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Fe nanocrystals (NCs) were embedded into the epitaxial BaTiOz (BTO) matrix. According to optimized
growth processes, a novel nanocomposite system was constructed, which consisted a well epitaxial BTO
layer and three-dimensional Fe NCs. Based on this, the different dielectric response in the regions of low
temperature-high frequency and low frequency-high temperature were revealed by the contribution of
hopping and interfacial polarizations, respectively. With the increased amount of Fe NCs, the obvious
enhancement in the low-frequency conductivity, middle frequency capacitance, and high-frequency
inductive effect was found. The embedded metal NCs play an important role in tuning the dielectric
behaviors and AC conductivity of oxide dielectrics. This significant rectification effect in wide-frequency
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1. Introduction

Ceramic-metal composites (CMCs), classical dielectric mate-
rials composed of metal particles and dielectric ceramics, have
wide application including highly sensitive sensors, thin-layer
capacitors, and gate dielectrics."® In the CMC model, the
ceramic matrix acts as the insulating phase while the metal
particles are used as the conductive fillers.*"® The enhanced
permittivity of the CMCs system is mainly attributed to inter-
facial polarization, which is induced by the increased interfaces
between conductive metal particles and insulating ceramics.
Compared with other dielectric composites, the CMCs system
has two merits: (1) the enhanced permittivity is mainly due to
metal particles rather than the dielectric matrix; (2) the dielec-
tric properties of CMCs could be adjusted by changing the
composition/configuration."***  Consequently, = numerous
dielectric investigations have been focused on CMC nano-
composites. The increased permittivity of Sr'TiO; was up to 2150
with Pt addition.”* Besides, adding Ni or Ag nanoparticles into
BTO ceramics could both attain superior dielectric proper-
ties.»®*** The colossal dielectric response of CMCs has been
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ranges opens up a new direction for designing embedded nano-capacitors.

successfully elaborated by the percolation theory, revealing that
the colossal permittivity was controlled by a critical content of
metal particles.

Actually, in the classical percolation model, metal particles
were isolated by dielectric layers (ceramic phase) and regarded
as capacitor electrodes. In this case, the three-dimensional (3D)
geometry of metal particles, such as the size and spacing, are
essential to the dielectric behavior of CMCs system. However, in
the past reported CMC systems, contained metal particles had
random and uncontrollable distribution.”®** Although the
volume fraction of metal particles in the dielectric matrix has
been found to be an important factor in the high permittivity,
according to the percolation model,*** the effect of the spacing
or size has been rarely studied. In addition, all CMC systems in
previous works possess a polycrystalline microstructure,'>*
leading to the existence of uncontrollable grains and grain
boundaries. Consequently, the effect of the ceramic grains and
the grain boundaries on the dielectric response in the CMCs is
difficult to clarify in detail. Therefore, the dielectric behaviors of
CMC:s at varied frequencies explained by the percolation theory
are still controversial.

In this work, we embedded the Fe NCs into the BTO dielec-
tric matrix, and achieved a co-existence system of the NCs and
the epitaxial dielectric matrix. Compared with other typical
polycrystalline ceramics in CMCs, the highly epitaxial BTO
matrix almost exhibited no grains and grain boundaries,*
providing an ideal model to disclose and analyze the electric
mechanism induced by the metal NCs in wide frequency
regions. The dielectric properties and AC conductivity in the Fe
NCs-BTO composites were investigated in wide frequency
ranges from 10" to 10’ Hz. Based on this, the influence of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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capacitor, resistor, and inductance in the CMCs has been clearly
explained.

2. Experimental

The Fe NCs-BTO composites were grown by the laser molecular
beam epitaxy (L-MBE) technology. The KrF excimer laser
(248 nm wavelength) with a laser energy density 3 J cm™ > and
frequency of 2 Hz was alternately used to ablate the commercial
single crystal targets of BTO and Fe (purity > 99.99%). The
epitaxial films consisting of Fe NCs and BTO was prepared on
the (001) SrTiO; substrates (2 x 2 x 0.5 mm?®). The deposition
pressure of the film growth process was in an ultra-high-vacuum
chamber at 5 x 10~° Pa. The ablated material was collected on
SrTiO; substrates located at a distance of 5 cm from the targets.
Firstly, a homo-epitaxy BTO buffer layer was grown on the
substrates. As a reference, the epitaxial BTO thin films were set
at the same thickness as that in the various Fe NCs-BTO
samples. After finishing each BTO layer, oxygen gas was intro-
duced into the chamber to offer a background pressure of 10 Pa
to anneal for 20 min. Then, the Fe NCs were deposited at 200,
500, and 800 laser pulses (signed as P1, P2, and P3, respectively),
and the corresponding volume concentration of the Fe NCs
measured by XRF (X-ray fluorescence spectroscopy) is 2.17%,
5.78%, and 9.53%, respectively. Next, the BTO layer with
a uniform thickness was recovered on the Fe NCs subsequently.

The growth progresses of the films were measured in situ
using a reflection high-energy electron diffraction (RHEED)
system. The typical energy of the electrons was 25 keV and
a CCD camera was used to observe the diffraction pattern. The
results were analyzed with a commercial software. Atomic force
microscopy (AFM, Veeco Instruments, Nanoscope IIIA) was
utilized to observe the morphologies of the Fe NCs-BTO
nanocomposites and the spacing (R) between the Fe NCs and
the diameters (D) of Fe NCs were estimated by statistics. All the
AFM results were captured in 512 x 512 pixels by a standard
SizN, probe (Model NP), typically with a cantilever of 100 um in
length and tens of nm in diameter at the apex. TEM examina-
tions were conducted using a JEOL 4000EX high resolution
transmission electron microscope (HRTEM) equipped with
a Gatan imaging filter (GIF). The microscope was operated at
400 kv, which provides a point-to-point resolution of 0.17 nm.
Chemical analysis was done by electron energy-loss spectros-
copy (EELS). For cross-section TEM characterization, samples
were prepared using cutting and mechanical polishing, fol-
lowed by dimpling to create thin areas with total thicknesses of
about 10 um. Final thinning was done using low energy (3 keV)
argon-ion milling, giving thin electron-transparent areas of
about 200 nm in thickness. The final thinning of the specimens
was carried out on a Gatan precision ion polishing system
(PIPS™, Model 691) using an accelerating voltage of 5.0 kV and
an incident angle of 3°-5°. The dielectric properties of the films
were measured using an impedance analyzer (HP 4294A, Agi-
lent) in the frequency range from 10" to 10’ Hz. The Au top
electrode was formed on fabricated composite films by the L-
MBE. The 0.5 wt% Nb:SrTiO; (001) substrate was used as the
bottom electrode.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

Fig. 1 displays the RHEED monitoring results during the growth
of the Fe NCs-BTO nanocomposites at varied laser pulses.
Obviously, the RHEED patterns of the BTO surface deposited on
the (001) SrTiO; substrates are the obvious streaks (Fig. 1a),
implying that the BTO exhibits a good two-dimensional (2D)
layer-by-layer epitaxial growth and has a much smooth surface.
Then, Fe at different growth times was deposited on the BTO
surface. We can observe that the RHEED patterns gradually
become bright spots (Fig. 1b-e) with increased number of laser
pulses acting on the Fe target, suggesting a rougher surface.
Here, the bright spots are derived from the high energy e-beam
penetrating through the protrusions on the BTO surface.>**®
This case can be also considered as the formation of three-
dimensional (3D) islands, named as NCs. Subsequently,
a uniform thickness of the BTO layer grows on the Fe NCs and
the diffraction images recover to noticeable diffraction streaks,
confirming the reappearance of the layer-by-layer mode of BTO
epitaxial growth (Fig. 1f). This transition of the growth mode
from the 2D layer-by-layer (BTO) to the 3D island (Fe NCs) to the
2D layer-by-layer (BTO) indicates that the embedded Fe NCs
would not hinder the epitaxial growth of the BTO matrix. With
the formation of the 3D islands, the lattice mismatch between
the Fe and BTO caused by strain energy would be released,
which greatly reduces the effect of strained distortions. The
detailed mechanism of lattice relaxation has been revealed in
our past works.>*'®*' Thus, we could artificially engineer such
NCs grown in an epitaxial dielectric matrix. Compared with
other polycrystalline matrices, the well epitaxial BTO layers in
this Fe NCs-BTO system contains no grains and grain bound-
aries. Hence, the BTO film between the embedded NCs and the
contact interfaces can be regarded as the grains and the grain
boundaries, respectively. An ideal model is provided for
explaining the effects of the interaction among the NCs, the
grains, and the grain boundaries on its properties.

The cross-sectional TEM image in Fig. 2a displays a multi-
layer structure, consisting of BTO separating layers with
a uniform thickness of ~40 nm and the Fe NCs layers. Along the
growth direction, namely, the epitaxial (00]) orientation, the
HRTEM image (Fig. 2b) shows that the Fe NCs are embedded in
the BTO matrix. The dark area corresponds to the Fe phase due
to the relatively heavy elements. Around the edge of the inter-
faces between the Fe NCs and BTO, some misfit dislocations
exist such as missing atom planes or other defects. On getting
far from the interfaces, highly organized lattices of BTO are
observed, indicating the (001) plane. We further measured the
lattice spacing of Fe (1.982 A) and BTO (4.015 A), corresponding
to the planes of (110) and (100), respectively. Despite the
introduction of local dislocations, the lattices of hetero-epitaxial
BTO films are almost not disturbed by the Fe NCs. The lattice
relaxation has been revealed in the Ni NCs/BTO composite
films.> The strain derived from the large lattice mismatch plays
a part of the source of the driving force for the embedded NCs.
In order to reduce the interfacial stress, the NCs (110) with
minimum strain energy are presented so as to provide a flat

RSC Adv, 2021, 1, 14578-14586 | 14579


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09854j

Open Access Article. Published on 19 April 2021. Downloaded on 2/24/2026 5:14:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Fig.1 Evolution of the RHEED patterns during the growth processes of the Fe NCs—BTO composites at various times: (a) complete surface of
the BTO epitaxial film deposited on the (001) SrTiO3 substrates and Fe NCs deposition on the BTO surface at (b) 50 s, (c) 100 s, (d) 250 s, and (e)

400 s; (f) fresh surface of BTO grown on the Fe NCs.

fresh surface to the next BTO atomic layers. This greatly reduces
the effect of strained distortions caused by the large lattice
mismatch between the different interfaces. From the HRTEM
observation (Fig. 3b), the sufficient lattice relaxation between
the Fe NCs and BTO interfaces demonstrates the absence of
boundary layers. We further provided the EELS of Fe-L; , in the
composite films (Fig. S1, ESIt). It can be seen that the position
of the L; and L, edge from the area of Fe is 707.2 and 721.3 eV,
respectively. It proves that the Fe element presents a metallic
state in the composite films instead of iron oxides.””*® Thus,
combined with the RHEED, HRTEM, and EELS results, it can be

concluded that the metal Fe NCs were successfully embedded in
the single crystal BTO matrix.

As the AFM results of the BTO grown structure in Fig. 3
shows, the small NCs are sparsely distributed on the epitaxial
BTO matrix, corresponding to the diffraction spots of the
REHHD patterns (Fig. 1b-e). With the increase in deposition
time, denser Fe NCs are presented on the BTO surface, sug-
gesting the obviously decreased R between the Fe NCs. To
analyze the D and R of the Fe NCs clearly, the average values of D
and R are given in Fig. 3, corresponding to D = 4.9, 5.0, and
5.2 nm and R = 32.5, 15.6, and 7.8 nm for the P1, P2, and P3

Fig. 2
HRTEM image.

14580 | RSC Adv, 2021, N, 14578-14586

(a) Cross-sectional TEM image of the films with the separate BaTiOs layer (the thickness of 40 nm) and the embedded Fe NCs, (b) the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 AFM images measured on the (001) surface of the BTO of the (a) P1, (b) P2, and (c) P3 samples; D and R distribution of Fe NCs fitted by the
log-normal distribution of (d) P1, (e) P2, and (f) P3 samples, respectively.

samples, respectively. Thus, the spacing between the Fe NCs is
gradually decreased while the NC diameters are almost
unchanged with increased amount of Fe NCs. This result means
that the number of equivalent grains (the BTO films between
NCs) and grain boundaries (contact interfaces between the NCs
and BTO) both increase.

The ¢ and tan ¢ values of pure BTO films were measured as
a function of temperature (293-593 K) at different frequencies
(107" to 107 Hz), and the results are shown in Fig. 4. The ¢ plots
of the pure BTO films deliver a peak at about 400 K (Fig. 4a),
which suggests the Curie temperature point (7.) of the BTO,
agreeing well the previous works.?”>* With the increase in the
frequencies, the peaks of ¢ and the corresponding tan ¢ plots
(Fig. 4b) of the BTO shift, showing an obvious dielectric relax-
ation phenomenon. In fact, the dielectric response of the
perfect BTO single crystal should not display any relaxation
below 10 MHz. However, the strain gradients caused by the
partial coherence of the film with the substrates in the epitaxial
films are unavoidable and would further form a network of
dislocations to partially relax the thin films.***' Hence,
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dielectric relaxation was also found in the experimentally
epitaxial BTO films.>*"**

Compared with the ¢’ and tan 6 of pure BTO films in Fig. 4,
the Fe NCs-BTO samples possess high dielectric constant at low
frequencies and higher dielectric loss (see Fig. 5). Besides, the ¢
plots of the Fe NCs-BTO thin films possess the following
features (Fig. 5a—c): (1) with the increase in temperature from
293 to 593 K, the ¢’ rises rapidly and a strong dispersion is also
observed at low frequency (<100 Hz), which can be attributed to
the increased macroscopically interfacial electron charge
density activated by increasing the temperatures;“®'>'*'% (2)
with decreased R, the values of ¢ are also increased; (3)
frequency dependent ¢ in the low and high frequency regions
can be observed while a frequency independent plateau is pre-
sented in the midfrequency regions. The abnormal ¢’ at low and
high frequencies could be explained by the MW function and
the Debye law, respectively.'>**'*? Generally, the resultant low-
frequency ¢ of dielectric materials is due to different types of
polarization (dipolar, ionic, electronic, and interfacial).>* Elec-
tronic and ionic relaxations are related to very rapid oscillations

300 350 400 450 500 550
Temperature (K)

(a) Dielectric constant and (b) dielectric loss tan ¢ of the pure BTO sample at varied frequencies.
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Fig. 5 Dielectric constant at varied temperatures of the (a) P1, (b) P2, and (c) P3 samples; dielectric loss tan é of (d) P1, (e) P2, and (f) P3 at varied

temperatures. The inset of (f) is the enlarged view at high frequencies.

of weak dipoles and are only measurable at higher frequencies
(>10' Hz).>* Dipolar and interfacial polarization usually
contribute to colossal permittivity at low frequencies.'®* Many
researchers have reported that the origin of colossal ¢ in BTO-
based ceramics is the result of hopping polarization within
the grains and the interfacial polarization at the grain bound-
aries.*'®?" In this work, increasing the embedded amount of Fe
NCs and the resultant decreasing spacing R between the NCs
can correspond to the changes in the equivalent grains and the
grain boundaries, which should also contribute to the abnormal
dielectric response. To further clarify the effect of the grains and
the grain boundaries on the dielectric property for different
samples, the contributions of hopping polarization and inter-
facial polarization to the ¢ will be quantitatively analyzed later.

For the P1 sample, an obvious tan 6 peak occurs at low
frequencies, accompanied by a weaker peak in the mid-
frequency region (Fig. 5d). With the increased amount of Fe NCs
for the P2 sample (Fig. 5e), a low-frequency peak for P1 is
quenched and only one tan § peak prominently emerges at the
midfrequency region. Further increasing the amount of Fe NCs
induces the disappearance of the midfrequency peak in P2 and
produces a weak peak at a high frequency in the P3 sample
(Fig. 5f). These resonant frequency (f) peaks would move to high
frequency with the increase in temperature for all the samples.
The shifting of dielectric loss peaks is well correlated with the
variation in the dielectric constants. Combined with ¢ and
tan ¢, the dielectric relaxation is gradually weakened and moved
from the low frequency to the high frequency region with an
increase in the Fe NCs amount.

As we all know, the relaxation frequency can be represented
by

S = Jfo exp(—EulkgT) 1)
where fo, Ea, kg, and T is the characteristic relaxation frequency

at infinite temperature, activation energy for relaxation, Boltz-
mann's constant, and temperature, respectively. The imaginary

14582 | RSC Adv, 2021, N, 14578-14586

part of the dielectric constant (¢”) is proportional to f/(1 + fr)*
and the maxima value of ¢’ occurs under the condition fr = 1,
where 7 is the dielectric relaxation time. Therefore, the relaxa-
tion temperature at different frequencies can be extracted from
the maxima of ¢’ and E, can be further estimated. The E, of
different samples estimated by the Arrhenius plots is shown in
Fig. 6. Two different slopes of the fitted curves for the Fe NCs—
BTO are observed, suggesting the existence of two different
thermally activated polarization mechanisms.*'®* One of E, =
0.535, 0.452, and 0.396 eV occurs at low temperatures and
higher frequencies, while the other E, = 0.881, 0.773, and
0.695 eV is obtained at low frequencies and high temperatures
for the P1, P2, and P3 samples, respectively. Obviously, the E, is
decreasing with increasing amount of Fe NCs, which can be
assigned to the local field enhancement of the NCs.'®?* For the
Fe NCs-BTO composites, smaller E, at low temperatures and
high frequencies indicate the hopping polarization processes
within the grains (the BTO films between NCs), while the higher
values of E, at low frequencies and high temperatures imply

5
10-100 Hz
4- E=0.881 eV e PI
01000z ® P2

34 10-100 2 E=0773ev  ® P3
b= E=0.695 eV 0.1-10 Hz
= 2] E=0535 eV

1 0.1-10 Hz

| E =0.452 eV 0.1-10 Hz
0 E =0.396 eV
0.0017 00019 0.0021
1/T(K")

Fig. 6 Activation energy of the thermally-activated relaxations for the
samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09854j

Open Access Article. Published on 19 April 2021. Downloaded on 2/24/2026 5:14:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

interfacial polarization induced by the grain boundaries (the
interfaces of Fe NCs and BTO).**® Thus, the high permittivity
can be attributed to the contributions of hopping polarization
at low temperatures and high frequencies, and interfacial
polarization at low frequencies and high temperatures,
respectively.

To further prove this assumption clearly, ¢ in the universal
dielectric response model can be written as follows.

i = ADf )

where A(T) = tan(sw/2)a¢o, f, €0, 00, and s is the frequency, pre-
exponential factor, permittivity of free space, and the constant
(0-1). Therefore, the slope of the straight line shown in the lg(¢/
x f) vs. 1g f plot in Fig. 7a and b at a given temperature repre-
sents the value of s. The fitted straight line is deviated from the
slope as the frequency increases due to relaxation, subsequently
decreasing in a step-like behavior and displaying another
straight line at the high temperature region. Two different
slopes are observed in all the samples, which are located at low
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temperatures-high frequencies and high temperatures-lower
frequencies, suggesting two different dominant polariza-
tions.**® One of s = 0.95 and 0.98 occurs at 293 K and higher
frequencies, while the other s = 0.90 and 0.93 are obtained at
593 K and lower frequencies for the P1 and P3 samples,
respectively. Actually, as the value of s is closer to 1, the polar-
ization charges are more strictly localized.*'*** Compared to the
high temperature-low frequency region, the larger s at low
temperature-high frequency reveals more localized charge
carriers of polarization. It is obvious that more amounts of Fe
NCs with stronger local field enhancement induce larger values
of s. Due to a certain energy to overcome the relatively small
energy barrier for polarization, hopping polarization is
becoming active at high frequencies and low temperatures.
Nevertheless, the sufficient energy to overcome the large energy
barrier at low frequencies and high temperatures is the inter-
facial polarization, which is associated with mobile electrons in
the NCs and holes in the BTO, which are activated.'®?> There-
fore, hopping polarization plays a primary role in the low

Slope=0.93 at 593 K

| Increasing temperature

10’ 10' 10° 10°
Frequency (Hz)

.{ Temperature increasing
from 293 to 593 K

10' 10° 10° 3
Frequency (Hz)
Decre?sed Ct

10

]
'
1
'
'
'
)
L)

f

7 B

lg(e’ x f) vs. lg f plot of (a) P1 and (b) P3 samples at different temperatures; frequency dependence of AC conductivity (g) of different

samples at different temperatures: (c) P1 and (d) P3, respectively; (e) schematic diagram of the Fe NCs—BTO composites; the inset below displays
the equivalent electric model of this system, where R,, L, and C; is the total resistance, inductance, and capacitance, respectively; (f) the
frequency dependence total impedance (Z;) of the RLC electric model.
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temperature-higher frequency region, while interfacial polari-
zation is dominant at high temperatures-lower frequencies.

The high value of ¢ has been attributed to the MW-type
contributions of the grains and the insulating grain bound-
aries in the IBLCs model.*” On assuming the IBLCs model, the
periodic Fe NCs-BTO nanostructure can be equivalent to
a series connection of conductive Fe NCs and insulating BTO,
where the NCs and the contact interfaces between the Fe NCs
and BTO plays the role of grains and grain boundaries,
respectively. Based on the analysis, this structure is much
similar to that of the IBLCs model. Thus, the contribution of
interfacial polarization to the colossal permittivity at 593 K and
0.1 Hz can be calculated using the IBLCs model,** which can be
presented by

eeff = € DIR (3)

where e, ¢/, D, and R are the effective permittivity, real
permittivity of the material, and grain size and thickness of the
grain boundary, respectively. Taking P1 as an example, the real
permittivity of BTO is ¢ = 355410 at 0.1 Hz and 593 K. The
measured D of the varied samples are both ~5 nm and the R is
32.5 nm for P1. Thus, the effective permittivity of 125 104 is
calculated, which is equivalent to 15.4% of the huge experi-
mental permittivity. Therefore, the huge permittivity at high
temperatures and low frequencies can be attributed to the
15.4% interfacial polarization and 84.6% hopping polarization
in the P1. Based on this estimation, the relative contribution of
interfacial and hopping polarizations is calculated for each
sample. The proportion of interfacial polarization is 15.4%,
32.1%, and 64.1%, while the hopping polarization is 84.6%,
67.9%, and 35.9% for the P1, P2, and P3 samples, respectively.
With the decreased R of the Fe NCs, interfacial polarization
gradually plays a dominate role in the high dielectric response
at high temperatures-low frequencies. Consequently, the inter-
facial and hopping polarization can be tuned quantitatively by
adjusting the R between the Fe NCs in this nano-CMCs system.

Fig. 7c and d display the o—f curves of the samples at
different temperature. By contrast, the P1 and P3 samples
possess the following difference: (1) at low frequency, both P1
and P3 have a frequency independence plateau, also named DC
conductivity g, while the plateau values of ¢ for P3 are higher
than that of P1 due to the increased concentration of Fe NCs; (2)
in the midfrequency region, P1 has a narrow plateau in this
frequency range, while the ¢ of the P3 is linearly correlated with
the frequencies; (3) at high frequencies, the o of P1 at varied
temperatures is dependent on the frequencies, while P3 owns
a narrow plateau. In the conventional jump relaxation model (o
= 0o+ A;0™ + A,0™) 8 the Ig g-1g fcurves increase linearly with
different slopes in the mid-frequency and high frequency
regions, differing from our results.

To clarify the variation, the typical RLC electric model was
utilized in this system. As the schematic diagram shows in
Fig. 7e, the embedded Fe NCs and the BTO between the Fe NCs
can be regarded as the electrodes and the dielectrics between
the electrodes in a capacitor, respectively. In addition, the metal
NCs have an intrinsic resistance and parasitic inductance.*
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Therefore, the Fe NCs-BTO system can be simplified as a typical
RLC electric model, as shown in the inset of Fig. 7e. Further-
more, the Z; in the RLC electric system is equal to R + jwL, — 1/
JwC, where w is the angular frequency (w = 27f). In combina-
tion with the frequency dependence Z; of the classical RLC
model in Fig. 7f, it is clear that the resonant frequency (f)
would move to high frequencies with decreased C..>®

Fig. S21 shows the temperature dependence conductivity (o)
of 0.5 wt% Nb:SrTiO; substrates and the epitaxial BTO films.
With the increase in temperature, the ¢ of the Nb:SrTiO;
substrate is almost linearly decreased (Fig. S2at), which may be
because Nb:SrTiO; behaves as a doped semiconductor with the
electrons being thermally activated. On the contrary, the ¢-T
curves of the BTO films present insulating properties. Thus, we
can exclude the influence of 0.5 wt% Nb:SrTiO; substrates on
the films. By comparison, the conductivities of the Fe NCs-BTO
composites (Fig. 6¢ and d) are higher than that of the BTO films
(Fig. S2bt), proving that the embedded Fe NCs could really
increase the ¢ of the BTO matrix. The increased leakage
conductance further brings an increase in the tan 6 (Fig. 4b). To
sum up, it can be concluded that the embedded Fe NCs could
indeed change the dielectric properties of the epitaxial BTO
films. Besides, there might exist a small amount of Fe ions in
their valence states (e.g. Fe**), which could possibly be located at
the interfaces between the BTO and the Fe NCs although the
elemental metallic state of the Fe NCs has been demonstrated
by the EELS measurement (Fig. S1t). Several investigations have
found that tiny cationic dopants (such as Fe*" and Bi**) could
urge the transformation of BTO from a ferroelectric to a relaxor
material.**?** Thus, the possible existence of Fe ions could
influence the dielectric performance of the composite films,
which will be carried out in the future.

Here, the narrow ¢ plateaus of P1 in the mid-frequency
region can be assigned to the relaxation of the dielectric
constants (Fig. 4a). With the decreased R of the Fe NCs, C,
increases (C, = ¢'S/R, where S and R represents the area and
spacing between the Fe NC electrodes, respectively), indicating
the enhanced capacitance effect (blocking DC current and
flowing AC current). As a result, the ability of blocking the DC
current and flowing an AC current is increased, leading to the
linear dependence of o—fin the midfrequency region for the P3.
Furthermore, at high frequencies, the narrow o plateaus of the
P3 can be attributed to the NCs inductance effect (blocking the
high-frequency AC current and flowing the high-frequency DC
current). With the increased amount of Fe NCs, L; is
increasing,” implying the enhanced inductance effect. Thus,
the ability of blocking the AC current and flowing the AC current
is increased, resulting in the plateaus of P3 in the high
frequency region relative to the linear dependence of o—fin the
P1. Increasing the amount of Fe NCs induces an obvious
enhancement in the low-frequency conductivity, mid-frequency
capacitance effect, and high-frequency inductive effect. There-
fore, NC embedding plays an important role in adjusting the AC
conductivity in the CMC systems. The obvious rectification
effect offers a great nano-CMC system for application in
dielectric capacitors and other electrical devices.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In summary, the Fe NCs were controllably embedded in the
epitaxial BTO matrix via the L-MBE method. Compared with
other polycrystalline matrices, the well epitaxial BTO layers in
this Fe NCs-BTO system contains no grains and grain bound-
aries. The BTO films between embedded NCs and the contact
interfaces between the NCs and BTO film can be regarded as the
grains and the grain boundaries, respectively. Further tuning
the spacing between the NCs, the enhancement of the huge
dielectric constant and the shifting of the dielectric loss peak
from low to high frequencies were achieved. The abnormal
dielectric responses could be explained by the quantitative
contribution of interfacial polarization and hopping polariza-
tion at various frequencies and temperatures. Based on the Fe
NCs-BTO system, the effect of the grains and the grain
boundaries on the huge dielectric constant at low frequencies
and high temperatures was clarified. Significantly, decreasing
the spacing between the Fe NCs induces an obvious enhance-
ment of low-frequency conductivity, midfrequency capacitance
effect, and high-frequency inductive effect. Such an ideal model
was provided for explaining the effects of the interaction of NCs
and grains and grain boundaries on its dielectric and rectifi-
cation characteristics. This new kind of nano-CMCs model
opens up prospects for application in terms of embedded nano-
capacitances.
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