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Colossal dielectric and magnetodielectric effect in Er,0O; nanoparticles embedded in a SiO, glass
matrix
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An intriguing colossal enhancement of dielectric constant along with magnetodielectric (MD) behavior is
observed in nanoparticle (NP) Er,O3 (0.5 mol %) embedded SiO, glass matrix synthesized via sol-gel route.
A broad dielectric peak with a maximum at T, (~270 K) exhibits typical diffuse phase transition following
modified Curie-Weiss behavior. Conduction mechanism (showing energy barrier £,~1.13 eV near T,,) is
closely related to the thermally activated oxygen vacancies. At the highest applied magnetic field 9 T, the
dielectric constant around T, is enhanced almost ~2.75 (at 2.5 kHz frequency) times compared with that at
zero field. The MD effect observed in this glassy composite is considered to be associated with the direct
consequence of magnetoresistance changes which depends on the magnetic NP size and separation.
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I. INTRODUCTION

Recent urge of device miniaturization has encouraged
many researchers’? worldwide for the development of new
class of high-k materials in which their dielectric constant
could be modified by application of both electric and mag-
netic field. But relatively few highly prospective compounds
have so far been developed showing magnetodielectric (MD)
effect around room temperature. Multiferroic BiMnO5 or
BiFeO; based perovskites and their films are very promising
materials.>* However, the synthesis and crystallochemistry
of Bi- and Mn-based perovskites are quite complex, and the
stabilization of the pure phase and accurate control of its
composition and oxygen stoichiometry also pause some ad-
ditional problems.>® Similarly various oxides such as
Hf02,7’8 Zr02,9’10 Ti02,11 A1203,12 La203,13 Pr203,14 etc.,
have also been studied to find a suitable replacement of SiO,,
as the thickness of SiO, gate films in metal-oxide semicon-
ductor field effect transistor devices has almost reached the
quantum tunneling limit ~1.5-2.5 nm. Currently intensive
research has been focused on amorphous oxide material.'
However, most of the amorphous high-k oxides of recent
development are polycrystalline at the high temperature
wherein grain-boundary effect leads to high leakage
current.'® Therefore, the exploitation of prospective amor-
phous high-k material with superior phase stability is still an
open challenge to researchers. It is, therefore, highly desir-
able to design and synthesize multifunctional materials that
operate around room temperature.

Recently, there has been a trend of development of mag-
netic nanoparticle (NP) in nonmagnetic dielectric matrix to
tailor desired magnetic, dielectric, and other properties de-
pending on the concentration of the magnetic ions.!” Several
authors have reported MD response in magnetic NPs systems
with a variety of complex mixed perovskites.'®!® However,
these types of perovskites possess compositional variations,
structural inhomogeneities, or phase heterogeneities in physi-
cal scale from micron or submicron range to the atomic
level. This suggests that the high-k value and MD behavior
of aforementioned complex system is not a fundamental
property but is rather an artifact associated with mesoscopic
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heterogeneities of the system. Therefore, searching for alter-
native materials containing single-valent ions with phase sta-
bility would be highly desirable. In this article, we have at-
tempted to make superparamagnetic?’ Er,0; NPs embedded
in Si0, glass matrix by adopting a sol-gel method. We have
used sol-gel process because it provides a convenient way
for tailoring phase pure, self-organized Er,O3; NPs of nearly
uniform sizes and for facilitating homogeneous dispersion of
these metal-oxide NPs in the silica matrix. In the present
work, rare-earth Er,O3; magnetic oxide NPs have been grown
with diluted concentration in inorganic silica matrix. Inter-
estingly, this glassy system shows colossal enhancement of
dielectric constant along with interesting MD effect. Among
various rare-earth oxides, Er,O5 has been chosen as it pos-
sess most appealing properties viz. high resistivity
(10'2-10" cm™), large band gap (E,=5-7 eV), static di-
electric constant (k~ 14),21?2 good thermodynamic stability
with silicon and, moreover, not yet been explored from the
view point of observing the high MD effect.

II. EXPERIMENTAL DETAILS

The Er,05:Si0, NP-glass composite system was synthe-
sized by sol-gel process under atmospheric conditions and at
moderate temperature. Erbium-oxide-doped silica gel was
prepared from tetraethylorthosilicate (TEOS) and dopant er-
bium chloride having optimum amount of 0.5 mol % dopant
concentration. The method is based on the hydrolysis of pre-
cursors (TEOS) and subsequent condensation of hydrolyzed
TEOS in a medium containing a hydroalcoholic solution of
erbium salt as described elsewhere.”? The sol-gel derived
dried monolithic transparent gel samples were calcined at
different temperatures 700, 800, 900, and 1200 °C (hence-
forth referred as Er05-7, Er05-8, Er05-9, and Er05-12, re-
spectively), in accordance with preselected temperature
schedule.??

It is found that the erbium chloride doped silica glass
prepared by the sol-gel process becomes porous when
calcined at ~400 °C and that the pores start to collapse
around ~700 °C similar to the pure silica gel glass.?* With
increasing temperature, =Si—OH groups condense to
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=Si—O0—Si= bonds and thus enhancing pore collapse,
isolated metal-oxide ions loosely attached to the pores are
detached to form clusters. The dimensions of the clusters
reside in the nanometer range depending on the annealing
temperature. At higher temperature, namely, 800 °C, col-
lapse of larger pores also takes place, agglomerate more
Er,05 to form bigger size NP.? Thus at the highest tempera-
ture employed in the present case, i.e., 1200 °C, Er,O3; NPs
grow to biggest sizes as observed from x-ray diffraction
(XRD) and transmission electron microscopy (TEM) studies.
For characterization, powder XRD of the sample was per-
formed by using Cu Ko radiation. An ultrahigh-resolution
TEM (Model: JEM-3010, JEOL) was employed to analyze
the detailed structure of Er05-7 and Er05-8 samples. The
MD measurements were carried out with LCR meter (Model
E4980A, Agilant) in conjunction with laboratory built cryo-
static arrangement”® integrated to the physical properties
measurement system (Model: 6000, Quantum Design) con-
figured up to 9 T magnetic field. Ferroelectric hysteresis loop
was detected by using a Precision LC meter (Model: 609E-6,
Radiant Technologies). In this paper, we concentrate the
variations in temperature and frequency dependent MD prop-
erties mainly on the Er05-8 sample for clarity and compare
the analysis with Er05-7, Er05-9, and Er05-12 samples.

III. RESULTS AND DISCUSSION
A. Sample characterization by TEM and XRD

The TEM image of the powder specimen Er05-8 [Fig.
1(a)] shows nearly spherical NPs of Er,O3 in the range of
3-6 nm embedded in the glass matrix. The particle size dis-
tributions histogram [upper inset of Fig. 1(a)] of the sample
is calculated from Fig. 1 shown in Table I. Representative
high-resolution TEM (HRTEM) image [lower inset of Fig.
1(a)] of the Er,O3 NPs of the respective sample also shows
lattice fringes with interplanar spacing (3.04 A). The
selected-area electron-diffraction pattern shows spotted ring
patterns suggesting development of regions of localized crys-
tallinity [Fig. 1(b)]. The XRD patterns of the high-
temperature annealed system Er05-12 become crystalline
with quite large Er,O3; NPs (>40 nm). There clearly exhib-
its [Fig. 1(c)] the most intense characteristic line correspond-
ing to the single phase Er,O3 (Ref. 27) at 26~ 29.30° (222)
with the refined unit-cell parameter a=10.54 A [space
group: Ia3 (206)]. Applying the well-known Scherrer’s equa-
tion, sizes of Er-oxide NPs (Er05-12) are also estimated
from the integral breadths of the lines as shown in Table I.
The XRD patterns of Er05-7 and Er05-8 samples cannot be
well resolved due to their amorphouslike character. Only a
very feeble broad peak can be traced with great difficulty in
the XRD domain, 20=10°—65°. It is confirmed that the sizes
of Er,0; NPs embedded in the silica glass matrix grow
larger for samples calcined at higher temperatures.

B. Temperature and frequency dependence of dielectric
response

Figure 2(a) illustrates temperature-dependent real part of
the relative dielectric constant (&’) of the Er05-8 sample in
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FIG. 1. (Color online) (a) TEM image of Er05-8, upper inset:
the particle size distribution histogram and lower inset: the HRTEM

image, (b) Electron diffraction, and (c) XRD patterns of all the
samples (Er05-7 and Er05-8 showing amorphouslike character).

the absence of magnetic field measured at several selective
frequencies (1-100 kHz). The curves show well-defined
maxima at 7,,~270 K. However, such a notable dielectric
broadening around &,, (maximum value of ¢’) is indicative
of a diffuse phase transition (DPT) (Refs. 28-30) with high
g’ (~600 at 1 kHz), quite different from and much higher
than that of pure bulk Er,O; (¢’ ~11.5) (Ref. 31) and SiO,
(g’ ~3.9). Following the concept of DPT, the dielectric con-
stant accords with a modified Curie-Weiss-type equation viz.
g'"'—¢/"'=C(T-T,)?, where v is the diffuseness exponent
indicative of degree of disorder, C; is a temperature indepen-
dent coefficient (in general, dependent of frequency) and ¢,
is the maximum value of ¢’ at T,,. For y=1, it is a normal
Curie-Weiss behavior and for y~ 2, it generally implies typi-
cal DPT for the ideal ferroelectric relaxor.>* In the inset of
Fig. 2(a), representative plots of ln(s"l—s,'n_l) vs In(T-T,,)
at several different frequencies are illustrated. A linear fitting
for the present Er05-8 system, we obtained average vy
=1.84 from different slopes, which is close to the relaxor
value observed in several oxide relaxors.>* The space charge
or interfacial polarization may be operative in this specimen
at temperature above 7,,. However, the high &' is observed
even at temperature below T, (~250-260 K) which indi-
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TABLE 1. Powder XRD and TEM structural data and other parameters of the MD Er,05:SiO, NP-glass composite samples.

Curie-Weiss fitting parameters

Crystallinity and particle size (from XRD) Particle size (from TEM) Field T, C
Sample (nm) (nm) (T) (K) (K)
Er05-7 Predominantly amorphous =2
Er05-8 Predominantly amorphous =5 0 260.06 3968.82
5 270.12 6211.29
9 271.64 6918.04
Er05-12 >40

cates that any space charge or interfacial polarization is not
quite responsible for the enhancement of dielectric constant
below 7,,. The &’ value along with DPT behavior [Fig. 2(b)]
diminishes with increasing calcination temperature, i.e., the
Er,O5 NP size. It is worthwhile to mention that the tempera-
ture and frequency dependent &’ of the corresponding higher
temperature (1200 °C) calcined Er05-12 crystalline sample
[inset of Fig. 2(b)] does not show this interesting DPT be-
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FIG. 2. (Color online) (a) The (¢'—T) curves of Er05-8 at dif-
ferent frequency, inset: representative plots of In(e’ ’l—w,'n_l) Vs
In(T-T,,) at temperatures higher than T, for the Er05-8 at different
frequency values, (b) (¢’ —T) curves at different calcined tempera-
tures, inset: (¢’ —=T) curves of Er05-12, pure bulk Er,O5 (Ref. 31)
and pure SiO, glass samples indicating low dielectric constant with
non-DPT feature.

havior, similar to pure bulk Er,O; (Ref. 31) or SiO,. The
critical calcination temperature above which DPT behavior
completely diminishes for this typical concentration of
Er,03 (~0.5 mol %) is found to be around 1000 °C. The
DPT behavior is thus confined to the low-temperature cal-
cined (<1000 °C) system only where the amorphous NPs
are in the 2-10 nm range.

C. Dielectric relaxation analysis

To shed more light on the role of the relaxation dynamics,
Fig. 3(a) depicts the temperature dependence of the dielectric
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FIG. 3. (Color online) (a) Dielectric loss tan & of Er05-8 at
different frequency, (b) Representative Arrhenius plot of the relax-
ation time of Er05-8. The calculated activation energy values (in
electron volt) are illustrated in each case.

104107-3



MUKHERIJEE et al.

loss tangent, tan ¢ for various frequencies. The main feature
observed is the appearance three maxima (peak A~ 180 K,
peak B~260 K, and peak C>320 K) of tan 6-7. The
former two shift to higher temperatures as the frequency
is increased while the peak C with high-dielectric leakage
(~7) is shifted to lower temperature with increasing fre-
quency. The intensity of peak A is weaker (~0.15) than that
of the other peaks at high temperatures. The most important
outcome of this analysis is complemented by reading off
loss-peak positions in the frequency and temperature-
dependent plot. In Fig. 3(b), the resulting temperature depen-
dence of 7 is shown in an Arrhenius representation. Near
the DPT temperature (7,,), thermally activated behavior, 7
=7, eXp(E,.1ue/ kT), is observed with an energy barrier E,,
of about 1.13 eV. However, above 300 K, the temperature
dependence of 7 becomes reversed with activation energy
1.21 eV. These experimental facts suggest that the dielectric
relaxation process might be closely associated with the pres-
ence of thermally activated oxygen vacancies. Thermally
activated reorientation of dipole moment via the vacancy
jumping (or, more correctly, the oxygen ion jumping through
the oxygen vacancy) was also suggested earlier as the
origin of the dielectric relaxation with activation energy
~0.7-1.2 eV.33* Our present results support the recent ex-
perimental finding®* that electrical properties of perovskite-
type ABO; material are closely related to crystal structure
and oxygen vacancies, which can be controlled by sintering
process. The &’ value along with DPT behavior diminishes
with reduced concentration of oxygen vacancies by anneal-
ing the sample at higher temperature. In addition, the possi-
bility of the contact between the electrodes and sample in-
fluencing the dielectric properties is excluded by using
different thickness of the samples and with different elec-
trode materials. In both cases dielectric constant changes are
found to be within experimental errors indicating intrinsic
nature of this system.

D. Dielectric polarization studies

To check the possible ferroelectriclike (FEL) correlation
in the sample, we studied the P-E curve with different ex-
perimental conditions (frequency and temperature depen-
dence) and observed hysteresis loop shown in Fig. 4. The
relatively narrow P-E loop near T, (~270 K) without satu-
ration (remnant polarization P,~0.032 uC/cm?, and coer-
cive field E.~0.78 kV/cm) demonstrates a noncanonical
FEL behavior, similarly to that observed earlier in ABOj
perovskites.® It is noted that this NP-glass composite
(0.5 mol % Er,05: 99.5 mol % SiO,) system, the NP Er,05
concentration is very small with very small dipole moment
per unit volume and hence better structure of the loop might
not be observed. The P-E curves look very much like those
of a lossy dielectric-“banana loops,” the terminology re-
cently coined by Scott.>® The hysteresis loops is slightly fat-
ter at lower frequency. However, the P-E characteristics are
also studied at different temperatures using higher polariza-
tion frequency (2.0 kHz), the maximum frequency limit of
our instrument (Precision LC meter, Radiant Technologies).
Because the high-frequency hysteresis loop would be more
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FIG. 4. (Color online) Dielectric hysteresis loop of Er05-8,
measured near DPT (~275 K) and above room temperature (320
K) using 2.0 and 1.0 kHz polarization frequency.

closely related to the intrinsic ferroelectric switching pro-
cesses than the low-frequency counterpart.’’” Though the re-
sults of hysteresis loop becoming more pronounced with de-
creasing temperature from 320 to 275 K suggest
ferroelectriclike ordering in Er05-8, the system is not purely
ferroelectric for which further experiments are still neces-
sary.

E. Equivalent circuit analysis

It is well known that Maxwell-Wagner (MW) effect, or
interfacial phenomena is usually adopted to explain the di-
electric relaxation with high permittivity. The present NP-
glass composite system consisting basically a mixture of
magnetic NP Er,05 grain separated by more insulating inter-
grain (SiO, matrix). Such an increase in the dielectric con-
stant with DPT behavior might be a signature of the effect of
internal barrier layer capacitance, which is directly propor-
tional to the ratio of the grain size and the grain-boundary
thickness. The impedance data have also been analyzed us-
ing an equivalent circuit consisting of two parallel resistor-
capacitor (RC) elements connected in series (inset of Fig. 5).
One RC element corresponds to the conducting region
(Er,O5 NPs) and the other corresponds to the more resistive
part (SiO, matrix) of the sample. Each RC element generally
gives rise to an arc in the complex impedance Z”-Z' plane.
The impedance spectroscopic data are analyzed with the help
of commercial software (Z-VIEW, version 2.9c). According
to the popular technique of explaining impedance spectra in
the complex Z"-Z' plane, the high-frequency arc is assigned
to the grain (intrinsic effect). Interestingly, at low tempera-
ture (7,,<<270 K) almost the entire measured frequency re-
gion (20-2X 10° Hz) is dominated by the grain response,
governed by the intrinsic effect. The contribution of grain
(Er,05) resistance (R,, values obtained from equivalent cir-
cuit model) with magnetic field effect is discussed in the next
section.

F. Magnetodielectric effect

Another very interesting finding with this Er05-8 system
is the observation of colossal MD effect as shown in Fig.
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FIG. 5. (Color online) Complex plane plots, Z"-Z', of Er05-8 at
several temperatures. The inset shows schematic model of equiva-
lent electrical circuits.

6(a). A large increase in &’ (~2.75 times) under a magnetic
field of 9 T is observed around the transition regime 260-300
K at a frequency of 2.5 kHz. The field dependent inverse of
dielectric constant with temperature [upper inset of Fig. 6(a)]
is also found to fit the Curie-Weiss law with Curie constant
and Curie-Weiss temperature (7,) as shown in Table I. It is
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FIG. 6. (Color online) (a) The (¢’ —T) curves of Er05-8 mea-
sured under different applied magnetic fields at a fixed frequency
2.5 kHz. Upper inset of (a): variation in the inverse &’ with tem-
perature (exhibiting the Curie-Weiss behavior) and the lower inset
of (a): dielectric strength (Ag’/&’) of Er05-8 showing linear varia-
tion with the square of magnetization M2, measured in the vicinity
of T, (~275 K). [(b) and (c)] (¢'=T) curves of Er05-7 and
Er05-8 measured with several frequencies under 9 T applied mag-
netic field.
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FIG. 7. (Color online) Temperature dependence of grain resis-
tance (Rg) calculated from impedance complex plane plots with
external magnetic field. Inset: The region close to T, is highlighted.

noteworthy that both dielectric peak temperatures 7,, and T,
shift to higher temperatures with increasing magnetic field.
This indicates magnetic spin ordering occurs at higher tem-
perature under magnetic field and hence spin-lattice coupling
strength is reduced under magnetic field. Temperature and
frequency-dependent dielectric constant measured at a typi-
cal higher magnetic field (~9 T) for two samples (Er05-7
and Er05-8) annealed at different temperatures are shown in
Figs. 6(b) and 6(c). It is obvious from these figures that &’
value is larger in the lower temperature annealed sample (in-
dicating particle size-dependent field effect of £’). The sys-
tem in which we observed MD effect (also showing Curie-
Weiss behavior) is the single phase amorphous system
(700-900 °C calcined samples where NPs of 2-10 nm of
Er,0; are formed). To further clarify the character of the MD
effect, we have estimated the field dependent MD strength
defined by {Ae’(H)/&'(0)=[e'(H)-&'(0)]/&’(0)} as a func-
tion of the square of the magnetization near T,, (~275 K) as
shown in the lower inset of Fig. 6(a). Strikingly, this behav-
ior can be well approximated by the scaling function,
Ag'/e' =~aM? (a~0.782 is related to the magnetoelectric
interaction constant and magnetostriction effect). Similar be-
havior is also observed in multiferroic BiMnO5.? This result
suggests that the dielectric properties of magnetic NPs in
Si0, glass network are closely related to the disposition of
the magnetic moments in the system. Thus in the present
system, the MD effect is related to the magnetism, typical
size and concentration of the amorphous NPs of the guest
oxide (Er,0O3) in the host SiO, glass.

Figure 7 shows the contribution of grain (amorphous NP
Er,0;) resistance [R,, extracted from equivalent circuit ele-
ment (inset of Fig. 5)] of Er05-8 as a function of measuring
temperature in presence of external magnetic field. Figure 8
demonstrates the temperature dependence of ac conductivity
(0,.) at various frequencies. Temperature-dependent ac con-
ductivity in presence of external magnetic field are plotted in
inset of Fig. 8. Concomitantly, R,(T) (Fig. 7) reveals a metal
to insulator like transition coinciding with the T,, of &'(7)
[Fig. 2(a)] as well as o,.(T) (Fig. 8) and interestingly the R,
decreases under magnetic field as in colossal magnetoresis-
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FIG. 8. (Color online) Temperature dependence of ac conduc-
tivity (o,.) of Er05-8 for various frequencies. Inset: temperature
dependence of ac conductivity (o,.) at 2.5 kHz with external mag-
netic fields.

tive materials.?® These experimental results imply that the
nature of charge carries responsible for dielectric relaxation
peaks and dc conduction belongs to the same category. It
indicates that the polarization relaxation has a close relation
with the conductivity in grain interior, and the polarization
process depends on the conductivity of the charge in the
grain interior.

It has been established that magnetic NPs often show
magnetoresistive properties,® attributed to spin-polarized
tunneling. Although we have investigated strong positive
magnetoelectric interaction constant («~0.782), it appears
that the observed MD effect is caused essentially through the
combination of magnetoresistance and above mentioned
MW effect, as recently predicted by Catalan.*® This MD be-
havior is strongly associated with magnetoresistance
changes, depending on the NP size and separation. While the
NP Er,O; resistance decreases with the increase in external
magnetic field, i.e., negative magnetoresistance, the dielec-
tric constant increases with the increase in the external mag-
netic field, i.e., positive MD effect. The negative magnetore-
sistance and positive MD effect indicate that the
superexchange-type interaction exists between the magnetic
spin in the present system. Enhancement of MD effect
through the resistance ratio might imply the possible tunabil-
ity of the resistive MD effect. The amorphous NP
Er,05:Si0, arises spontaneously (self-organized) in a natu-
ral way with almost equal size and separation. The observa-
tion demonstrates the effect between magnetic and dielectric
properties of NPs is apparently an intrinsic feature of this
new family and independent of sample dimension. Moreover,
the particle size, separation and concentrations of the Er,O3
NP contributing to the magnetically and electrically re-
sponded permittivity are easily controllable with annealing
temperature/doping concentration. This amorphous NP-glass
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composite system may be the promising high-k gate dielec-
trics due to its high dielectric constant with MD effect,
single-stage process in air at moderate temperature and good
compatibility with modern microelectronics processing tech-
nique. Interestingly, as the particle size increases by anneal-
ing, DPT behavior and hence the associated MD effect de-
creases and ultimately dielectric constant become equal to be
their bulk crystalline counterparts as in Er05-12 (with grain
size >40 nm). This finding cannot, however, be classified
by aforementioned MW contribution. An alternative possibil-
ity, the experimental facts strongly evidence that the dielec-
tric anomaly with DPT behavior is related to oxygen-
vacancy-induced dielectric relaxation. Other ABO;-type
oxides®**! were investigated with similar temperature-
dependent behaviors, which reveal that the oxygen vacancy
must be the basic reason attributed to the temperature-
dependent diffuse ferroelectriclike properties. Returning to
the dielectric relaxation in the Er,05:SiO, NP-glass compos-
ite system, one may conclude that both the MW mechanism
and the reorienting dipole-center model can explain the main
features of colossal room-temperature MD response. How-
ever, further research is needed to establish that such rare-
earth oxide NP embedded oxide glasses showing MD behav-
ior is related to oxygen vacancies and magnetoresistive
effect.

IV. CONCLUSION

In conclusion, it has been possible to synthesize Er,O3
NPs embedded in silica glass matrix by a sol-gel method.
The NP Er,0O; in the glass SiO, matrix is formed spontane-
ously (self-organized) in a natural way with almost equal
size and separation which can be tuned by calcination tem-
perature and Er,O5 concentration, respectively. Properly an-
nealed sol-gel glass shows an interesting colossal enhance-
ment of dielectric constant associated with MD behavior
around room temperature. The MD behavior is only ob-
served in the Er,05:Si0, glassy phase with amorphous
Er,O; NPs <10 nm. Such colossal MD effect is discussed in
the context of the magnetic spin and the dipole coupling
through the lattice, a direct consequence of exploiting mag-
netoresistance changes associated with NP size and concen-
tration. Observed conduction mechanism is found to be
closely related to the thermally activated oxygen vacancies.
However, present study also stimulates further investigation
with different rare-earth systems with different concentration
to throw more light exploring the origin and application fea-
sibility on these rich dielectric materials.
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