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Electrorotation of semiconducting microspheres
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We study experimentally the electrorotation (ROT) of semiconducting microspheres. ZnO microspheres
obtained by a hydrothermal synthesis method are dispersed in KCI aqueous solutions and subjected to rotating
electric fields. Two ROT peaks are found in experiments: a counterfield peak and a cofield peak at somewhat
higher frequencies. These observations are in accordance with recent theoretical predictions for semiconducting
spheres. The counterfield rotation is originated by the charging of the electrical double layer at the particle-
electrolyte interface, while the cofield rotation is due to the Maxwell-Wagner relaxation. Additionally, we also
found that some microspheres in the sample behaved differently and only showed counterfield rotation. We
show that the behavior of these particles can be described by the so-called shell model. The microstructure of
the microspheres is analyzed with electron microscope techniques and related to the ROT measurements.
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I. INTRODUCTION

Small particles in suspension can be manipulated by means
of electric fields [1,2]. Application of ac voltages to micro-
electrode arrays is a common way of creating electric fields
and acting on particles and/or liquids [3]. Several experimen-
tal works have recently shown the capabilities of electric fields
for manipulating conducting particles in suspension. For ex-
ample, semiconductor nanowires are rotated and transported
within microchannels [4,5]. Also, electrical properties of
semiconductor nanowires can be determined from their orien-
tation rate when subjected to ac fields [6—8]. The rotation ve-
locity of metallic microspheres [9—11] and nanowires [12—14]
can be precisely controlled by adjusting the frequency and
amplitude of an externally applied rotating electric field. Also,
orientation of metal nanowires subjected to ac fields has
been extensively reported [15-17]. Self-assembly of metal
nanoparticles [18,19] and nanowires [20,21] is achieved on
application of ac electric fields. Krupke et al. [22] demon-
strated dielectrophoretic separation of semiconducting from
conducting nanowires. Electrokinetic transport of metal par-
ticles in anisotropic electrolytes (liquid crystals) is also a
topic of current research, as recently reviewed in Ref. [23].
The ac field assembly [24,25] and transport [26,27] of Janus
metallodielectric spheres are receiving much attention for its
potential applications [28]. Moreover, the rotation velocity of
semiconducting nanowires subjected to rotating fields can be
modulated by light illumination [29,30].

From a theoretical perspective, a number of papers deal-
ing with the modeling of the electrokinetic behavior of
metal microparticles have appeared since the late 2000s
[10,31-35]. Theory and experiments for metal particles have
been compared in several works, as recently reviewed in
Ref. [36]. The situation is different for the case of semi-
conducting particles; scarce fundamental studies have been
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published to date despite the increasing number of papers fo-
cusing on applications. We recently compared numerical sim-
ulations and experimental data for the rotation and orientation
of semiconductor nanowires [37]. Recent analytical models
for the electrokinetics of semiconductor spheres predict either
cofield or counterfield rotation depending on the frequency
of the applied rotating field [38]. The main objective of the
present work is to demonstrate that these rotations occur
in experiments, together with a close comparison between
experimental measurements and theoretical predictions. For
that reason, we synthesized ZnO microspheres and performed
a thorough experimental characterization.

The paper is organized as follows: First, and for the sake
of completeness, we include a theory section where we re-
produce previous theoretical results for the electrorotation
(ROT) of a semiconducting sphere immersed in an electrolyte.
Later, we describe the particle synthesis and experimental
details and show the ROT data that we obtained for the
ZnO microspheres. We compare these data with the theory
and draw some conclusions about the properties of the ZnO
microparticles. In particular, we infer that most of the particles
are in agreement with the predictions of the theoretical model
for homogeneous semiconducting spheres, while a minority of
particles are better described by the so-called shell model [1].
We also include electron microscope images of the particles
interior that agree with this description.

II. THEORY

The theoretical analysis in Ref. [38] deals with the di-
electrophoresis and electrorotation of semiconducting spheres
immersed in an aqueous electrolyte. In that study we obtained
a general expression for the sphere polarizability as a function
of electric field frequency. In particular, the expression is valid
for arbitrary thickness of the electrical double layer (EDL) in-
duced at the particle-electrolyte interface, i.e., the expression
is correct for any relative ratio between the EDL thickness and
the sphere radius. The EDL of a semiconductor-electrolyte
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FIG. 1. Schematics of the physical problem. A semiconducting
sphere is subjected to a rotating electric field. An EDL is induced at
the particle-electrolyte interface.

interface results from the combination of two diffuse layers:
one in the semiconducting medium and another in the elec-
trolyte, see Fig. 1. The typical size of a diffuse layer is given
by the Debye length, which is around tens of nanometers for
both media (see Table I). In the present work, we are interested
in comparing theoretical predictions with experimental data
for ZnO microspheres with diameters around 5-15 pm and,
therefore, the induced EDL is much smaller than the particle
radius. The mathematical modeling in this case is simpler
since the particle and electrolyte bulks remain electroneutral
and the electric potential satisfies Laplace equation, as also
shown in Ref. [38]. We include in this section the analysis for
the electrorotation of semiconducting spheres in the limit of
thin EDL.

Let us consider a semiconducting spheres of radius a
immersed in a symmetric aqueous electrolyte such as KCl
in water. The electrolyte conductivity is o} and its dielectric
constant €;. In ROT experiments we assume that the particle-
electrolyte system is subjected to an electric field of the form
E(t) = Re[Ey(u, — iuy)ei“”], where i is the imaginary unit
and Re[---] stands for the real part of [---], see Fig. 1.
This electric field corresponds to a homogeneous field of
constant magnitude and rotating counterclockwise with an-
gular frequency w within the xy plane. The electric field
induces an electric dipole on the particle p. Using phasors,
the induced dipole is written as p = Re[pe™’], where p is the
dipole phasor and can be written as a function of the particle
polarizability as p = @E. Correspondingly, E is the electric
field phasor. The particle polarizability is usually expressed
as a function of the Clausius-Mossotti factor, K (w), according
to & = 4me1a°K (w). The time-averaged electrical torque on
the system is T(ROT) = (1/2)Re[p x E*] and can be written
as follows:

7(ROT) = —47e;a’Im[K (w)]Eu,, (1)
where Im[: - - ] stands for the imaginary part of [- - - ].
TABLE I. Physical properties for the electrolyte and the semi-

conductor sphere in Fig. 2. Data for ZnO are within the ranges
reported in Refs. [42,43].

AD o e/eo
Semiconductor (ZnO) 50 nm 263 mS/m 3.9
Electrolyte (KCl) 30 nm 1.5 mS/m 80
Electrolyte (KCl) 9.5 nm 15 mS/m 80

For negligible particle inertia, the electrical torque is bal-
anced by the viscous torque that the fluid exerts on the
particle. In experiments, the spheres rest on a substrate and,
therefore, we use the expression for the viscous torque on a
spherical particle resting on a wall that rotates with angular
velocity €2 around an axis perpendicular to the wall [39]:
Tyiscous = —87na>¢ (3)R, where 7 is the fluid viscosity and
£(3) &~ 1.20206. Solving for 2:

@ = —— _Im[R(w)E2u.. 2)
2:3)n

The effect of the wall on the electric field and torque is

much smaller [38] and we neglect it in the present analysis.

Particle polarizability

According to the analysis above, we have to find the
Clausius-Mossotti factor of the system in Fig. 1. To this end,
we assume that the particle-electrolyte system is subjected to a
homogeneous ac electric field given by E = Re[Eyu,e ] and,
therefore, the potential far from the particle can be written
in spherical coordinates as ¢(r — 00) = —Re[Eyr cos e’ ].
As mentioned above, we assume that the EDL at the particle-
electrolyte interface is much smaller than the sphere radius.
Therefore, the particle and liquid bulks remain electroneutral
after application of the electric field and the electric potential
satisfies Laplace equation V2¢1 = 0and V2¢2 = 0, where the
subscript 1 refers to the particle (medium 1) and subscript 2 to
the electrolyte (medium 2). The following boundary condition
at the particle surface accounts for the voltage drop across the
EDL at the electrolyte-particle interface [40]:

o

or

- ad
Zz_lr_o-] ﬂ
ar

7, 3

a

(P2 —dDla =02

a

where o; and ¢; are, respectively, the conductivity and per-
mittivity of medium j (j = 1,2). Z; stands for the surface
impedance due to the thin diffuse layer in medium j:
Zj= - AD}. : “)
iwej\/1 +iwe;/o;

Equation (3) was found by Zhao ef al. [41] when studying
the ac electrosmostic flow that might appear at electrolyte-
semiconductor interfaces.

Additionally, the conservation of the total current (ohmic
plus displacement current) across the particle-electrolyte in-
terface results in another boundary condition:

(02 +i06) 22| = (o +ioen) 2 (5)
ar |, ar |,
Equation (5) holds as long as tangential currents at the
particle surface are negligible.
The solutions to the electric potential in the electrolyte and
particle can be written as:

A
¢1 = —Eprcosf + — cos 0, (6)
r

¢ = Brcos9, @)

where A and B are integration constants to be determined after
applying boundary conditions (3) and (5). Taking into account
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FIG. 2. Imaginary part of the Clausius-Mossotti factor versus
signal frequency for a ZnO microsphere immersed in a KCI solution.
Data for material properties are shown in Table I and the microsphere
is 10-um diameter.

that A and the Clausius-Mossotti factor are related by K =
A/ (@PEy), we readily obtain:

K(w) = T2l @) (8)

where the function H (w) is defined as:
o1 + iwe 0,7, 017
Hw)=2 ‘<1+ 2(12>+(‘al>. 9)

For high frequencies, H (w) tends to the ratio of liquid to solid
permittivity. In this limit, Eq. (8) becomes the well-known
Clausius-Mossotti factor for a dielectric sphere in a dielectric
medium [1].

Figure 2 shows the prediction of the model for a 10-um
semiconductor sphere with the properties shown in Table I and
for two typical electrolyte conductivities oy = 1.5, 15 mS/m.
The imaginary part of the Clausius-Mossotti factor shows
two different peaks: a positive peak at low frequencies that
indicates a counterfield rotation according to Eq. (2), and a
negative peak at higher frequencies that corresponds to cofield
rotation. As described in our previous work [38], the counter-
field peak is related to the charging of the EDL capacitance
through resistive media at the particle-electrolyte interface.
On the other hand, the cofield rotation is originated by the
Maxwell-Wagner relaxation arising from the polarization of
the interface between two media with different conductivities
and/or permittivities [1].

The electric field acting on the induced EDL can also give
rise to electro-osmotic flows as the induced-charge electros-
motic (ICEO) flows reported for metal particles [44]. How-
ever, under the approximation of a thin EDL, the ICEO flow
induced by a rotating field on a sphere does not possess any
rotating component and, therefore, it does not induce particle
rotation [21]. In other terms, Eq. (2) is not affected by ICEO
flows.

Furthermore, the theoretical model above does not consider
the presence of an intrinsic surface charge or intrinsic EDL
at the particle-electrolyte interface, which might be present as
usually happens on metal oxide surfaces in contact with water.
It is well known that this intrinsic surface charge can give rise
to surface conductance that leads to another relaxation phe-
nomenon, commonly known as « relaxation [45]. The typical

$5200 5.0kV 0.1mm x4.50k SE

FIG. 3. (a) SEM image of ZnO particles obtained by a hydrother-
mal synthesis method. (b) A representative rough ZnO sphere. (c) A
typical smooth ZnO sphere.

frequency for this relaxationis f = (1/27)(D/a”), where D is
the ion diffusion constant. Thus, for a particle witha ~ 5 um
in KCl results f ~ 10 Hz, well below the frequency range in
our study. Additionally, the action of the rotating field on this
intrinsic EDL can induce a nonhomogeneous ¢ potential that
gives rise to electro-osmotic flow around the particle, leading
to cofield particle rotation [46]. This cofield rotation could
occur for our semiconducting spheres but also for frequencies
of the « relaxation.

III. EXPERIMENTAL METHODS AND RESULTS

Zinc-oxide particles were obtained by following a hy-
drothermal synthesis method described in Ref. [47]: 1 mmol
zinc nitrate hexahydrate [Zn(NOj3), - 6H,O] powder was
mixed with 16 ml of absolute ethanol. Later 0.5 mmol anhy-
drous ethylenediamine was added into the solution and stirred
for about 10 min. The solution was transferred into a 20-ml
Teflon-lined stainless steel autoclave and maintained at 180°C
for around 2 h. Figure 3 shows Scanning Electron Microscope
(SEM) images of ZnO particles obtained by this method. Most
particles have a nearly spherical shape, with diameters ranging
between 5 and 15 pum. Curiously, two particles populations
can be clearly identified: ZnO quasispherical particles with a
rough surface, see Fig. 3(b), and ZnO spherical particles with
a smooth surface, see Fig. 3(c).

Electrorotation experiments are visualized with an inverted
optical microscope equipped with a 40x objective. This al-
lows us to distinguish between rough and smooth spheres,
but for a clear measurement of the rotation velocity, it is
convenient to decorate the particle surface before the ex-
periments. To this end, we redispersed the ZnO particles
in a high-conductivity KCI water solution containing small
fluorescent polystyrene beads (500-nm diameter). Under these
conditions, some fluorescent beads irreversibly attached to the
particle surface [Fig. 4(b)]. Subsequently, the samples were
redispersed in KCI water solutions with a lower conductivity
(1.5, 5, and 15 mS/m) and a small sample volume is pipetted
on top of an array of four coplanar electrodes. The electrodes
have a circular shape and they are made of platinum on a
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FIG. 4. (a) Schematics of the electrode signals and the result-
ing counterclockwise rotating field. (b) ZnO sphere decorated with
500-nm fluorescent beads.

glass substrate. The distance between opposite electrodes is
1 mm. This electrode array is employed to generate a rotating
electric field, as shown schematically in Fig. 4(a). For that
reason, each electrode is subjected to a sinusoidal voltage
with peak-to-peak amplitude of 20 V and frequencies in the
range 1 kHz—7 MHz. The maximum frequency is limited by

ROT data for rough spheres
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the generator specifications. In order to achieve a rotating
field, we impose a phase lag of 90° between the ac signals
of neighboring electrodes. Videos of the rotating particles are
captured with a digital camera attached to the microscope for
later analysis. From these videos, we measured the rotation
period of the ZnO particles as the average time per rotation
after five turns at least.

A. Electrorotation data

Figure 5 shows the measurements of the rotation velocity
of ZnO particles (in units of revolutions per second) as a
function of the frequency of the rotating electric field. The left
column includes data for rough spheres at three different elec-
trolyte conductivity: 1.5, 5, and 15 mS/m. Data for smooth
spheres and the same electrolyte conductivities are included
in the right column. Positive values of the rotation velocity
indicate cofield rotation, while negative values correspond to
counterfield rotation. Remarkably, rough spheres show both

ROT data for smooth spheres
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FIG. 5. Rotation velocity of ZnO spheres as a function of the frequency of the rotating applied field. Left column shows data for rough
spheres dispersed in KCl aqueous solutions with three different conductivities. Likewise, the right column shows data for smooth spheres.
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FIG. 6. Characteristic frequency for maximum counterfield ro-
tation as a function of the electrolyte conductivity. The plot also
shows the charge relaxation frequency for the electrolyte bulk, f; =
o1/(2mey).

counter- and cofield rotation, as theoretically predicted for
homogeneous semiconducting spheres. The signal frequency
for maximum rotation velocity increases with electrolyte con-
ductivity; this trend is found for both the counter- and the
cofield peaks, and it is also in agreement with the theoretical
expectation (Fig. 2). The limited frequency range of the signal
generator precluded the observation of cofield rotation for
rough spheres in 15 mS/m KCI. Presumably, the cofield rota-
tion of smooth spheres was not observed for the same reason,
while their counterfield rotation peak was clearly measured
for all electrolyte conductivities.

Figure 6 shows the characteristic frequency for maximum
counterfield rotation as a function of the electrolyte conduc-
tivity. This characteristic frequency is obtained by fitting the
ROT data of each particle to a lorentzian curve. Data shown
in Fig. 6 correspond to the average of the characteristic fre-
quencies of several spheres (around 10) for a given electrolyte
conductivity. Error bars are the standard deviation of the
characteristic frequencies. Note that we are averaging over
particles with different diameters (around 30% difference).
However, the main reason for the variability in ROT spectra is
not the size dispersion but the particle conductivity, as shown
below. Characteristic frequencies for smooth spheres are
higher than for rough spheres. Figure 6 also shows the charge
relaxation frequency for the electrolyte bulk, f; = o1/(2me;).
Importantly, the characteristic frequencies for smooth spheres
are very close to fi. As shown in the next section, this
indicates that smooth spheres do not behave as expected for
homogeneous semiconducting spheres.

B. Comparison with theory

Before comparing theory and experiments, we have to take
into account that the applied rotating field is not homogeneous
within the observation region. For this reason, we use the aver-
age value of the electrical torque within the field of view. This
was calculated in Ref. [13] for the same electrode geometry;
the theoretical value for ROT velocity can be calculated from
expression (2) and using that E = 10% V2/m?.

ROT data for rough spheres are fitted to the theoretical
model in Sec. 2. The relative size of the roughness is much
greater than the EDL thickness, which is around 100 nm or
below. Thus, the theoretical approximation for a thin EDL
remains valid. We expect this roughness to have a small
effect on the ROT spectra. For example, experiments with
gold-coated microspheres [10] show that the counter-rotation
peak occurs at frequencies somewhat lower than in theory.
The particles in these experiments consisted in latex spheres
coated with colloidal gold and the lower frequencies were
attributed to the rough surface resulting from the coating
procedure. Since the electrolyte properties are known (Table 1
and 1 = 1073 Pas), the only fitting parameter is the ZnO
conductivity. Note that the Debye length for ZnO is not
a fitting parameter but it is computed for each ZnO con-
ductivity according to the scaling Apy o 1/,/0,. Figure 7(a)
shows the theoretical curves for oy = 5 mS/m and two ZnO
conductivities, o, = 70 and 1 mS/m. The sphere diameter
for the theoretical calculations corresponds to the average
of experimental diameters in Fig. 5. The theoretical curves
enclose most of the experimental data for rough spheres,
but more importantly, theory and experiment show the same
trend: When the frequency for maximum counterfield rotation
is higher, the rotation velocity is smaller and the cofield
rotation appears at lower frequencies (Figs. 5 and 7). Thus, we
attribute the variability in the ROT velocity of rough spheres
to the differences in conductivity: ZnO spheres with a smaller
rotation velocity are less conducting than faster microspheres.
The range of ZnO conductivities expands almost two orders of
magnitude. According to Janotti et al. [42] the control of ZnO
conductivity (and, as consequence, its Debye length) is a ma-
jor issue. For example, electrical properties of ZnO are very
sensitive to surface modifications. Also, relatively small con-
centrations of native point defects and impurities significantly
affect the electrical and optical properties of semiconductors.
The conduction mechanism in ZnO is a topic of research
itself [48] which is beyond the scope of the present work.

We have also tried to fit the theoretical model to the
experimental data for smooth ZnO spheres. Since the ROT
peak for these spheres is found at higher frequencies, one
would expect that the data could be fitted with even smaller
values for the ZnO conductivity, o,. However, as o, decreases
(and Ap, correspondingly increases), the theoretical ROT
velocities also decrease and it turns out that it is not possible
to simultaneously fit the signal frequency and amplitude of
maximum ROT speed. This is an indication that our model
for homogeneous semiconductor spheres is not suitable for
describing the electrokinetic behavior of the smooth spheres.
As mentioned above, the characteristic frequency for smooth
spheres approaches the charge relaxation frequency of the
electrolyte (Fig. 6). This suggests us the possibility of mod-
eling the sphere behavior by using a shell model [1] that
consists in a dielectric spherical shell surrounding a conduct-
ing core. Figure 7(b) shows the predictions for an electrolyte
conductivity of 5 mS/m and a shell model consisting in a
2-pum-thick dielectric shell with the same permittivity as ZnO
(e2/&0 = 3.9) surrounding a ZnO core with the same electrical
properties than used for the rough spheres. The introduction
of this insulating layer does not imply that the particle radius
increases: rough and smooth spheres have the same sizes. The
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FIG. 7. (a) Comparison between experimental data for rough spheres with oy =5 mS/m and the theoretical model for two particle
conductivities: 0, = 70 and 1 mS/m. (b) Experimental data for smooth spheres with o; =5 mS/m and the theoretical prediction of the

shell model

shell model works because the introduction of an insulating
layer acts as a capacitance in series with the capacitances due
to the diffuse layers in the electrolyte and semiconducting
core. The capacitance of this thick insulating layer is much
smaller and, since it is in series with the diffuse layers, it domi-
nates the overall capacitance of the interface. Thus, the typical
resistor-capacitor (RC) circuit time is now determined by the
insulating layer. As the RC time diminishes, the correspond-
ing typical frequency increases, approaching the electrolyte
charge relaxation frequency. The presence of a conducting
core ensures that the magnitude of the induced dipole in the
particle remains relatively big, as is the magnitude of the
ROT velocity. In the next section we use electron microscope
techniques to investigate whether this shell model represents
some real structure of the smooth spheres.

C. Electron microscope images of the particles

The surface topography of the ZnO spheres was studied
with an SEM microscope, as described in Sec. 3, see Fig. 3.
The ROT data for smooth spheres are in good agreement with

(a) (b)

FIG. 8. (a)A smooth particle is picked by using the micromanip-
ulator. (b) A particle is welded to a metal holder before using the ion
beam. (c) Cross-section image of a rough particle. (d) Cross-section
image of a smooth particle.

the predictions of a particle model consisting in a dielectric
shell surrounding a conducting particle. This result motivated
us to analyze the internal structure of the spheres. For this
purpose, we made use of an electron microscope (Zeiss Au-
riga) equipped with an ion beam that enables the slicing of the
particles. This microscope also includes a micromanipulator
which allowed us to select one specific particle out of the
sample. For example, Fig. 8(a) shows a smooth particle picked
by the micromanipulator. This sphere is later welded to a
metal holder, see Fig. 8(b). Subsequently, a gallium ion beam
is used for slicing the particle. Figure 8(c) shows an SEM
image of the interior of a rough particle and Fig. 8(d) is an
image of a smooth particle. Rough spheres display interstices
but look homogeneous on a large scale. Smooth spheres are
different, and a concentric layering is evident from the SEM
images.

Previous analyses of ZnO particles obtained by hydrother-
mal methods demonstrate that the particles can show different
crystalline and/or amorphous structures [49,50]. For example,
Inguva et al. [51] used high-resolution Transmission Electron
Microscopy (HR-TEM) to show that their ZnO nanowires
consist in a crystalline core with an amorphous shell. We
have also taken our samples to an HR-TEM (FEI Talos).
Beforehand, the particles were further sliced until reaching
a thin layer. The results show that rough ZnO spheres are
crystalline with a wurtzite-type structure, while the outer layer
of the smooth spheres consists of small islands of crystalline
material immersed in an amorphous ZnO shell. We thus
believe that this amorphous shell behaves as the insulating
layer that determines the ROT behavior of smooth particles.

IV. CONCLUSIONS

We have measured the ROT spectra of semiconducting mi-
crospheres for the first time. ZnO particles were obtained by a
hydrothermal synthesis method and dispersed in KCl aqueous
solutions. Most of the semiconducting microspheres show two
ROT peaks: one counterfield and a cofield peak at somewhat
higher frequencies. This behavior is in accordance with the
theoretical model for homogeneous semiconducting spheres.
The counterfield rotation is originated by the charging of
the electrical double layer induced at the particle-electrolyte

042616-6



ELECTROROTATION OF SEMICONDUCTING ...

PHYSICAL REVIEW E 100, 042616 (2019)

interface, while the cofield rotation is due to the Maxwell-
Wagner relaxation. Experimental data are satisfactorily fitted
to the theoretical predictions by using only one fitting param-
eter, the particle electrical conductivity.

Additionally, we have also found that some of the ZnO
microspheres have a smoother surface and show a differ-
ent behavior: They only have one counterfield rotation peak
within the limited frequency range of the rotating electric field
(up to 7 MHz). Experimental data for the smooth spheres
cannot be fitted to the predictions of the theoretical model for
homogeneous semiconductors. Instead, we have used the so-
called shell model consisting in a 2-um-thick dielectric layer
that surrounds a conducting core with the same properties
as the rough particles. Electron microscope results show that

rough spheres are homogeneous and possess a crystalline
structure [Fig. 8(c)], while smoother spheres show a structure
of concentric layers [Fig. 8(d)], supporting the hypothesis that
the latter particles are not homogeneous but bear an insulating
shell that determines their ROT behavior.
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