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Abstract

High-T¢ scanning SQUID magnetometer is applied for measuring the magnetization relaxation of the ensembles of spherical colloidal
Fe;04 nanoparticles dispersed in the rigid polymer matrix preventing nanoparticles from agglomeration. According to the transmission
electron microscopy data, the size distribution of nanoparticles is well described by the Gaussian profile with the mean size and the
dispersion of about 7.5 and 2.3 nm, respectively. High sensitivity of SQUID magnetometer allows us to study samples at low contents of
the magnetic component (0.1-1.0 vol%) magnetized in low magnetic field (~10*T) produced by a low-inductance coil with short
switching time (12pus). A low content of the magnetic component provides the absence of interparticle dipolar interactions, thus
simplifying significantly the theoretical description of the magnetization relaxation process. The measured magnetization relaxation

curves are found to be in reasonable agreement with the numerical simulation data.
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The magnetic nanomaterials come into ever increasing
use in various areas of science and technology. Magnetic
storage of information [1,2] and immunoassays utilizing
magnetic labeling technique [3,4] are one of the most
advanced applications of magnetic nanomaterials. In order
to predict and analyze the behavior of single-domain
nanoparticles, one must take into account the super-
paramagnetic phenomena occurred due to thermally
activated switching of their magnetic moments. In this
context, SQUID magnetometry has been successfully
applied to measure the switching times of individual
nanoparticles [5,6] and the spontaneous magnetic noise
arising in films of self-assembled Co nanoparticles [7].
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In the present paper, the high-T¢ scanning SQUID
magnetometer [8] is used to measure the magnetization
relaxation curves of a dilute ensemble of spherical Fe;O4
nanoparticles. A series of samples with the mean size of
nanoparticles of about 7 nm was studied. The nanoparticles
were dispersed in the rigid polymer matrix (polyvinyl
alcohol +chitosan) preventing them from agglomeration.
The low content of the magnetic component (0.2 vol%) in
the samples enabled us to neglect the interparticle dipolar
interactions in the theoretical analysis. The transmission
electron microscopy (TEM) was used to determine the size
distribution of magnetic nanoparticles and to control the
homogeneity of their spatial distribution in the matrix.
According to the TEM image presented in Fig. 1, the
ensemble consists of well-separated particles with near-
spherical shape. Note that the areas of irregular shape in
this image are caused by the overlap of projections of
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Fig. 1. TEM image of Fe;0, nanoparticles dispersed in the rigid polymer
matrix at a content of 0.5vol%.
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Fig. 2. Discrete F(D;) and continuous S(D) functions of the size
distribution of the volume fraction of magnetic component.

particles located at different heights. Fig. 2 shows the size
distribution histogram F(D;) approximated by a normal-
ized Gaussian profile S(D) with the mean diameter Dy =
7.47nm and the dispersion ¢ = 2.32 nm.

The SQUID sensors were fabricated from high-T,
superconductor films (YBa,Cuz;Oy) deposited on SrTiOj
bicrystal substrates with misorientation angles of 24° and
30°. The fabrication process included photo- and e-beam
lithographies followed by wet and ion beam etchings
[9-11]. The SQUIDs had a geometry of square washer with
the following parameters: the hole dimension 40 um and
the outer dimension 120 pm.

The magnetization relaxation measurements were per-
formed on the samples with dimensions of 0.6 x 0.6 x
0.06mm?>. The SQUID sensor was located close to the
sample surface at a height of about 300 pum. The SQUID
plane was roughly parallel both to the sample surface and
to the applied field direction. The measurements were
carried out at a temperature of 7= 77K inside a u-metal
shield with the remanent magnetic field as high as 107 T.
In order to magnetize the sample, a weak external magnetic
field (~68 A/m) generated by a coil was applied parallel to
the sample surface. After several minutes allowing the

sample magnetization to attain its equilibrium, the SQUID
sensor scanned the z-component of the stray magnetic field
B.(x,y) produced by the sample and the obtained data
were saved in the file. Finally, the SQUID sensor was
located at the maximum of B.-component (close to the
sample edge) and the external magnetic field was switched
off. Note that the initial sample magnetization was
quantitatively retrieved from the B.(x,y) data using
mathematical procedure mentioned in Ref. [12].

In order to switch off the magnetizing field, a special
electronic circuit was designed. It enabled us to switch off
the bias current flowing through the coil to within 300 ns.
Since the residual current and residual magnetic field
cannot become zero immediately after the bias current is
switched off, the following condition must be fulfilled: the
magnetizing field must relax much faster than the sample
magnetization. In our experiment, we have achieved a
relaxation time of the external field (99% decay of the
magnitude) of about 12us. After a 12-us time gap, we
started registration of useful relaxing signal produced by
the sample. Within this time gap, the amplitude of the
useful signal decreased from 5% to 20% of its initial value.
Nevertheless, the measured portion of the relaxation curves
contained very useful information on the distribution of
the relaxation times in the ensemble under investigation.
Curve 1 in Fig. 3 demonstrates the measured magnetization
relaxation of the Fe;O4 ensemble (0.2 vol%) presented in
the logarithmic time scale.

In order to understand the experimental results ob-
tained, we have calculated the relaxation curves of Fe;Oy,
nanoparticles with diameters D in the range from 5 to
11nm corresponding to the size distribution histogram
presented in Fig. 2. At T =77K, below the Verwey’s
transition temperature 7v = 125K, the particles are
supposed to be roughly uniaxial with the magnetocrystal-
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Fig. 3. Magnetization relaxation in the dilute ensemble of Fe;O4
nanoparticles presented in logarithmic time scale: (1) experimental data;
(2) numerical simulation result.
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Table 1

Reduced energy barriers, relaxation times and average magnetization of Fe;O4 nanoparticles at 7= 77K

D, nm 5 6 7 9 10 11
Ko V/ksT 2.77 479 7.61 11.35 16.16 22.17 29.51

7,8 54%107° 3.1x107% 41x1077 14x107° 1.5% 1073 0.51 680

(M)/ M, 1.9x1073 40x1073 72%x 1073 1.1x1072 1.7x 1072 24x1072 32x 1072

saturation magnetization Mg =5 x 10°A/m [13]. For
smaller diameters, 5 <D <8 nm, the calculations were made
by means of direct integration of the Landau—Lifshitz
equation augmented by a stochastic thermal field with a
white noise spectrum [14-16]. For lager particles,
9<D<11nm, the analytical estimate [17] for the relaxation
time has been used, because for these sizes the numerical
simulation is time consuming. Table 1 summarizes the
reduced energy barriers ¢ = K|V /kgT (V is the particle
volume and kg is the Boltzmann constant), relaxation times
and equilibrium particle magnetizations in applied mag-
netic field with the magnitude of 68 A/m as a function of
particle size D. Note that for the given ensemble, the
highest relaxation time corresponds to particles with
D = 11nm, because the percentage of particles with
D>11nm is negligibly small. The highest relaxation time
turns out to be of the order of exposition time of the
ensemble in applied magnetic filed (¢.x,~300s). Therefore,
practically all particles of the ensemble attain their
equilibrium magnetizations during the exposition time.
The forth row of the Table 1 gives, in fact, the
magnetization susceptibility of the particles as a function
of their diameters at 7= 77K.

Fig. 3 shows the measured magnetization relaxation
curve 1 for the dilute ensemble of Fe;O4 nanoparticles in
comparison with the numerical simulation result (curve 2)
presented in the logarithmic time scale with 7y = 1s. The
time interval of the measurement is given by 50s and the
initial time gap is 12 us in this case. The volume fraction of
the magnetic component of the ensemble is Cy = 0.2 vol%.
Similar data were also obtained for the ensembles with
Cv = 0.5 and 1.0vol%, though the characteristic relaxa-
tion time increased with increasing content of magnetic
component due to interparticle dipolar interactions.

The theoretical relaxation curves of the ensembles under
study were obtained by convoluting the calculated relaxa-
tion curves for the particles with given D = 5-11 nm with
the size distribution histogram presented in Fig. 2.
According to Fig. 1, the shapes of the particles are near
spherical. Thus, in a good approximation one can neglect
the shape anisotropy of the particles. Besides, the mean
distance between the particles is estimated to be ~ 6 D, for
Cv = 0.2vol%, where Dy~ 7nm is the mean particle
diameter. Therefore, the energy of interparticle dipolar
interaction is minor as compared to the anisotropy energy.
The calculations have been carried out for small values of
the damping parameter, k = 0.01—0.05, because there is an

indication [18] that the low-damping regime better
corresponds to the experimental situation for an ensemble
of perfect magnetic nanoparticles. It is found that the
dependence of the relaxation curve 2 on this parameter is
minor within this interval. On the other hand, the
theoretical relaxation curve depends considerably on the
value of uniaxial magnetocrystalline anisotropy constant.
One can see from the Fig. 3 that for assumed value of
K, =45 x10* J/m3 [13] there is a reasonable agreement
between the experimental and numerical simulation data.

In conclusion, high-sensitive scanning high-7¢ SQUID-
magnetometer is used to measure the magnetization
relaxation curves of a dilute ensembles of Fe;O4 nanopar-
ticles at 7 =77K. This technique enables us to study
samples at low contents of magnetic component
(0.1-1.0 vol%) magnetized in a weak magnetic field of the
order of 107*T. The TEM is applied to determine the size
distribution of magnetic nanoparticles and to control the
homogeneity of their spatial distribution in the matrix. The
size distribution of nanoparticles is described well by
Gaussian profile with the mean size and the dispersion of
about 7.5 and 2.3 nm, respectively. The measured relaxa-
tion curves of the dilute ensembles are shown to be in
reasonable agreement with the numerical simulation results
obtained by means of direct integration of the Landau—
Lifshitz equation augmented by a stochastic thermal field
with a white noise spectrum.
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