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ABSTRACT

Spinel-type (S.G.= Fd3m) ZnFe,0, fine particles with sizes from 4 to 19 nm prepared by solvothermal
and microwave-assisted solvothermal methods have been studied by neutron powder diffraction at
room temperature. The cation distribution corresponding to mixed spinel structure (Zn?*.Fe:™)
[Fe3+,Zn2*]0, along with the unit cell parameter has been estimated after Rietveld refinement of
the obtained neutron diffraction data for all the samples. It has been found that the inversion degree
parameter (x) takes values between 0.11 and 0.20 depending not only on the particle size but also on
the synthesis conditions as well. All the samples behave as superparamagnetic with an effective
magnetic moment per particle (usp) from 7.0 x 10% to 7.7 x 10% ug. The sample obtained by microwave
assistance displays a different magnetic behavior as the ZFC and FC magnetic susceptibility and the
magnetization versus applied field hysteresis loop measured at 5 K suggest. This is related with the

Superparamagnetism

dipole interactions that are a consequence of the higher inversion degree and psp.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nanotechnology can be considered as one of the most fruitful
current scientific fields due to the new physical and chemical
properties discovered in nanomaterials, which are consequences
of the finite size effects [1-3]. An example can be found in single-
domain magnetic nanoparticles that display superparamagnetism
above a certain temperature (named as blocking temperature, Tg),
characterized by the absence of coercive field (H¢) and S-shaped
magnetization (M) versus applied field (H) curves [4,5]. This
interesting feature makes them to be under study to explore their
potential applications in several technological fields such as
magnetism, electronics or biomedicine [6-10]. Some of the most
studied magnetic materials correspond to ferrite compounds. In
this sense, it has been observed that ZnFe,04 compound presents
an intriguing magnetic behavior when it is nanosized [11].
Zn-ferrite crystallizes with spinel structure (S.G. = Fd3m, a=8.44 A)
in which the 0?~ ijons are arranged in a cubic close packing
occupying 1/8 of the tetrahedral (A) and 1/2 of the octahedral
(B) interstitial sites [12]. When ZnFe,04 compound is prepared in
the microscopic range, it presents antiferromagnetic behavior
below Ty=10K [13] due to a cation distribution corresponding
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to normal spinel (Zn?*+)[Fe3+]0%~ (where () refers to A-sites and
[] to B-sites). The Fe>* jons are located in B-sites yielding two
sublattices with opposite magnetic moment resulting in a zero
net magnetic moment. However, when it is prepared in the
nanoscale, the energy associated to the low particle size favors
a mixed cation distribution in which the Zn?* and Fe3* ions are
distributed along the A and B sites giving rise to the mixed spinel
structure (Zn?*Fe2 ™ )[Fe3*,]J03~, where x is the inversion degree
[14,15]. The two magnetic Fe*>* sublattices are therefore decom-
pensated giving a non-zero net magnetic moment of the particle.
This ferrimagnetic behavior is fully determined by the inversion
degree that has been found to depend not only on the particle size
but also on the synthesis method [16-18]. Hence, it is crucial to
get information about the inversion degree in order to understand
the magnetic behavior of the ZnFe,0, compound. This parameter
could be elucidated from the X-ray diffraction patterns as it is
reflected in the (2 2 0)/(4 0 0) intensities ratio [19] but it seems to
be difficult in the case of the Zn-ferrite as Zn>* and Fe** ions
present very similar structure factors. Thereby, it is necessary the
employment of other techniques such as Mdssbauer spectro-
scopy, XAFS measurements, nuclear magnetic resonance or EELS
that offer accurate information about the Fe3* occupancy
[18,20-22] In this sense, the neutron diffraction has been found
to be one of the most useful techniques, which not only reveals
the cation distribution [23,24] but also indicates the unit cell
parameter after Rietveld refinement of the obtained data.
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In this work, we present the influence of the particle size and
the synthesis conditions in the inversion degree that has been
calculated after Rietveld refinement of the neutron powder
diffraction data, for nanoscaled ZnFe,0, samples obtained by
the solvothermal and microwave assisted solvothermal methods.

2. Experimental section
2.1. ZnFe,04 nanoparticles obtained by solvothermal method

The synthesis of three samples with different particle sizes, Z4
(4nm), Z11 (11 nm) and Z19 (19 nm), was carried out following
the experimental details explained in a previous work [25].
Stoichiometric amounts of iron and zinc nitrates were dissolved
in ethylene glycol in a concentration of 10~% mol/ml in the case of
Z4 sample and 10~ mol/ml for Z11 and Z19 samples. Afterwards,
KOH was added as the precipitant agent (2.0 M for Z4 sample and
0.5 M for Z11 and Z19 samples) until pH=11, obtaining a brown
mixture that was transferred into an autoclave to be treated
under different solvothermal conditions (at 160 °C for 2 h for Z4
or 24 h for Z11 and at 200 °C for 288 h for Z19). The obtained
precipitates were recovered after filtering and washing with
distilled water.

2.2. ZnFe;0,4 nanoparticles obtained by microwave-assisted
solvothermal method

In order to obtain the Z14MW sample (14 nm), stoichiometric
amounts of iron and zinc nitrates were dissolved in ethylene
glycol in a concentration of 10> mol/ml to add later KOH 0.5 M
until pH=11. The obtained mixture was transferred into an
autoclave that was placed in a microwave synthesizer (ETHOS 1,
by Milestone) operating at 50 Hz and 1000 W to be treated at
200 °C (heating rate of 10°C/min) for 3 h. Afterwards, the
obtained product was filtered and washed with distilled water.

2.3. Characterization techniques

The structural phases of the samples were identified by X-ray
powder diffraction employing a Siemens D-5000 diffractometer
with CuKo radiation. Microstructural characterization was eval-
uated by transmission electron microscopy (TEM) using a JEOL-
2000FX microscope working at 200 kV. Neutron diffraction mea-
surements were carried out on the high resolution powder
diffractometer D2B (1=1.594 A) at the Institute Laue-Langevin
(Grenoble, France). The powder was placed in a cylindrical
vanadium can of 11 mm diameter and 40 mm height, and data
were collected in the 20 range between 6° and 160° in steps of
0.05° at room temperature and analyzed by the Rietveld method
using the FullProf program. Diffraction peaks were fit with the
Thompson-Cox-Hastings pseudo-Voigt function fixing the profile
parameters V and W to the D2B instrumental resolution values,
and refining the U and the cubic harmonic functions (Koo, K41, Ke1
and Kg) to take account of the Lorentzian size broadening for the
Laue class m3m. The background was determined by means of a
polynomial function. The thermal parameters were described as
an overall Debye-Waller factor [26]. Magnetic measurements
were done in a Quantum Design XL-SQUID magnetometer in the
temperature range of 4-300 K up to 5 T. Magnetic susceptibility
was measured after cooling the sample at 5 K in zero-field cooling
(ZFC) and in the case of field-cooling measurements (FC), the
sample was cooled in the presence of a 500 Oe field down to 5 K.

3. Results and discussion

The X-ray diffraction patterns showed in Fig. 1 indicate that
the four ferrite samples were obtained as single spinel phase.
Moreover, a broader diffraction maxima can be seen from Z19 to
Z4 revealing a decrease in particle size. In this sense, the particle
size has been estimated from the Scherrer formula [27]:

092
~ BcosO

where A corresponds to the CuKo radiation, f is the full width at
half max. for a reflection maximum located at 20) obtaining
values of 4.0, 11.0, 13.5 and 18.0 nm for Z4, Z11, Z14MW and
Z19 samples, respectively.

In Fig. 2 it can be observed representative TEM images
corresponding to the four samples. The estimated mean particle
size values obtained after measuring 100 particles of each sample
are collected in Table 2 and agree well with those determined
from the X-ray diffraction patterns. The TEM images show a
homogenous particle size for all of them and in the case of the
sample obtained by microwave assistance, a roughed particle
surface can be observed (Fig. 2c). On the other hand all the
samples present a rounded polyhedral morphology.

The structures of ZnFe,O, nanoparticles obtained under
solvothermal conditions and by microwave assistance have been
studied by neutron powder diffraction at room temperature
(see Fig. 3). The diffraction patterns were refined using the Fd3m
space group and the site occupancies were constrained between
cations on the same lattice site and between A- and B-sites. The
refined site occupancy and the fitting factor for each sample are
shown in Table 1. The unit cell parameter and cation distribution
corresponding to mixed spinel structure have been estimated after
Rietveld refinement of the data (values collected in Table 2), and
their evolution with the particle size is shown in Fig. 4. It can be
seen an increasing inversion degree from Z19 to Z11, which is
consistent with the general trend of increasing with the reduction of
the particle size seen in the previous work [28]. On the other hand,
taking into account the Z14MW particle size, this sample seems to
present a slightly higher inversion degree (x=0.20) compared with
the rest of the samples, revealing that the microwave energy
supplied during the synthesis induces a more random cation
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Fig. 1. X-ray diffraction patterns corresponding to ZnFe,0, samples with particle
sizes from 4 to 19 nm.
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distribution in the spinel structure. This corroborates the previously
reported [18] influence of the synthesis conditions on the inversion
degree. The Z4 sample exhibits a low inversion degree, which is
probably due to the low particle size. As it has been previously
reported from XPS results, the surface presents lower inversion
degree than the bulk [23,29]. This has been justified under
the consideration of the relatively easy structural reorganization of
the surface because the cations located on it can satisfy their lack of
coordination from the surrounding species of the atmosphere.
In this sense, as it is well known that Zn?>* ions tend to present
tetrahedral coordination, when the surface to volume ratio
increases, there is an augment of the proportion of Zn?* in
tetrahedral sites leading to a reduction of the inversion degree
[23,29]. This effect will be visualized in the case of very small
particles, like those of Z4 sample, where the surface effect becomes
more important than the bulk one.

In Fig. 4 it can be seen as well the evolution of the unit cell
parameter of the samples with different particle size and inversion
degree. It is well known that the large surface/volume ratio gives
rise to softening of the lattice vibrations, and consequently there is
an expansion of the lattice parameter [30]. This trend with the
decreasing particle size can be visualized in Fig. 4. Z19 sample is the

Table 1

Refined site occupancy and fitting factor for the samples obtained by the
traditional solvothermal method and the sample obtained by microwave
assistance.

Atom Site Sample
Z4 Z11 Z14MW Z19
Zny(1) 8a 0.840(8) 0.809(6) 0.802(6) 0.887(5)
Fea(1) 8a 0.160(8) 0.191(6) 0.198(6) 0.113(5)
Feg(1) 16d 0.5 0.5 0.5 0.5
Feg(2) 16d 0.420(4) 0.404(3) 0.401(3) 0.4434(24)
Zng(1) 16d 0.080(4) 0.096(3) 0.099(3) 0.0566(24)
(6] 32e 1 1 1 1
Fig. 2. Representative TEM micrographs of Z4 (a), Z11 (b), Z14MW (c) and Z19 72 1.890 1.932 1.928 2.300
(d) samples. All the shown images present the same scale.
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Fig. 3. Rietveld refinement of the neutron diffraction patterns obtained at room temperature for Z4 (a), Z11 (b), Z14MW (c) and Z19 (d) samples.
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Table 2
Cation distribution, unit cell parameter and magnetic parameters for the samples obtained by the traditional solvothermal method and the sample obtained by microwave
assistance.

Sample D? (nm) Cation distribution @ (A) x? T5(K) Hcs® (Oe) Hsp” (Mg) K3(erg/cm?) Ms,5°(Hg)

Z4 4.0(1) (ZnogsFeo.17)[Fe1.83Zno.17]04 8.46498 (15) 0.17 18 106 7.0 x 10? 3.4x10° 2.1

Z11 11.0 (3) (Znp.g1Feo.10)[Fe1.81Zng.19]04 8.45367 (10) 0.19 22 220 1.9x10% 2.3 x10° 2.0

Z14 MW 13.5(3) (Zno.soFeo.20)[Fe1.80Zn0.20]04 8.45256 (10) 0.20 35 215 7.7 x 10? 1.7 x10° 2.4

Z19 19.0 (4) (Zng goFeo.11)[Fe1.80Zn0.11]04 8.44085 (10) 0.11 21 385 9.3 x 10? 2.0x10° 13

2 D, particle size (major dimension); a, unit cell parameter; x, inversion parameter; T, blocking temperature; Hcs, coercive field at 5K; usp, effective super-

paramagnetic moment; K anisotropy constant; and Ms s, saturation moment at 5 K.
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Fig. 4. Unit cell and inversion degree parameters as function of the particle size.

only one that presents the characteristic unit cell parameter
a=8.44 A of the bulk normal spinel. The relative large particle size
together with the almost unaltered cation distribution respect to the
normal spinel ZnFe,0,4 allows this sample to preserve such char-
acteristic length. On the other hand, Z11 and Z14MW samples show
a higher unit cell parameter a==8.45367(10) and a=_8.45256(10) A,
respectively, corresponding to a more random cation distribution
and a lower particle size. Furthermore, the slightly higher value of a
corresponding to Z14MW sample could be related with its higher
disordered cation distribution. In the case of Z4 sample not only the
random cation distribution but also the low particle size contributes
to the increasing of the unit cell parameter value. Both effects
[24,30] fully justify the obtained a=28.46498(15) A value.

The magnetic susceptibility versus temperature for both ZFC and
FC processes is depicted in Fig. 5a for all the samples. The Ty value
for each sample has been estimated from the ZFC maximum
(Table 2) and the derivative of (yrc—)zrc) plot that reflects the
particle size distributions is depicted in the inset of Fig. 5a for each
sample. The high values of susceptibility reveal that, in all the cases,
the ferrite nanoparticles behave as superparamagnetic above the Tj.
At low temperature the magnetic susceptibility increases as the
particle size increases from 4 to 14 nm (Z4 to Z14MW sample)
because in single-domain nanoparticles, the magnetization and
therefore the magnetic susceptibility are affected by the coupled
moment carriers amount that increases when the particle size
increases [31]. This can be understood taking into account that, as
the spins surface is canted, the proportion of coupled moment
carriers decreases when the particle size becomes smaller due to the
increment of the surface/volume ratio [32,33]. In the case of Z19
sample, its ZFC and FC susceptibility curves present very low values
because the only visible effect is the inversion degree due to its low
surface/volume ratio. On the contrary, the high values of suscept-
ibility that Z14 MW sample presents can be related with its higher
inversion degree, thus increasing the proportion of coupled moment
carriers in the particles.
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Fig. 5. (a) ZFC and FC magnetic susceptibility for the different ZnFe,04 samples.
Inset shows the —d(jyrc— yzrc)/dT plots obtained from the magnetic susceptibility
measurements. (b) Inverse of the magnetic susceptibility versus temperature for
all the obtained samples. Inset shows the 5-200 K temperature range of the
mentioned plots.

In absence of an external magnetic field, the anisotropy energy
for an uniaxial and single-domain particle can be described by the
Stoner-Wolfhart formula [34]:

Eq =KVsin?6

where K is the anisotropy constant, V is the particle volume and 6
is the angle between the easy axis of the particle and the applied
magnetic field), where KV is the anisotropy barrier (U) that if it is
overcome by the thermal energy, the particle magnetic moment is
able to rotate (superparamagnetic regime). The well known
Néel-Brown [35] expression establishes the relation between
U and Tg:

U
T =Tgexp T
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where 7,, is the measuring time, 7q is the characteristic time and
kg is the Boltzman constant, which implies that the particle size
distribution determines the Ty distribution. Inset of Fig. 5a shows
the —d(yrc— )zrc)/dT curve that reflects the particle size distribu-
tion [36,37]. As it can be seen from the plots, all the samples are
monodisperse. On the other hand, while Z4, Z11 and Z19 samples
present similar T values (from 18 to 22 K) (see Table 2), eviden-
cing very similar anisotropy barriers at 500 Oe, Z14MW sample
presents a broad ZFC maximum and a higher Ty value (35 K) (see
Fig. 5a and Table 2). This can be attributed to two main effects:
the presence of dipolar particle interactions and a heterogeneous
particle size distribution; but taking into account that the
—d(xrc— yzrc)/dT plot reveals a monodisperse sample (inset
Fig. 5a), only the first effect can justify the T value and the width
of the ZFC maximum [38,39].

In Fig. 5b the inverse of the magnetic susceptibility versus
temperature is depicted for all the samples in the 5-300 K range.
It can be clearly distinguished two different slopes corresponding
to the two Curie-Weiss behaviors that describe the superpara-
magnetic and paramagnetic regimes, respectively. As it can be
observed, Z14MW sample presents a larger temperature range,
from 35K (Tg) to 175K approximately, in which the sample
illustrates superparamagnetic behavior.

It is well known the Langevin [4] expression that describes the
temperature and magnetic field dependence of the magnetiza-
tion:

Nu?H
3KBT

MH,T) =
Therefore, the susceptibility for a superparamagnetic particle
is described by the well-known Curie law:

M N> Msu
Asp=1 = =
H  3xgT  3xpT

where u=MsV, and N=1/V is the density of particles per unit
volume.

The magnitude of p characteristic of each behavior can be
calculated from the slope of the 1/y versus T plot. In this sense, it
has been calculated the effective magnetic moment correspond-
ing to the superparamagnetic regime (usp) for each sample
(Table 2). It can be seen in the following order: psp z1avw > U
sp_z11 > Usp_z19 > Usp_za. The effective usp value depends on the
amount of coupled moments carriers, which is proportional to the
particle size and the inversion degree parameter. Thus, Z19
sample presents very low usp taking into account its relatively
large particle size, because it presents a low value of inversion
degree (x=0.11). The low fraction of Fe>* that occupie A-sites in
Z19 sample provokes a weak ferrimagnetic correlations inside the
particle causing the low value of usp. Although Z4 sample presents
a lower usp value than that corresponding to Z19 sample, it is
slightly higher than expected taking into account its low particle
size. But this fact is understood considering its higher inversion
degree. The Z11 sample presents higher usp than Z4 and Z19
samples because it exhibits higher inversion degree and a relative
large particle size. In the case of the Z14MW sample, both
parameters are large and therefore the sample presents the
highest magnitude of usp. This large value of usp would justify
the dipolar particle interactions that previously have been con-
sidered, the cause of the higher T value and a broader ZFC curve.

Magnetization versus applied field (M versus H) measured at
5 and 250K is plotted for all the samples in Fig. 6a and b,
respectively. All the samples present a hysteresis loop at 5K
typical of a ferrimagnetic material. The coercive field (Hc),
saturation moment (Ms) and anisotropy constant (K) correspond-
ing to the different samples are collected in Table 2. The Ms and K
values were obtained from M versus H experimental data fitting
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Fig. 6. (a) Magnetization versus applied field hysteresis loops measured at 5 K for
all the ZnFe,0,4 samples. Inset shows an augment of the plots. (b) Magnetization
versus applied field hysteresis loops measured at 250K for all the ZnFe,0,4
samples.

in the 1-50 KOe range to the approach to saturation law:

a b
M(T):M5<1—ﬁ—m>+cH
b 8 K

~ 105 M2

where a is a constant, and c is the magnetic susceptibility in the
field range indicated.

As the Ms value reflects the inversion degree of each sample, it
could be said that the obtained data is in agreement with the
calculated inversion degree. Thus, while Z19 sample presents the
lowest Ms value due to its lowest inversion degree, Z14MW
sample that presents the highest x parameter also has the highest
Ms value. Finally, Z4 and Z11 samples present similar Ms values
because their inversion degree parameters are also very similar.

It can be seen from Table 2, a general trend of diminishing the
anisotropy constant value as the particle size increases (although
Z14MW presents a slightly lower value). A similar trend has been
previously found in solvothermally obtained nanoparticles whose
anisotropy constants were estimated from Mdossbauer spectro-
scopy [40]. This fact is related with the increase in surface/volume
ratio as the particle size decreases. In this sense, as the particle
size gets reduced, the surface anisotropy gains importance and
the effective anisotropy is larger.

The critical particle size (17 nm) for ZnFe,O4, nanoparticles
was estimated from the Hc versus particle size plot at 5K in a
previous work [25]. Below such value, it was observed an
augment of the Hc value with the particle size corresponding to
the single-domain regime [31]. This trend can be observed as well
from Z4 to Z14MW samples, and Z19 sample would belong to the
multi-domain regime. Taking into account that the corresponding
Hc value to the critical particle size (17 nm) is 450 Oe, it seems to
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be that the Hc value that corresponds to Z14MW sample (215 Oe)
does not follow this trend as it is lower. It has been pointed out in
other works that the surface anisotropy seems to control the Hc
parameter [41]. In this case, the particle interaction that this
sample seems to present would slightly decrease the surface
anisotropy causing a lower value of the Hc parameter [42,43] and
the effective anisotropy constant (see Table 2).

The M versus H plot at 250 K (Fig. 6b) for all the samples
reveals an almost paramagnetic behavior with low magnetization
regardless of the applied field. In the case of the Z14MW sample,
the M versus H curve shows higher Ms value. This is in agreement
with its inverse susceptibility curve that shows a lower loss of the
effective magnetic moment at that temperature, compared with
the rest of the samples, as it can be seen in Fig. 5b.

4. Conclusions

Nanosized ZnFe,04 particles with sizes of 4, 11 and 19 nm
have been prepared by the solvothermal method. Another sample
of 14 nm particle size has been synthesized by microwave
assisted solvothermal method. Neutron powder diffraction mea-
surements at room temperature reveal an increasing inversion
degree from Z19 to Z11 sample due to the reduction of the
particle size. The Z14MW sample presents a slightly higher x
parameter corroborating the effect of the synthesis conditions in
the inversion degree. On the other hand, Z4 sample exhibits a
lower inversion degree due to its small particle size. It has been
found that the unit cell parameter increases with the decreasing
of particle size and increment of the x value. On the other hand,
the sample obtained by microwave-assistance presents a slightly
higher value of a, which agrees with its slightly high value of x.

All the samples behave as superparamagnetic and they seem
to be monodisperse as their —d(yrc— xzrc)/dT plots indicate. This
leads to believe that the broad ZFC maximum in the case of the
sample obtained by microwave assistance is a consequence of
dipolar particle interactions probably related with the higher
inversion degree and ygp.

The M versus H hysteresis loops at 5K indicate that all the
samples behave as ferrimagnetic at that temperature. It has been
calculated the Ms and K for all the samples after fitting the
experimental data to the approach of saturation law. It has been
found a decreasing K value with the augment of the particle size,
and also that the Mg values are in agreement with the calculated
inversion degree for each sample. The sample obtained by
microwave assistance presents a slightly low value of Hc and K,
which can be justified under the consideration of particle
interactions.
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