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Abstract

Magnetization and Mossbauer studies have been performed on the polymer
coated magnetite nanoparticles with particle size from 5.1 to 14.7 nm. The
maximum in the temperature dependence of magnetization (7yr) is found to be
inconsistent with the particle size (Drgm). The effective magnetic anisotropy
(Kay) is found to increase with the decrease of Dtgy, which is attributed to
the increase of surface anisotropy. The absence of coercivity and remanence
of magnetization noticed well above Ty indicate superparamagnetic behaviour,
which has also been observed in the temperature dependent Mossbauer results.
The temperature dependence of hyperfine field is found to follow a similar
dependence to saturation magnetization for bulk magnetite.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The investigations on nano-scale magnetism have been the subject of intense research
because of the unusual magnetic properties, which are significantly different from their bulk
properties [1]. In the case of magnetic nanoparticles, the interplay between the intrinsic
properties and interparticle interactions is crucial to control the overall magnetism. The
intrinsic properties are strongly dependent on the size, shape, and nature of the single domain
structure [2]. On the other hand, the recent studies have shown that the magnetic properties of
nanoparticles are also extremely sensitive to the interparticle interactions [3-8].

The investigation on the magnetic properties of magnetite is one of the central issues in
magnetism because of the technological importance as well as the interesting fundamental
properties [9]. Even today, the low temperature properties of the compound are not well
understood, and still remain at the focus of active research. Here, magnetite has been chosen
for the study to investigate the role of particle size dependence and interparticle interaction in
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Table 1. The characteristic features of magnetite nanoparticles. (Poly: polyelectrolyte. W
(%): percentage of weight of polyelectrolyte in the powdered samples. o: standard deviation,
o =[Zn;(D; — DTEM)Z/(N — D15, n; being the number of particles having diameter D;, Dtem
being the average diameter = (Xn; D;)/N, N being the total number of particles.)

Sample  Poly W (%) Digm (nm) o
P5 PAA 13.12 5.1 0.42
P7 PAA 12.12 7.0 0.58
P15 PAA 11.72 14.7 4.20
N10 NaCMC  13.4* 10.5 0.60
2 Error = +0.5.

magnetic nanoparticles. Magnetite belongs to the spinel ferrite materials group, which exhibits
cubic structure with space group Fd3m at room temperature [10]. The general chemical
formula of magnetite is Fe3O4, written as Fe3t[Fe?t, Fe’t]0,4 from an ionic point of view,
where octahedral ions in the bracket occupy the 16d (B) site and the 8a (A) site is occupied by
the tetrahedral ions before the bracket. Since Fe?* and Fe** coexist at the same crystallographic
site, the structure is called the inverse spinel structure. Magnetite orders ferrimagnetically
below Ty = 860 K, where tetrahedral and octahedral ions are aligned ferromagnetically within
each sublattice and antiferromagnetically between the two sublattices [11, 12]. The magnetic
structure agrees with the saturation magnetic moment, ~4 wp/ion, determined experimentally
using neutron diffraction results [12, 13]. Magnetite also undergoes another Verwey transition
at Ty ~ 120 K, where the charge ordering between Fe’* and Fe’* has been observed
below Ty [14]. However, the recent experimental results demonstrate the lack of ionic charge
ordering [15].

In the case of magnetite nanoparticles the magnetic properties display wide varieties of
interesting properties in contrast to their bulk counterparts, where magnetism of these particles
is strongly sensitive to the different synthesis procedures [16, 17]. In the present study,
the magnetism of the polymer coated magnetite nanoparticles has been investigated on the
particles of average diameter (Dtgm) 5.1, 7.0, 10.5, and 14.7 nm using magnetization and
Mossbauer studies, where magnetic properties are discussed by focusing the role of particle
size dependence and the nature of the interparticle interaction.

2. Experimental procedures

Nearly monodisperse magnetite nanoparticles of variable sizes were synthesized by alkaline
hydrolysis of iron(II) ions in the presence of two polyelectrolytes, namely, poly(acrylic acid)
(PAA) and sodium salt of carboxymethyl cellulose (NaCMC) by the techniques described in
our earlier report [18]. The single phase of the magnetite nanoparticle was characterized by x-
ray powder diffraction and electron diffraction using transmission electron microscope (TEM)
described in our earlier report [18]. The characteristic features of the magnetite nanoparticles
taken for the present study are given in table 1. The samples have been defined as P35,
P7, P15, and N10 for simplicity, where PS5, P7, P15, and N10 stand for the PAA coated
magnetite particles of Dygy 5.1, 7.0, 14.7 nm and NaCMC coated particles of Dty 10.5 nm,
respectively. The attachment of the polymer on the particle surface was confirmed by FTIR
spectroscopy [18]. The amount of the polymer content (given in table 1) was estimated
by thermogravimetric analysis using a Mettler Toledo Star System TGA/SDTAS851e in the
presence of N, gas. The magnetization study was performed using a commercial SQUID
magnetometer (Quantum Design, MPMS-5). The Mdssbauer spectrum was recorded in a
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Figure 1. Temperature dependence of zero-field cooled (ZFC) magnetization for P5, P7, P15, and
N10 and field cooled (FC) magnetization for PS, P7, and N10. The arrows indicate the maximum
in the temperature dependent ZFC magnetization.

transmission geometry using a ~370 MBq >’Co source in a Rh matrix with a Wissel velocity
drive unit in a constant acceleration mode. The Mossbauer parameters were estimated with
respect to a-Fe.

3. Experimental results

In order to understand the magnetic properties of the magnetite nanoparticles the magnetization
was measured as a function of temperature and magnetic field. The field cooled (FC) effect
of magnetization as a function of temperature is shown in figure 1 for P5, P7, P15, and
N10 measured at 0.01 T under both zero-field cooled (ZFC) and FC conditions. In the
case of the ZFC condition the samples were cooled down to the desired temperature without
magnetic field and the magnetization was measured in the heating cycle after the application
of magnetic field, while for the FC measurement the samples were cooled down to the desired
temperature with magnetic field and the magnetization was measured in the heating cycle like
a ZFC measurement. The onset temperature of branching between ZFC and FC magnetization
(Mpgc) is noticed above the broad maximum (7y) in the temperature dependence of ZFC
magnetization (Mzgc) for PS, P7, and N 10, while 7y is not observed for P15 up to 300 K. The
values of Ty were estimated from the change of sign of dMzpc/dT in the plot of dMypc/dT
against temperature, and are given in table 2. The values of Ty were found to be 162, 142,
and 154 K for P5, P7, and N10, respectively, which do not indicate any consistency with the
particle size. If it is assumed that the blocking temperature, 7T, is close to Ty in the present
observation, T can be related as

KanV/(ksTg) = In(tfy), (1

for a random distribution of particles with a single magnetic domain [19]. Here, V, K,,, ¢, and
fo are the average particle volume, the effective anisotropy energy density of the particle, time
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p Figure 2. Magnetization curves for PS5, P7, and N10 at 300,
H (10" A/m) 295, and 345 K, respectively.

Table 2. Effective anisotropy energy density, K,,, upper limit of magnetic size, Dy, magnetization
at 5 T above Ty, Ms(T), coercive field, H., remanence magnetization, M,, magnetization at 5 T
and 5 K, M;.

From magnetization curves above Ty (figures 2 and 3) From magnetization curves at 5 K (figure 5)

Sample Dy (nm) M(T) (ug) K (10°Tm™3)  H.(T) M, (uB) M (u)
pP5 8.0% 1.42° 0.18¢ 0.03454 0.48° 1.79%
P7 9.0 1.40° 0.12¢ 0.0267¢ 0.53% 1.82b
P15 — — — 0.02324 0.62° 1.88b
N10 10.52 1.21° 0.09¢ 0.02604 0.61° 1.75%

2 Error = +0.25.

b Error = 40.02.

¢ Error = £0.005.
4 Error = 40.0005.

of measurements, and frequency at the O K limit, respectively. The value of In(zfy) ~ 25 is
typically used assuming ¢ = 100 s for dc magnetization measurement and fy = 10° s~!. The
values of K, are estimated to be 3.1 x 10°, 1.8 x 10°, and 1.0 x 10°> J m~3 for P5, P7, and
N10, respectively, where the values are found to be larger than that of the reported values for
magnetite nanoparticles [17, 20, 21]. The values of K,, are overestimated, which may be due
to the simplification of negligible interparticle interaction among the particles. In such a case,
the non-negligible interparticle interaction may take a leading role for the broad peak behaviour
of Mygc noticed for PS5, P7, and N10. In addition, the particle size distribution may introduce
the distribution of blocking temperature, resulting in the broad peak around the average value
of the blocking temperature.

Hysteresis of magnetization was measured well above and below Ty;. In figure 2 the
magnetization curves measured well above Ty for P5, P7, and N10 do not show the coercivity
and remanence of magnetization. In the absence of remanence and coercivity, the magnetic
sizes (D) of the particles are estimated from the initial susceptibility, x; = (dM/dH) g0,
which mainly arises from the largest particles. The upper limit of Dy; may be estimated using
the formula

Dy = [(18ks T /7) (xi | pMD]', )
where p is the density of Fe;O4 (5.18 g cm3). The values of xi were determined from
the linearity of the magnetization curve near H = 0. Using the values of saturation of

magnetization the estimated upper limit of Dy are estimated to be 8, 9, and 10.5 nm for P5, P7,
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and N10, respectively, which are consistent with the average particle size obtained from TEM
observation. The upper limits of Dy for P5 and P7 are found to be slightly larger than those of
D1gm ~ 5.1 and ~7.0 nm. On the other hand, the value of Dy is ~10.5 nm, which is equal
to the value of Dygy 10.5 nm for N10. In the case of nanoparticles with distribution of particle
size, the maximum magnetic size is determined by the larger particles of the distribution. Thus,
slightly larger values of Dy than the average value of physical size are reasonable for PS5 and
P7. On the other hand, the equal values of Dy and Drgym noticed for N10 may indicate
the formation of a surface shell with spin disorder, which may create a dead magnetic layer
originated by the demagnetization of the surface spins.

In order to understand the nature of field dependence of magnetization in the
superparamagnetic regime, the magnetization curves were analysed using the law of approach
to the saturation of an assembly of particles with uniaxial anisotropy [22],

M(H) = M{(T)[1 — ks T/M(T)vH — 4K /15M(T)> H?] + xoH, 3

where M;(T) is the saturation magnetization at a particular temperature and y is the high field
susceptibility. The best fit of the magnetization curves using equation (3) are shown in figure 3
for P5, P7, and N10 by considering volume (v), K, M(T), and g as free parameters. The
values of the magnetic size obtained from the fitting are almost same with those values obtained
using equation (2), as seen in table 2. The estimated values of K,, seen in table 2 are close to
those found in the literature for magnetite nanoparticles [17, 20, 21]. The value of K,, includes
several intrinsic factors, which are mainly volume, surface, shape, and magneto-crystalline
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anisotropies in the case of noninteracting particles with a single magnetic domain. The effective
anisotropy energy may be simplified as

Ean == KVU + KSS, (4)

by neglecting the other terms, where K and K are the uniaxial volume and surface anisotropy
constants, and v and s are the volume and surface area of the particle, respectively. For particles
with average diameter D, equation (4) gives

ds
Kn=K,+ BKS. (5)

By using equation (5) the values of K,, obtained from equation (3) are plotted against
the inverse of Drgym seen in figure 4, considering a; = 6 for spherical particles, which
holds satisfactorily for different nanometric particles [23]. The linear fit of the plot gives
K, = 020 x 10° Jm™3 and K; = 0.15 x 10° Jm™2. The value of K, is found to be
much smaller than the value of K,, for bulk magnetite (~0.9 x 10* ITm™3 at 300 K) [24].
If the particles are assumed to have perfect spherical shape, the symmetry arguments show
that the surface anisotropy normal to the surface is zero. Therefore, the value of as should
not be six to get nonzero value of K, which may be a more complex function reflecting the
particular magnetization reversal process due to the strong uniaxial anisotropy of surface atoms.
In addition, the incoherent rotation of the spins on the surface of the particles may also lead to
a more hysteretic behaviour, resulting in an additional contribution to the effective anisotropy.
Thus, the simplified picture of equation (5) does not hold in the present observation in order to
give a realistic value of K.

The hysteresis of magnetization for example, for P15 and N10 under the ZFC condition, is
shown in figure 5(a) with small coercivity and remanence of magnetization at 5 K. The values
of coercive field (H.) and remanence of magnetization (M,) are given in table 2. The values
of H. increase, while M, decrease with the decrease of Drgy. The strong effective anisotropy
enhances the coercivity [25], which is noticed in the present observation, where the coercivity
increases with the decrease of particle size. In figure 5(b), the hysteresis of magnetization
indicates the saturating tendency around 5 T. However, the values of magnetization (M;) at
5 K and 5 T for all the cases are much smaller than the saturation moment (~4 ug) of bulk
magnetite. As seen in table 2, the values of M increase with Drtgy for the PAA quoted
particles. On the other hand, the value of M, for an NaCMC coated sample of Drgy 10.5 nm
is less than that of those PAA coated samples, which is even less than the value of P5 of Drgym
5.1 nm.
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Figure 5. (a) Hysteresis of magnetization at 5 K in the low field range for P15 and N 10, indicating
the nature of remanence and coercivity, and (b) in the whole field range for P5, P7, P15, and N10.

In order to gain further insight into the magnetic properties, the Mossbauer study has been
performed on sample N10. Mdssbauer spectra were measured under zero magnetic field in
the temperature range between 4.2 and 300 K. Different characteristics of the spectra with
temperature are shown in figure 6. If the magnetic anisotropy energy is close to the thermal
excitation energy, the fast fluctuation of the moment of fine particles with single magnetic
domain exhibits superparamagnetic relaxation, which is expected to follow the Néel-Brown
expression [26, 27],

T(T) = toexp(Ewm/ksT), (6)

where 7 is the superparamagnetic relaxation time and E,, is the magnetic anisotropy energy.
The value of 7o is typically found to be in the order of 107°-10'! s, which is almost
independent of temperature. In such a case, the observed magnetic features depend on the
observation time of the experiment (7,ps). In the case of the Mossbauer study, the magnetically
separated sextet pattern, bearing the characteristics of an ordered state, is observed when
T 3> Tops at a particular temperature. The features of superparamagnetic relaxation start
to appear by reducing the splitting of the sextet pattern, when both the timescales become
comparable. The sextet pattern collapses into a quadrupole doublet or singlet at a particular
temperature, while 7 << Tobs in the extreme case. The appearance of a mainly quadrupole
doublet in figure 6 indicates the signature of superparamagnetic relaxation at 300 K. With the
decrease of temperature the sextet pattern starts to develop associated with the decrease of line
width. In the case of Mossbauer study, the blocking temperature is obtained when the equal
area of the quadrupole doublet and magnetically separated components are found at a particular
temperature [28]. Here, the blocking temperature observed from Mossbauer spectra is above
192 K, which is much larger than that of the maximum in the temperature dependence of
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Figure 6. The characteristic features of Mossbauer spectra at different temperatures for N10.

magnetization (T = 154 K). As seen in equation (1) the observation of blocking temperature
strongly depends on the time window of the experiment (¢), where the value of 7 for Mdssbauer
study (~1077 s) is much less than the value of ¢ for magnetization study. Thus, the blocking
temperature obtained from Mdossbauer spectra is found to be larger than that of the value
obtained from magnetization studies [29].

As seen in figure 7(a), the spectrum at 4.2 K could not be fitted well by considering a unique
hyperfine field. In order to fit the spectrum satisfactorily, we fitted the spectrum (figure 7(b))
using the least square fitting program NORMOS [30], where a distribution function, P (H ), of
the hyperfine field has been taken into account. The nature of distribution of the hyperfine field
is shown in figure 8, where the range of the hyperfine field is observed in between ~45 and
~55 T for the majority of the particles. However, the value of the average hyperfine field of the
majority of the particles was close to the estimation of hyperfine field, Hyy, ~ 51.71 T, from
least square fitting by assuming a unique hyperfine field, which is also close to the values for
bulk magnetite [31]. The values of isomer shift (IS) and quadrupole shift (QS) obtained from
the least square fitting were given in table 3 by considering a unique hyperfine field. The values
of IS were found to vary in the range 0.39-0.45 mm s~!, while the value of QS is found in the
range —0.02 to —0.03 mm s~ at different temperatures as seen in table 3.

The low energy collective excitations of an ordered magnetic system are known as spin
waves or magnons. In the thermodynamic equilibrium, spin waves result in a decrease of the
spontaneous magnetization with increasing temperature, which has the following form in the
low temperature range [32, 33]:

M(T) = Ms(0)[1 — BT"], (N
where M;(0) is the spontaneous magnetization at 0 K and B is a constant, which is closely
related to the exchange integral, J (B ~ 1/J%). Equation (7) is known as the Bloch 737

law for ¢ = 3/2, which has been verified experimentally for most of the bulk materials [32].
However, different values of ¢ have also been reported for some of the bulk spinel ferrites [32].
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Table 3. Fitted Mossbauer parameters at different temperatures for N10. (IS: isomer shift.
QS: quadrupole shift.)

T (K) IS(mmsh) QS (mms~!)

42 0.39* —0.02°
21.0  0.45% —0.02°
77.0  0.44% —0.03b

102.5  0.422 —0.03b
1235 0.40* —0.03"
1700 0.39* —0.03"
1920  0.40* —0.03"

2 Error = £0.01.
b Error = £0.005.

For fine particles and clusters some theoretical calculations as well as experimental results [2]
have shown rather a wide range of the values of ¢ between 0.3 and 2.
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Figure 9. (a) Temperature dependence of the hyperfine field. The continuous (red) curve indicates
the fitting using equation (7) in the text with ¢ = 2 and the broken (blue) curve indicates the same
with & = 3/2. (b) The plot of 1 — Hyyp(T)/ Hnyp(T) against T2 and the continuous (red) line shows
the fitting with ¢ = 2.

In the case of bulk magnetite, equation (7) was verified for ¢ = 2 with M (0) =
502.5 x 103 Am~" and B = 5.54 x 1077 K2, where the values of spontaneous magnetization
was determined from the magnetization curves at different temperatures [33]. A tentative fit of
the temperature dependence of the hyperfine field is shown in figure 9(a) using equation (7) for
both ¢ =2 and 3/2. The plot of 1 — Hyyp(T)/ Hpyp(T) against T? is shown in figure 9(b). The
fitting of Hpyp(T') is found to be satisfactory for both the exponents within the experimental
errors. In order to compare these results with those for bulk magnetite, the value of Hyy,(0) is
obtained to be 51.95 T with B = 21.54 x 1077 K2 for ¢ = 2, indicating that the value of J is
reduced to ~0.5 of the bulk value.

4. Discussions

Temperature dependence of Mdssbauer results indicates the evidence of typical features of
superparamagnetic behaviour above 192 K for N10. In accordance with the Mdssbauer results
the magnetization curves well above Ty do not show any remanence and coercivity for PS5,
P7, and N10, suggesting the characteristic features of superparamagnetism. In the case of
noninteracting nanoparticles, the superparamagnetic blocking temperature decreases with the
particle size [1, 2]. The blocking temperature is usually determined at the maximum in the
temperature dependence of magnetization, where thermal energy becomes comparable to the
anisotropy barrier [26, 27]. In the present observation, the maximum in the temperature
dependent magnetization does not show any consistency with the particle size, which indicates
that Ty is not a typical superparamagnetic blocking temperature of non-interacting particles,
rather indicating non-negligible interparticle interactions. The interparticle interactions are
mainly (i) dipole—dipole interaction and (ii) exchange interaction through the surface of the
particle. In the case of polymer quoted particles the second term may be neglected, where the
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interparticle interaction is mainly dominated by the dipolar interaction. The anisotropic dipolar
interaction favour ferromagnetic or antiferromagnetic alignments of the moments depending
on the geometry, which may give rise to the necessary ingredients for the spin-glass states,
namely, random distribution of easy axes associated with the magnetic frustration [1, 23].
In addition, the surface effects for fine particles are also non-negligible in most of the cases
because of the considerable increase of the surface spins to the total number of spins. The
surface effect essentially results from the lack of translational symmetry at the boundaries
of the particle because of lower coordination number and the existence of broken magnetic
exchange bonds, which are responsible for the spin disorder or random spin canting associated
with the occurrence of spin frustration [1]. In the present observation, the field cooled effect of
magnetization does not indicate the typical feature of superparamagnetic behaviour, where the
FC magnetization usually exhibits the increasing trend with the decreasing temperature below
the superparamagnetic blocking temperature. Instead, the FC magnetization in the present
observation rather exhibits a tendency of a broad maximum below 7y, suggesting the feature
of glassy behaviour.

If we look on the PAA quoted samples only, the values of M decrease with the particle size
(table 2). The reduction of My is commonly noticed for ferrimagnetic and antiferromagnetic
oxides [1, 34], in contrast to the enhancement of magnetization for few metallic ferromagnetic
nanoparticles [35, 36]. However, the reduction of magnetization in the oxide nanoparticles
is a specific phenomenon of these materials, which is mainly due to the formation of a
surface shell with spin disorder because of the competing antiferromagnetic interactions.
This fact is interpreted by postulating the existence of a dead magnetic layer originated by
the demagnetization of the surface spins, which causes a reduction of M because of its
paramagnetic behaviour [1, 34]. The other possibility is the existence of random canting of
the surface spins caused by the competing antiferromagnetic interactions between sublattices,
which was proposed by Coey to account for the reduction of My in ferrimagnetic y-Fe,03
particles [37]. He found that even a magnetic field of 5 T was not enough to align all the
spins along the field direction for particles 6 nm in size. It has been commonly recognized
that the decrease of M indicates the misalignment of spins, though the origin of the lack of
full alignment of spins in the fine particles of ferrimagnetic oxides is still a subject of research,
where no clear conclusion has been established. In the present case, the origin of misalignment
of spins is also not clear from the present experimental results. However, the nature of the
magnetization curve at 5 K with saturating tendency around 5 T does not fit satisfactorily with
the idea of spin canting; rather, it suggests the possibility of a magnetic dead layer on the
particle surface.

5. Summary

We have demonstrated the magnetization and Mossbauer results on the polymer coated
magnetite nanoparticle with average particle size from 5.1 to 14.7 nm. The maximum in
the temperature dependence of magnetization is found to be inconsistent with the particle
size, where the maximum does not correspond to the blocking temperature. The temperature
dependence of magnetization associated with the nature of the field cooled effect indicates
the existence of non-negligible dipolar interaction. The effective magnetic anisotropy energy
densities increase with the decrease of particle size, which are suggested to be due to the
increase of surface anisotropy. In accordance with the increase of anisotropy, the values of
coercive field increase, while the decrease of remanence of magnetization with the increase of
particle size is noticed at 5 K. On the other hand, the absence of coercivity and remanence of
magnetization is observed well above Ty, indicating the characteristics of superparamagnetic
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behaviour. In accordance with the magnetic results the features of superparamagnetic relaxation
are observed in the temperature dependent Mossbauer results. The temperature dependence of
hyperfine field follows the similar dependence to saturation magnetization though the exchange
integral is weakened to half of the bulk counterpart.
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Erratum

Interparticle interaction and size effect in polymer
coated magnetite nanoparticles

M Thakur, K De, S Giri, S Si, A Kotal and T K Mandal
J. Phys.: Condens. Matter 18 9093-9104

The value of the surface anisotropy constant K as obtained
from equation (5) in the 11th line from the top of page 9098
should be K; =0.15 x 10~* Jm~2.
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