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ABSTRACT

We investigated the effect of gadolinium doping (1-5 at.%) on the magnetic and
dielectric properties of Fe;O4 nanoparticles, synthesized by the chemical co-precipitation
technique, primarily to understand the onset of multifunctional properties such as ferroelectricity
and magnetodielectric coupling. The substitution of larger Gd** ions at smaller Fe** octahedral
sites in inverse spinel Fe3;O4 has significantly influenced the morphology, average crystallite size
and more impertantly, the magneto-crystalline anisotropy and saturation magnetization. The

magneto-crystalline anisotropy and the saturation magnetization decreases substantially,
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however, significant increase in the average crystallite size is observed upon Gd doping.
Furthermore, temperature dependent dielectric studies suggest that these nanoparticle systems
exhibit relaxor ferroelectric behavior, with much pronounced ferroelectric polarization moment

recorded for 5 at,% Gd doped Fe;O4 as compared to its undoped counterpart.
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. INTRODUCTION

Iron oxide and its derivative nanoparticle systems have attracted considerable attention
because of their potential applications ranging from magnetic recording to cancer research" 2,
There are numerous studies performed on undoped and doped Fe;Oy4 nanoparticle systems’*,

and also omwmagnetite-based nanocomposites '

in an attempt to tune their magnetic and
dielectric properties for effective technological and biomedical applications. In conjunction with
such technelogical potentials, there are several unanswered questions regarding their physical
propertiessstich as Verwey transition (a transition between conducting and insulation state at
Verwey transition temperature Ty ( ~122K) where Fe;04 exhibits conducting state above Ty and
insulating state_below Ty), the onset of ferroelectricity, and magnetodielectric coupling as a
function oferystallite geometries and doping in Fe;O4 matrix. Among these, Verwey transition
is very sensitive’to the stoichiometry of Fe;O4 system and is usually not observed in defective or
non-stoichiometric samples. The relatively larger rare-earth ions have been used for doping in
inverse spipel systems to induce strain modulated physical properties useful for magneto-optical
recording 2 MRI contrast agents 13 etc. For example, the doping of Gd** into the inverse spinel
cobalt ferrite prepared through different synthetic routes has altered the average crystallite size,
lattice constanfS and more importantly the magnetic properties' '>. Till date, prominent studies
conducted offgadolinium—doped magnetite nanoparticles (GdFO) are focused on the lattice site
modification using Gd’* dopant in the spinel structure'®, their respective low-temperature

8, 13

magnetic properties'’ and related biomedical applications . Furthermore, the presence of

heavy metal Gd ion with a highly magnetic Fe ion could possibly make GdFO a better candidate
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for multimodal imaging purposes'™ '

. The simultaneous presence of more than one functional
property in GAFO nanomaterials may provide the additional degree of freedom, which can be
used as an external controlling stimulus for the desired applications. In the present study, we
aimed for investigating the effect of gadolinium doping on the magnetic, dielectric, ferroelectric
and magnetodielectric properties of Fe;O4 nanoparticles. We observed that the substitution of
Gd*" ions at Fe>' sites in Fe;O4 matrix has significantly influenced the average crystallite size,
the satufation magnetization, dielectric and ferroelectric properties. The average crystallite size,
estimated from X-ray diffraction (XRD) using Scherrer equation, increases with increasing Gd
doping fraction and the saturation magnetization drops monotonically in the presence of excess
Gd** ions. dnterestingly, GdFO develops enhanced ferroelectric ordering at low temperatures.
The details*of" the temperature dependent dielectric, ferroelectric and magnetodielectric

measurements are discussed to understand the onset of charge-spin-lattice coupling in Gd-doped

Fe;O4 system.

[I. EXPERIMENTAL DETAILS

The“undoped (denoted by FO) and GdFO nanoparticles were synthesized using the
chemical “eo-precipitation technique'’, with GdCl3.6H,O serving as the dopant material.
Aqueous solttions of FeCls . 6H,0, FeCl, . 4H,0, and GdCl; . 6H,0O were mixed in a beaker in
a molar ratio of 1.85:1.00:0.15 to synthesize 5 at.% GdFO nanoparticles. Initially, GdCI; . 6H,0O
was added'to the FeCl; . 6H,O solution, dissolved in deionized water and then after few minutes
of stirring, an“aqueous solution containing FeCl, . 4H,O was poured into it. If the sequence, in
which thesewsalts are added, is altered, the saturation magnetization of these nanoparticles may
get affected ''. The entire reaction was carried out in N, atmosphere in order to avoid the partial
oxidation of Fe*'to a-FeOOH as found in a previous study . For the preparation of 1 at.% and
2.5 at.% GdEO.nanoparticles, FeCl; . 6H,O, FeCl, . 4H,O and GdCl; . 6H,O were mixed in
molar ratios.of 1.97:1.00:0.03 and 1.925:1.00:0.075 respectively and the same procedure'’ was
adopted forgsequential mixing. For simplicity, the 1, 2.5 and 5 at.% GdFO nanoparticles are
marked as 1GdFO, 2.5GdFO, and 5SGdFO respectively for later discussions.

1. RESULTSAND DISCUSSION
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The XRD spectra (Figure 1(a)) on undoped and GdFO powder samples were performed
using a Rigaku MiniFlex 600 x-ray diffractometer (CuKo; radiation). All the observed
diffraction peaks are indexed (JCPDS card number: 85-1436), suggesting the formation of
phase-pure.inverse spinel crystal structure of Fe304. Most likely, Gd** ions (ionic radii ~ 0.093
nm) are replacing the Fe®* ions (ionic radii ~ 0.064 nm) of the octahedral sites in inverse spinel
Fes;0, '°. Additionally, the XRD spectra suggest that doping of gadolinium does not have any
significant tmpact on the crystal structure of Fe;O4. The refinement of XRD diffraction data
does not reflectthe presence of other crystallographic phase and only the observed inverse spinel
phase explains the substitution of Gd into Fe sites. The average crystallite sizes estimated using
Scherrer eguation '’ are approximately 12 nm, 11.5 nm, 13.5 nm and 18 nm for FO, 1GdFO,
2.5GdFO and 5GdFO samples respectively. This increase in crystallite size suggests that crystals
grow larger following an increase in the Gd doping percentage, an observation which has been
also reported by Peng et al. on Gd-doped CoFe,0y4 spinel nanoparticles "2 The increased particle
size is essentially a consequence of stress-induced effect primarily caused by the doping of a
higher congentration of large Gd”* ions at the smaller Fe** ion sites'?. The Rietveld refined lattice
parameters {ay¥are evaluated to be 8.381A, 8.396 A, 8.375 A and 8.365 A for FO, 1GdFO,
2.5GdFO™and, 5GdFO samples respectively'’. The reduction in lattice parameter has been
attributeds#@'the Gd mediated strain in GdFeO samples.

For careful probing of nanostructures’ morphology, transmission electron microscopy
(JEOL-2010"FasTEM, 200kV) measurements were conducted on FO and 5GdFO samples
(Figure 1(b))=lt1is observed that the particle morphology is susceptible to Gd doping, with nearly
spherical structures representing undoped nanoparticles has assumed cubical or rhombohedral
geometriesyin the case of Gd-doped sample (SGdFO). This variation in particle morphology is
consistent withgprevious studies® ', where such changes have been realized for even less than 1
at.% GdFQ.nanoparticles®. The average size of FO particles obtained from TEM analysis is
reported tob€ 13.2 nm with a standard deviation,6=2.3 nm. The slight increase in the size of the
particles observed in TEM as compared to XRD confirms the formation of a thin amorphous
layer (~1 nm) on the surface of these nanoparticles'’. Such determination of average particle size
from the TEM images could not be achieved due to substantial clustering or agglomeration for

the case of SGdFO nanoparticles. The energy dispersive spectroscopy (EDS) measurements (not
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shown) confirmed the excess gadolinium atomic fraction in 1GdFO, 2.5GdFO, and 5GdFO
samples to be approximately 1.3, 3.0 and 5.5 at.% respectively. The microscopic measurements
substantiate the observation for non-spherical particle morphology for 1GdFO, 2.5GdFO and
5SGdFO samples.

The_de.and ac characterizations of these nanoparticles were performed using a Quantum
Design physical property measurement system (PPMS) for understanding the magnetic
relaxation dynamics of these systems.The room temperature magnetization (M) VS magnetic field
(H) data for all"the samples are shown in Figure 2(a).The observed sigmoidal shape of these
curves with nearly zero hysteresis confirms the superparamagnetic nature of these nanoparticles.
The measuredgsaturation magnetization (Ms) values are 65 emu/g, 51 emu/g and 45.5 emu/g for
1GdFO, 2.5GdFO and 5GdFO samples respectively within the experimental uncertainties (£1
emu gfl, coming mainly from the uncertainty in measuring the sample mass). The Mg for
undoped Fe304 nanoparticles (FO) is approximately 69.5+1 emu/g. The saturation magnetization
has decreased almost linearly with the respective increase in gadolinium atomic fraction and thus
can be usedrasa controlling parameter, wherever required. This substantial reduction in Mg with
Gd doping 18 insagreement with the previous studies'”. The M decreases roughly by 35% for the
5GdFO asweompared to the FO nanoparticles. This reduction in Mg at room temperature is
attributed.to*the substitution of sufficiently larger non-magnetic Gd>* ions (T~ 292 K) *° at the
octahedral Fe’" ion sites in the inverse spinel Fe;O0q4 12, leading to weaker superexchange
interactions\in GdFO samples.

Thesmagnetic dynamics of these nanoparticles have been investigated using frequency
dependent ‘suseéptibility measurements. The imaginary (out-of-phase) component of the ac
susceptibility (x// ) vstemperature (T) is plotted in Figure 2(b) for all the samples, conducted at 10
Oe ac excitation, field under zero dc bias conditions for six different frequencies. The well-
defined peakssin the y”vs T plots between 150 K to 200 K represent the superparamagnetic
blocking of-Fes@, nanoparticles '’. The recorded magnetic susceptibility magnitude is the lowest
for the SGdFO sample, also consistent with the magnetic saturation measurements, described
earlier.

The peak-frequency shift as a function of temperature has been estimated from these
frequency dependent plots (Figure 2(b)) to understand the magnetic relaxation behavior of these

nanoparticles. The behavior of an ensemble of non-interacting and single domain magnetic
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nanoparticles is explained by the Néel-Brown (NB) theory under canonical approximation. The
mean relaxation time for the magnetic moments of such individual nanoparticles is governed by
the Arrhenius relation given by t = toexp (Ea/kgT), where kg is the Boltzmann’s constant, T is
the temperature and 1y is the attempt time characteristic of the material and is of the order of
10772107 s*The Inzvs 1/T plots are shown in Figure 2(c). The data are fitted within the NB
relaxation appreximations for all these samples and the values of 1, and Ex/kp are summarized

in Table 1.

The, magnitude of t, was enhanced while Ea/kpg roughly lowered (although the
Ea/kgvalugs are almost the same for 1GdFO and 2.5GdFO nanoparticles) following the increase
in Gd doping percentage or an enhanced crystallite size. This increase in the value of 7,
following an increase in the particle size was also reported for hematite nanoparticles®'. The NB
model suggestsethat t, o (T/K’V)"? for ferromagnetic particles *', where Tg is the blocking
temperature,"K"i§ the anisotropy constant and V is the volume of the nanoparticle.Considering
the blocking temperature, Tg, to be nearly constant for all investigated nanoparticle samples, it is
observed_that 1, increases few orders of magnitude with increasing particle’s size, consistent
with our experimental observations.The value of T, ~ 10”s obtained for the FO sample falls well
within the"aceepted NB range and signifies superparamagnetic blocking in these nanoparticles.
The magnetic dipolar interaction energy (Eq4) existing among these nanoparticles is estimated

. e 22,23
using the relation = ~:

- Mo (g)z

 4ma3 \4

with ,u=ms(7td3/6), where u, ms @ and d represent the average magnetic moment, volumic
saturation"magnetization, average inter-particle separation and diameter of these nanoparticles
respectively =, Considering close-packing of these nanoparticles, the magnitude of this
interaction 1s found to be the largest, close to 0.031 eV at 300 K, for the SGdFO nanoparticle
system while it is around 0.02 eV (~ 0.017 eV for 1GdFO and 2.5GdFO, ~ 0.022 eV for FO
samples) for the other nanoparticle samples. This dipolar energy signifies the magnetic
interaction in an ensemble of magnetic nanoparticles, suggesting that the observed interactions
are comparable with the room temperature thermal energy ~ 0.026 eV. The magneto-crystalline

anisotropy constant, K, calculated for FO and 5GdFO samples using the relation Ex=KV, V
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being the volume of the nanoparticle, are 2.5 x 10* J/m® and 0.45 x 10" J/m’ respectively. Thus,
Kro is roughly five times larger than Ksg4ro, @ phenomenon primarily attributed to size-
dependent properties of nanoparticles *'.

The temperature dependent dielectric properties of the as-synthesized nanopowders are
recorded ongthe, cold-pressed pellets using HP 4284A Precision LCR meter integrated with a
PPMS.The relative dielectric constant (¢r) and dielectric loss corresponding to FO and 5GdFO
nanoparticles with respect to temperature at three different frequencies (1kHz,100kHz,1MHz)
are plotted“in Figure 3(a). It has been observed that for a specific frequency, Gd doping leads to
an enhancement'in the magnitude of ¢;,. The monotonic rise in the dielectric loss, shown in
Figure 3(a)gatdigher temperatures (i.e. T > 200 K) is attributed to the increase in the number and
root mean square speed of the thermally activated Fermi electrons. The high temperature feature
observed for FO sample coincides with the ice-water transition (~273 K) , which could originate
from adsorbed water molecules on the pellet’s surface **. A low temperature (~100K) variation
of the peakfrequency in the dielectric loss as a function of temperature has been observed and is
more prominent for GdFO as compared to the FO nanoparticles. This variation is the
characteristic signature of a relaxor ferroelectric, confirming the ferroelectric nature of the
undoped and,GdFO samples. The temperature range for such relaxor behavior is quite high ~80
K — 130 _Kgsuggesting the onset of ferroelectric ordering in these nano-geometrical samples may
be relatively high as compared to the previously observed relaxor ferroelectric behavior in Fe;Oy4
thin film **;

In addition, the dielectric loss peak’s amplitude is frequency independent, suggesting the
Debye relaxation mechanism for such ferroelectric dipoles. The local charge dipoles may arise
due to the iron (or gadolinium) and oxygen ions charge distribution in these samples. These local
dipolar rearrangements are driven by the thermal agitations, and their activation energy (U) can
be estimated.with the help of Arrhenius equation *°:

fr= foe_U/kT’
where fp.ds“the loss peak frequency, fo is a constant, K is Boltzmann’s constant and T is the
temperature. The semi-log peak frequency data versus temperature inverse, extracted from
temperature variation of the dielectric loss, is summarized in Figure 3(b), where the Arrhenius
dependence had been fitted to the measured data. The estimated activation energy increased from

0.1 eV for undoped to ~0.12 eV for the 5GdFO sample. This increase is ascribed to heavier Gd**
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ions substitution at relatively lighter Fe®* ion sites, where heavier atom will require more energy
for activating the relaxation of respective electric dipoles.

The ferroelectric polarization moments plotted in Figure 4 are obtained by integrating the
measured pyrocurrent signals (shown in the insets of Figure 4) of FO and 5GdFO pellets. The
measured saturation polarization values are ~ 0.04 and 0.085 ;,LC/cm2 for FOand 5GdFOsamples
respectivelys, The onset of ferroelectric polarization is at ~100 K and ~130 K for FO and 5GdFO
samples respectively. The observed broad ferroelectric transition (Figure 4) substantiates the
relaxor characteristics for both FO and SGdFO samples, in contrast to sharp transitions, observed
in normal ferroelectrics. This is in agreement with the observed dielectric loss peaks near these
temperatures for,our nanoparticle samples shown in Figure 3(a) (bottom panel). The observed
ferroelectric*polarization for undoped nanoparticles is two orders of magnitude smaller than
previously reported values ***°. This drastic reduction is possible in nanoparticle powder
samples, where the measured ferroelectric polarization is primarily an average of the polarization

vectors in all_possible directions, unlike the case for better crystalline thin films 2729

and single
crystalszg. Moreover, the ferroelectric polarization approximately doubles its magnitude for
5GdFO samplejin contrast to the saturation magnetization, which decreased substantially. This
can be understood in terms of lattice distortion created by heavier Gd** ions by substituting Fe**
at octahedral sites, causing enhanced ferroelectric polarization in SGdFO nanoparticles. Thus, in
conjunction with magnetic properties, ferroelectric properties can also be tuned by substituting
heavier rare.earth Gd** ions at Fe’*octahedral sites.

ThessSimultaneous presence of magnetic and ferroelectric functional properties in a single
phase systemrean be crucial for understanding spin-charge coupling. Considering the free energy
(F) expansion in terms of ferroelectric polarization (P) and magnetization (M) order
parameters; ,

F = yP2M? + (other higher order terms),
the ‘other shigher order terms’ are generally forbidden due to symmetry considerations (odd
powered ingP7or M) or much weaker in magnitude (even powered in P or M) , hence are difficult
to be measured>*'. The scalar P°M? term has been used to explain magneto-electric behavior in
a number of systems 32 Here, the effect of magnetic field on the dielectric properties of undoped

and GdFO nanoparticle samples was measured at temperatures,T = 10 K, 50 K and 300 K,using

a 100 kHz frequency signal. The obtained relative change in dielectric constant and loss are
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plotted in Figure 5for FO and 5GdFO samples as a function of the magnetic field at different
isotherms. The reference values gg and Dg are chosen as the dielectric constant and loss
respectively at H=0 Oe. The observed skewness in some of the plots is attributed to the residual
time drift effects_in these samples. This time drift is attributed to the leakage in these samples,
which led tosundesired spurious magneto-capacitive signals integrated with the real signalSO,
making it difficult to comment on the significance of the measured numerical values. However,
the obsérved asymmetry in these coupling curves is the characteristic property and could be
either a ‘conseéquence of magnetostriction or magnetic hysteresis or both. The pure
magnetodielectri¢ system should exhibit parabolic behavior (AC/C a H?; where C is capacitance
and H is applied field)*. The observed non-parabolic magnetocapacitance measurements suggest
the possibility ©f superimposed magnetostriction effect. The reported Fe;O4 magnetostriction
value is in the otder of 10%™, which is three orders of magnitude smaller than the observed
change in the present case. However, Balaji et al have recently reported giant magnetostriction in
the order ,of 10'% for magnetite nanoparticles35. Such large magnetostriction may affect
drastically g#the” measured magnetocapacitance and the combined magnetodielectric and
magnetostriction changes in capacitance may result upon the application of the external field.
The large magnetostriction may also affect the nature of measured magnetocapacitance, and thus,
substantiate"the observed large relative change in dielectric constant and asymmetric nature for
these measurements as shown in Figure 5.The large magnetostriction in these samples may be
responsible for the large change in grain size, which can be accommodated in the large pellets,
used for ghesey, measurements. However, the separation of individual contributions of
magnetostriétion and magnetocapacitance is not possible from these experiments. The
magnetocapacitance measurements also suggest a relatively weaker response for Gd doped iron
oxide sample. This is attributed primarily to the reduced magnetic dipole moment of GdFO
sample as compared to the undoped one, as explained earlier in the section of magnetic studies.
These studies.suggest strong correlation among spin, charge and lattice degrees of freedom even

at room temperatures in these systems.

V. CONCLUSIONS
In conclusion, the phase-pure undoped and different at.% Gd doped Fe;O4

multifunctional nanoparticles have been successfully synthesized using the chemical co-
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precipitation route. The dc magnetic studies performed on these nanoparticle systems
demonstrate their superparamagnetic behavior at room temperature, with saturation
magnetization decreasing monotonically following an increment in Gd doping percentage. The
Néel-Brown fits obtained from the temperature dependent ac magnetization measurements reveal
that magneto-erystalline anisotropy decreases following an increase in Gd doping concentration,
however, the attempt characteristic time,t, has increased by two orders of magnitude in 5GdFO
nanoparticles as compared to the undoped. Additionally, as observed from temperature
dependent dielectric studies, these nanoparticle systems exhibit relaxor ferroelectric behavior at
~100K, where ferroelectric polarization moment has increased nearly by a factor of two for
SGdFO samplévyas compared to Fe;Oy4, in contrast to the observed decrease in saturation
magnetization. The significant change in magnetocapacitance substantiates the strong charge-
spin-lattice coupling in these samples, suggesting that these nanoparticles could possibly be used
as a multifunctional multiferroic system, where external stimuli may be integrated to control the
different degrees, of freedom. The substitution of larger Gd** ions into the smaller Fe™* sites can
further ber utilized as a design parameter to tailor the magnetic, ferroelectric and
magnetodielectric properties in Fe;O4 nanoparticle systems. Also, the detailed magnetostriction
measurements,  would be of great importance in understanding the individuals’

(magnetoeapacitance and magnetostriction) contribution in these systems.
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Table 1 t,and Ea/kg values for FO, 1GdFO, 2.5GdFO and 5GdFO nanoparticle samples,

estimatedsfremsthe peak frequency variation as a function of temperature.

SAMPLES o (9) Ea/ks (K)
FO 9.6x 10~ 1640
1GdFO 9.4 x10® 1298
2.5GdFO 1.5x 107 1305
5GdFO 8.7x 10" 1002

Figure Captions:

Figure 1 (a) XRD spectra for FO, 1GdFO, 2.5GdFO and 5GdFO samples. (b) TEM images of
FO and 5GdFO samples (color online only).

This article is protected by copyright. All rights reserved




Figure 2(a) Magnetization (M) vs magnetic field(H) plots for FO (red), 1GdFO (green),
2.5GdFO (blue) and 5GdFO (brown) nanoparticle samples at 300 K (b) Out-of-phase
susceptibility (x// ) Vs Temperature (T) graph for FO, 1GdFO, 2.5GdFO and 5GdFO nanoparticle
samples at sixedifferent frequencies of 500 Hz (red), 650 Hz (green), 800 Hz (blue), 950 Hz
(orange), 1100 Hz (pink) and 1250 Hz (brown) under an excitation field of 10 Oe (C) Neel-
Brown fits for FO , 1GdFO, 2.5GdFO and 5GdFO samples (color online only)

Figure 3(a@). Dielectric constant (¢;) and dielectric loss versus temperature for FO and 5GdFO
samples (b): Semi-log straight line fits of dielectric loss peak frequencies versus temperature

reciprocal for FO and SGdFO nanoparticle samples (color online only).

Figure 4.Calculated ferroelectric polarization moment versus temperature for FO and 5GdFO

samples. The measured pyrocurrent signals are included in the insets (color online only).

Figure 5. Relative change in dielectric constant and dielectric loss as a function of magnetic field

for FO and"5GdFO samples (color online only).
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