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Abstract

Naked, polyvinylchloride (PVC)-coated, and polyethylene glycol (PEG)-coated Fe3O4 nanoparticles (NPs) with an
equivalent average particle size of 10 nm were prepared through an electrochemical synthesis method. The structural and
magnetic properties were investigated systematically. The X-ray diffraction study coupled with the Rietveld refinement of
XRD data showed that samples are crystallized in cubic spinel structure with space group referred to as Fd3m. The nature
of DC magnetization versus field M (H) plot for sample resembles qualitatively with ferromagnetic (FM) systems. The AC-
susceptibility data obtained at different frequencies confirmed the presence of a frequency-dependent freezing temperature.
Based on the interparticle interaction strength and phenomenological models (Néel-Brown, Vogel-Fulcher, and critical
slowing down), the magnetic dynamic behavior of nanoparticles was characterized. By fitting the experimental data with
mentioned models, the possibility existence of superparamagnetic and a spin-glass state at low temperatures was proposed
for the samples. Also, the obtained values from fitting performance showed a coating effect on interparticle interaction for
PVC- and PEG-coated FezO4 nanoparticles.

Keywords Ferromagnetic - Magnetic interacting - Nanoparticles - AC susceptibility

1 Introduction

Magnetic materials have attracted considerable scientific
interest due to their use in physical properties such as mag-
netic recording media, magnetic sensors, permanent mag-
nets, magnetic resonance imaging enhancement, ferrofluids,
magnetic refrigeration, and magnetically guided drug deliv-
ery. Among these materials, nanoparticles (NPs) have richer
electronic and magnetic properties arising from the structural
and magnetic disorder in the grain surfaces. Their properties
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intensively depend on size, shape, particle size distribution,
and interactions between nanoparticles [1-3]. In fact, when
the size of a particle becomes smaller to single domain
size, each particle has a large magnetic moment (the so-
called superspin) [3]. In this case, the interaction strength
can play a critical factor. Noninteracting superspins lead to
a superparamagnetic (SPM) behavior. In the SPM regime,
each particle behaves like a paramagnetic atom and the
magnetic nanoparticles experience a SPM relaxation pro-
cess, in which instead of fixing the magnetization along
certain direction, it rapidly fluctuates. Above a certain
temperature known as the blocking temperature (7g), the
magnetic anisotropy energy of a nanoparticle is overcome
by the thermal activation. If the interactions between the
superspins, which are fully frustrated and random, and
become sufficiently strong, the system goes through the
superspin-glass state at below a freezing temperature [3]. It
is mentionable that the magnetic interactions in fine parti-
cle can be classified as (i) dipole—dipole interactions, which
always exist, (ii) exchange interactions through the sur-
face of the particles which are in close contact, and (iii) in
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granular solids, Ruderman—Kitel-Kasuya—Yosida (RKKY)
interactions through a metallic matrix when particles are
also metallic and superexchange interactions when the
matrix is insulating [3].

Vargas et al. indicated that by increasing interparticle
interactions, the blocking temperature of a system of Fe3O4
nanoparticles increases, but H, decreases. They said that
demagnetization role of dipole—dipole interactions reduces
the H. of the system [4]. Nadeem et al. demonstrated an
enhance H. and blocking temperature of compacted Fe3O4
nanoparticles compared with the powder samples. They
justified this result by highlighting the effect of interparticle
interactions on the energy barrier between equilibrium states
[5]. Hansen and Morup indicated that for weakly interacting
nanoparticles, the energy barrier decreases with increasing
the interactions [6].

Up now, various chemical-based preparation routes
including co-precipitation, sol-gel, solvothermal, hydrother-
mal, and thermal decomposition methods have been devel-
oped for the fabrication of magnetite nanoparticles (MNPs)
with proper magnetic and physico-chemical properties. In
addition to these methods, electrochemical-based routes,
i.e., cathodic electrosynthesis (CE) can be applied for facile
preparation of MNPs, which have advantages of facility and
ability of controlling the purity, crystallinity, and size of
electro-synthesized NPs by manipulating the applied elec-
trochemical conditions [7]. In this regard, it was reported
that fine nanoparticles of metal oxides/hydroxides includ-
ing Co(OH)2, Ni(OH)2, Y(OH)3, Zr(OH),, ZrO,, Y03,
Mn304, and NiO could be easily fabricated through a one-
pot CE procedure [8—13]. However, this method has been
rarely applied for the preparation of MNPs until now.

In this work, we report Fe3O4 nanoparticles coated with
polyethylene glycol (PEG) and polyvinylchloride (PVC)
polymers prepared through a facile CE procedure and inves-
tigation of their interparticle interactions. To the best of our
knowledge, there is no report about investigation of mag-
netic interactions of Fe3O4 nanoparticles coated with PEG
and PVC. In this paper, the effect of magnetostatic interac-
tion strength and pressure on spin dynamics, magnetization,
and anisotropy of samples has been investigated using AC
and DC magnetic measurements.

2 Materials and Methods

Ferrous chloride tetrahydrate (FeCl,e4H,O, 99%), ferric
nitrate nonahydrate (Fe(NO3)3e9H,0, 99.9%), PVC, and
PEG (M, =4000) were purchased from Sigma-Aldrich. All
materials were used without any further purification.

The CE platform previously reported for the fabrication
of naked and coated MNPs [14-17], was here modified
for the electrosynthesis of iron oxide nanoparticles from
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ethanol medium. The electrosynthesis set-up was composed
of a (316 L, 5 cm x 5 cm x 0.5 mm) steel cathode cen-
tered between two parallel graphite anodes. The deposition
bath includes 2.4 g iron(Ill) nitrate- and 1.2 g iron(Il)
chloride-dissolved 96% ethanol-4% water solution. The
electrodeposition runs were conducted on an electrochem-
ical workstation system (Potentiostat/Galvanostat, Model
NCF-PGS 2012, Iran) with applying a DC current density
of 10 mA cm~2. For preparation of PEG- and PVC-coated
NPs, composition of electrolyte was just changed and PEG
or PVC polymers (1 g L™!) were added to the depo-
sition bath. After each deposition run, the cathode was
brought out from the deposition bath and rinsed several
times with deionized H>O. Then, the deposited black films
were scraped from the steel and subjected to separation
and purification steps, which include the following; (i) the
obtained wet powders were dispersed in deionized water
and centrifuged at 6000 rpm for 20 min to remove free
anions and weekly bounded and/or uncoated polymers, (ii)
the deposit was then separated from water solution by a
magnet, dried in a vacuum oven, and (iii) the resulting black
dry powders were named F, Fpgg, and Fpyc for naked,
PEG-coated, and PVC-coated iron oxides, respectively, and
used for further evaluations.

A transmission electron microscopy (TEM, Phillips EM
208 with an accelerating voltage of 80 kV) was used to
determine the size and morphology of the prepared NPs.
The X-ray diffraction (XRD) patterns of the prepared NPs
were obtained by XRD of powder (Phillips Model X’PERT
MPD with Co Ko radiation (A = 1.789 A). Magnetization
versus field measurements at room temperature were
performed using a quantum design SQUID magnetometer,
equipped with a superconducting coil which produces
magnetic fields in the range from — 20 to 4+ 20 kOe. Zero-
field cooling (ZFC) and field cooling (FC) magnetizations
were measured in a static magnetic field of 10 Oe. AC
magnetic susceptibility measurements were performed in
a quantum design physical property measurement system
(PPMS). The measurements were carried out by cooling the
samples from room temperature to 5 K in zero magnetic
field, then the susceptibility were measured in a warming
process in a magnetic field of 10 Oe and frequencies of
100 Hz to 10 kHz.

3 Results and Discussion

Figure 1 shows XRD patterns of the electro-synthesized F,
FpEg, and Fpyc nanoparticles. The XRD results of F, Fpgg,
and Fpycsamples revealed the existence of a crystalline
spinal structure (JCPDS 01-088-0315). The presence of
plates (111), (220), (311), (400), (422), (511) and (440) on
the angles of the order 7437 675 6308 5068 4150 3506, and
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Fig.1 XRD patterns of the F', Fpgg, and Fpyc nanoparticles

21.35, respectively, diffraction pattern of nanoparticles in
the formation of a cubic spinel structure with space group
referred to as Fd3m. The maximum intensity at an angle of
4150 relating to (311) is observed. The crystallite size D and
lattice constant (a) were also calculated using Scherrer’s
equation and diffraction patterns of XRD analysis.

KA
D =
B cosb

ey

where S is the full width at half maximum (FWHM) of the
XRD peaks, 6 is the Bragg angle, K (~ 0.9) is the Scherrer’s
constant and related to the shape of crystallites and A is
wave length of the X-ray [18]. The structure parameters of
F, Fpgg, and Fpyc samples are provided in Table 1.
Coated iron oxide nanoparticles, without a significant struc-
tural change can improve its resistance to acids and prevent
phase changes of this compound. According to Table 1,
FpeG and Fpyc samples have a smaller crystallite size and
the maximum size corresponds to the sample F One of
the effects of reducing the crystallite size changes the lat-
tice constants of the material and increases the pressure and
stress on the particle surface. Kumar et al. by incrementing
the Al content observed a decrease in crystallite size, which
attributed the decrease in crystallite size to the increase of
stress inside the sample [19] As shown in Table 1 the lattice
constant F sample is a large amount compared with the

FpeG and Fpyc samples. This can be related to the fact that
with grain size reduction, the surface effects became domi-
nant. One of these effects is the hydrostatic pressure on the
grain which led to the modification on the volume of cells
and the lattice constant Indeed, the lattice constant of the
nanostructured ferrite changes creating internal stresses in
the structure of the samples. As observed reducing the par-
ticle size reduced the lattice parameters which can change
the distribution of spinel structure in cations [20-24].

Figure 2 shows TEM micrographs of F, Fpgg, and Fpyc
samples. The size dispersion histogram was determined
using the method described by Lavorato et al. [22] The
size dispersion was fitted with a log-normal function
f(D) = (1/\/2mo D)exp[Ln*(D/D)/26%] and then the
median diameter D and dispersion o were determined
Using the fit results, the mean diameter D = Dg exp(c2/2)
and standard deviation standard deviation op = (D)
(exp(c?) — 1)% were calculated. The mean diameter TEM
of particles and the standard deviation are shown in Table 1.
The difference between Dtpm and Dxrp suggests the
formation of a coating layer and an amorphous (dead) layer
at the surface of NPs. The thickness of magnetic dead layer
has sometimes been estimated using magnetic hysteresis
loop measurements.

The magnetic properties of the prepared naked and PEG-
coated NPs were determined using Lake Shore Model 7410
vibrational sample magnetometer (VSM) from — 20 to
20 KOe at room temperature. Also, the magnetic hysteresis
and saturation magnetizations of naked PEG-coated, and
PVC-coated NPs were evaluated and shown in Fig. 3
Saturation magnetization value (M), coercivity field (H,),
and magnetic hysteresis of F, Fpgg, and Fpyc samples
were calculated and presented in Table 2. Small coercivity
(Hc) of the samples shows the superparamagnetic behavior,
and Hc enhancement observed in Fpgg and Fpyc samples
show the single-domain property of the NPs. The saturation
magnetization decreases with coating the NPs. This slight
reduction can be attributed to magnetic core size reduction
and the surface effects on magnetization value. In order to
estimate the surface spin contribution to total magnetization,
the hysteresis loops were fitted with the modified Langevin
function [25]:

upH
M =ML H 2
s (kBT>+X (2)

Table 1 Structure parameters

of F, Fprg, and Fpyc samples Sample 260 (deg) FWHM (20) 311) a (A) Dxrp (nm)  Dtgm (nm)  op (nm)
F 41.50 1.26 83734 7.79 8.22 1.54
Fpeg 41.56 1.76 83612 5.64 7.82 1.14
Fpye 41.45 1.73 8.3651 5.74 9.33 1.9
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Fig.2 TEM micrograph of F,

Fpgg, and Fpyc samples
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Fig. 3 The hysteresis loops (M-H curves) of F, Fpgg, and Fpyc
samples at room temperature
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Here T is temperature, H is applied magnetic field, Kp is
the Boltzmann constant, ), is the average moment, L is
the Langevin function and y is the high field susceptibility
that arises from the paramagnetic surface spin contribution
[26]. The calculated values with fitting for My, and
wp are reported in Table 2. The w, and M values are
found to decrease in coated NPs as a consequence of
particle size reduction. Also, the ychange suggests the

Table 2 Magnetic parameter: calculating and fitting of the F, Fpgg,
and Fpyc samples

Parameter F Fpeg Fpvc

H, (Oe) 8.7 12.8 13.4

M, (emu/g) 104.1 x 1073 67.4 %1073 217 %1073
up (UB) 14553 10300 10301

M (emu/g) 22.33 16.26 18.49

x (emu/gO,) 45x%x1074 4.1x1074 47 %1074
¢ (nm) 0.98 0.77 0.76
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Fig.4 ZFC and FC curves of the Fe304 samples

surface contribution to total magnetization. To calculate the
thickness of dead layer, the following function was used
[27]:

6
M, = Mp(1 — j) 3)

Here ¢ is the deadlayer thickness d is the diameter of
particles and Mp is the bulk saturation magnetization. The
values of the dead-layer thickness are reported in Table 2.
Results show that the dead-layer thickness was decrease
with a decrease in NPs. Magnetization is made up of the
two magnetic core and the shell (Mot = Mcore + Mghen) in
which the magnetization of the shell is almost zero (Mpel)-
This means that by reducing the particle size the nuclear
magnetization is increased.

In order to study the coated effects on Fe3O4 nanoparti-
cles and size effects on magnetic properties, the temperature
dependence of the magnetization M (T) was measured. In
the M(T) curves we always obtained two different curves
for ZFC and FC programs for superparamagnetic materials.
In the ZFC curve, the moment increased with the temper-
ature and then decreased, while the moment decreased in
the FC curve. The temperature at the peak point of the ZFC
curve is the blocking temperature. The Néel relaxation time
mentioned above is strongly temperature dependent as gen-
erally the fluctuation of magnetizations is larger at higher
temperature and smaller at lower temperature [28]. At the
single-domain structure, superparamagnetic materials can
fluctuate randomly by thermal fluctuation at high enough
temperatures just as an atom spin in paramagnetic materials.
At low temperatures, the thermal energy becomes smaller
and the magnetic moments become blocked. This tem-
perature is the blocking temperature. Below the blocking
temperature, superparamagnetic material loses its preferred
direction of magnetization in zero magnetic fields [29].

Temperature dependence of magnetization M (T') behavior
for the F, Fpyc, and Fpgg samples was calculated in the
ZFC and FC modes at an applied magnetic field of 10 Oe.
Fiqure 4 shows the FC and ZFC magnetizations of the F,
Fpvc, and Fpgg samples in the field of 10 Oe. For the F,
Fpvc, and Fpgg samples, with increases of temperature the
ZFC curves increase to a maximum at Tax = B (Tg). Here
(Tp) is the average blocking temperature and S is the con-
stant (8 = 1-2.5) which depends on the Tg distribution [30].
From Fig. 4, it can be seen the decreasing of magnetization
in ZFC mode below T which is similar superparamag-
netic behavior [31]. The increase of the magnetic anisotropy
of the F, Fpyc, and Fpgg samples is a probable reason
for the indicated decrease of the FC and ZFC magnetiza-
tions with compaction and interactions between NPs. With
coated FezO4 nanoparticles using PEG and PVC, the Tg
decreases. The values of Ty for the F, Fpyc, and Fpgg
samples obtained were 115, 75 and 59 K, respectively.

Theoretical blocking temperature can be calculated from
the below function:

_ kv
"~ 25kp

B “)
where Kg = 1 /38 x 10716 erg deg™! is the Boltzmann
constant k is the magnetic anisotropy constant which is
14 x 10* erg cm™3, and V = %nR3 is the average
volume of nanoparticles; here R was calculated by TEM
results [32]. The values of V obtained for the F, Fpyc,
and Fpgg samples were 2.9 x 10717, 5.1 x 1077, and
2.5 x 10717 cm?, respectively. The values of the theoretical
T obtained for the F', Fpyc, and Fpgg samples were 11.8,
20.8 and 10.2, respectively. This result indicated that the
interaction between nanoparticles shows that the interaction
between nanoparticles can affect the blocking/freezing
temperature by modifying the potential barrier [33].

In order to obtain the type of interaction between
nanoparticles, the dynamic behavior of the samples were
studied by AC-susceptibility measurements in an AC field
of 10 Oe at a frequency of 100, 1000, 2000, 5000, and
10000 Hz as a function of temperature. The real part (x'),
and imaginary part (x”), of the AC susceptibility of the
samples as a function of temperature is shown in Fig. 5.

Similar plots were determined for the other samples too.
As one can see, T, shifts toward higher temperatures by
increasing frequencies. Frequency dependence of 7}, is a
description of a superparamagnetic and glass system [34,
35]. Noninteraction nanoparticle relation between 7p and
relaxation time is given by the 79 Néel-Brown model [36]:

E,
T = 19 exp K575 Q)

where E; = KV is energy barrier, which K is the magnetic
anisotropy constant and V is the volume of particles;
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Fig.5 The real part x’, and imaginary part x”, of AC susceptibility of the samples as a function of temperature

79 for a spin system is about 10710713 s [37], T =
1 / 2rf is related to measurement frequency and Kp is
Boltzmann constant. Figure 6 shows the results of fitting the
experimental data by (5). Our estimated values of 7gp and E,
for the F, Fpyc, and Fpgg samples are given in Table 3.
In the Néel-Brown model, for the noninteraction particles
the value of 7g is about 107°-10"13 s, but as can be seen
the values of 7y are too small. This result showed that the
samples are interacting between particles. For assemblies

10

PVC PEG

Ln(h)
n

0.0056 0.0060

1T (K"

0.0048 0.0052

Fig. 6 Results of fitting of AC magnetic susceptibility data using the
Néel-Brown model
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of weakly interacting magnetic nanoparticles, the frequency
dependence of Tp is given by using the Vogel-Fulcher law

[38, 39]:
E,
) (6)

T=1gexp| —
p<K(TP—T0)

In fact, (6) is another form of the Néel-Brown law.
In (6), T is an effective temperature and a factor of
interaction strength confirmed that the compaction of
particles influenced the dipole—dipole interactions. Kura
et al. [40] indicated that there is a strong dipole—dipole
interaction in agglomerate o« — Fe particles and energy
barrier by Vogel-Fulcher model could not be estimated
form the Néel-Brown model. In Fig. 7 we tried to best
fit the experimental data on the real part of the F, Fpyc,
and Fpgg samples with (6). The estimated fitting are
given in Table 3. In the coated samples, obtained results
decrease in 7' with increasing the grinding time indicating
that the interparticle interaction energy decreased. At
low temperatures, interactions cause the formation of a
frustrated frizzed state of superspin called spin glass. To
classify the observed blocking/freezing process and to study
the dynamics of spins and determin the kind of interactions
[41, 42], useful parameters C and C, are usually used [43]:

ci=_ A )
T, A(log f)
T, — Ty
Cy=-L_— 8
2 T (8)
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Table 3 The fitting parameters
using the Néel-Brown, Model Parameter F Fpvc Fprg
Vogel-Fulcher, and critical
slowing down models Néel-Brown 70(s) 21x1072 s 0.41x107% 5.19 x 10726
E,/Kp(K) 11,978.78 10,557.35 8757.005
Vogel-Fulcher 70(s) 3.67x 10711 1.25x 10712 7.23 x 10711
E,/Kp(K) 1013.91 1194.024 1479.36
To(K) 143 115 100
Critical slowing down 70(s) 2.702 x 10~10 6.93 x 107 2.003 x 10~°
Zv 8.69 10.61 10.52
To(K) 172 143 135

where AT, is the difference between Tp measured at
the frequency A(log f) interval and 7p is the mean
value of blocking/freezing temperature. The values of
C1 and C, depend on the interaction strength between
nanoparticles and decreases by increasing the interactions
between particles. Based on the calculated values of C, there
are three types: noninteracting nanoparticles (C > 0.13),
medium interaction (0.05 < C < 0.13), and for spin glasses
(0.005 < C < 0.05) [43, 44]. In Table 3 estimated values of
C1 and C» are given for the F', Fpyc, and Fpgg samples. Our
calculated values for C; were about 0.02 for all samples,
which is in the range of those reported for spin glasses
[41]. We find C; ~ 0.12 which is also close to the spin-
glass systems [43]. The values of C; and C, decrease
by increasing the nanoparticle size. With the increase of
the nanoparticle size magnetic moment and dipole—dipole
interaction increase and C; and C, values decrease. The
possibility of existence of spin glass behavior can be
checked by critical slowing down model [45]. In this model
relaxation time, t is expressed by the following equation
[46]:

T —Zv
c=n () ©

In this equation 7y is related to the relaxation time of the
individual particle magnetic moment; Zv as a dynamic
critical exponent shows interactions strength and values
between 4 and 12 for spin glasses, reentrant spin glasses
and superspin glasses [47]. From best fits of this model we
calculated Zv values for the F, Fpyc, and Fpgg samples.
The values of the F, Fpyc, and Fpgg samples are reported
in Table 3. Relaxation time change shows that the frustration
and collective freezing of superspins became weaker by
coating.

Given the frequency dependence of the magnetic response
of samples, we were interested in studying their power loss.
Within the validity of linear response theory the loss power

density P is related to x” according to the succeeding
equation

P =pory fH? (10)

where w is vacuum permeability, f is applied frequency,
and His external magnetic field [48] The value of P
can be under the influence of different parameters like
applied field and frequency, magnetic interactions size
distribution, anisotropy, etc In order to investigate the
effect of magnetic interactions on loss power density, the
P values have been estimated using (10). The values of
Pversus temperature were calculated for the F', Fpyc, and
Fppg samples at various frequencies of 10, 100, 1000 and
10,000 as presented in the plots in Fig. 8. The minimum
value of P belongs to the sample F. By coating the F
sample using Fpyc and Fpgg values of P increased Clearly,
the maximum value of P belongs to the Fpgg sample, which
shows the increase in the magnetic interactions between
nanoparticles.
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4 T T T T T T
001 002 0.03 0.04
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Fig. 7 Results of fitting of AC magnetic susceptibility data using the
Vogel-Fulcher model
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Fig.8 Loss power density of the 2.0
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4 Conclusion

In this paper, Fe3O04 nanoparticles coated with PEG and
PVC nanoparticles were prepared by facile cathodic elec-
trodeposition method. The effect of dipole—dipole interac-
tions and powder compaction on magnetic properties has
been investigated through dynamic magnetic measurements.
By increasing the compaction of powders, the interparticle
interactions strength increased. From different AC and DC
magnetic characterizations, it was understood that magneto-
static interactions increase the magnetic hardness including
H., H,, and effective anisotropy constant (Kc¢r) of the sam-
ples. Increase of H. by increasing the applied pressure
confirms the presence of interacting unblocked nanoparti-
cles in the samples. The observed decease in the FC and
ZFC magnetizations by increasing the powder compaction
was attributed to the presence of random dipole—dipole
interactions.
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