Fig. 5. Temperature dependence of the magnetic anisotropy as into account Egs. (2) and (3) and the temperature depen-

reported by Healy (full circles) [24] and from the present fitting
procedure at 3 kG (open circles).

dence of the magnetic anisotropy (see open circles in Fig. 5).
At this point, a final comment concerning the particle
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polydispersity and its influence on the analysis performed References
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pendent ofV, and so isf. Further, the free energy may be
rewritten asE = amH{sin® ¢ — a* cog6 — ¢)}, indicat-
ing that the size dependencelfesides om, which in turn
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