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Abstract 

The Fe nanocrystals (NCs) were embedded into the epitaxial BaTiO3 (BTO) matrix. 

According to optimize growth processes, a novel nanocomposite system was constructed, 

which consist of 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 

of low-frequency conductivity, middle frequency capacitance and high-frequency inductive 

effect was found. The metal NC embedding plays an important role in tuning the dielectric 

behaviors and ac conductivity of oxide dielectrics. This significant rectification effect in the 

wide-frequency ranges opens up a new direction for the designing of embedded 

nano-capacitors. 
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1. Introduction 

Ceramic-metal composites (CMCs), a classical giant dielectric material composed of metal 

particles and dielectric ceramics, has a wide application in the high sensitive sensors, 

thin-layer capacitors, gate dielectrics and so on.[1-10] In the CMCs model, the ceramics matrix 

function the insulating phase while the metal particles are used as the conductive fillers.[4-10] 

The enhanced permittivity of CMCs system is mainly assigned to the interfacial polarization 

induced by the increased interfaces between conductive metal particles and insulating 

ceramics. Compared with other dielectric composites, CMCs system performs two merits: (1) 

the enhanced giant permittivity is mainly relative to the metal particles rather than the 

dielectric matrix; (2) dielectric properties of the CMCs could be adjusted by changing the 

composition/configuration.[11-22] Consequently, there have been numerous dielectric 

investigations focused on the CMCs. The increased permittivity of SrTiO3 was up to 2150 

with the Pt addition.[23] Besides, adding Ni or Ag nanoparticles into BTO ceramic could both 

attain the superior dielectric properties. [1, 24] The colossal dielectric response of CMCs has 

been successfully elaborated by the percolation theory, revealing that the colossal permittivity 

was controlled by a critical content of the metal particles. 

In addition, the metal particles and the ceramic in the CMCs also could be regard as the 

conductive electrodes and insulating dielectric, which could be further equivalent to a series 

of embedded capacitors. So, the CMCs system could be simplified as a circuit model, 

consisting of capacitor, resister and inductance components. As we all know, the three circuit 

elements are closely linked with the frequencies.[25] Unfortunately, the contribution of 

capacitor, resister and inductance effect to the dielectric behaviors of CMCs at varied 
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frequencies was not clarified in the percolation theory. 

In this work, we embedded the Fe NCs into BTO dielectric matrix, and achieved a 

co-existence system contained NCs and epitaxial dielectric matrix. Compared with other 

typical polycrystalline ceramics in CMCs, the well epitaxial BTO matrix almost exhibited no 

grains and grain boundaries,[26] providing an ideal mode to disclose and analyze the electric 

mechanism induced by the metal NCs at wide frequency regions. The dielectric properties 

and ac conductivity in the Fe NCs-BTO composites were investigated in the wide frequency 

ranges from 0.1 to 107 Hz. Based on this, the influence of capacitor, resister and inductance in 

the CMCs was explained clearly. 

2. Experimental 

The Fe NCs-BTO composites were grown by L-MBE technology. The KrF excimer laser 

(248 nm wavelength) with laser energy density 3 J/cm2 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) SrTiO3 substrate 

(10×5×0.5 mm3). The deposition pressure of film growth process is in an ultra-high-vacuum 

chamber at 5×10-6 Pa. The ablated material was collected on the SrTiO3 substrate located at a 

distance of 5 cm from the targets. Firstly, a homo-epitaxy BTO buffer layer was grown on the 

substrate. As a reference, the epitaxial BTO thin films were set as a same thickness in the 

varied Fe NCs-BTO samples. After each BTO layer, oxygen gas was introduced into the 

chamber to offer a background pressure of 10 Pa for annealing 20 min. Then the Fe NCs were 

deposited at 200, 500 and 800 laser pulses (signed as P1, P2 and P3, respectively). Next, a 

uniform thickness BTO layer with was recovered on the Fe NCs subsequently. After that, the 

javascript:;
javascript:;


Fe NCs/BTO cycle was repeated. 

The deposition and growth progress of the films were measured in-situ using a reflection 

high-energy electron diffraction (RHEED) system. The typical energy of the electron was 25 

keV, and a CCD camera was used to observe the diffraction pattern, then analyzed the results 

with a commercial software. Atomic force microscopy (AFM) was utilized to observe the 

morphologies of Fe NCs-BTO nanocomposites and estimate the spacing (R) between the Fe 

NCs and the diameters (D) of Fe NCs by statistics. The dielectric properties of films were 

measured using an impedance analyzer (HP 4294A, Agilent) in the frequency range from 0.1 

to 107 Hz. The Au top electrode (10×5 mm2) was formed on fabricated composite films by 

the L-MBE. The 0.5 wt% Nb:SrTiO3 (001) substrate (10×5 mm2) was used as the bottom 

electrode. 

3. Results and discussion 

 

Fig. 1 Evolution of RHEED patterns during the Fe NCs-BTO composites growth at various 

time: (a) complete surface of BTO epitaxial film deposited on (001) SrTiO3 substrates, and 

the Fe NCs deposition on 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. 



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 (001) SrTiO3 substrates are the remarkably streaky diffraction (see Fig. 1a), 

implying that the BTO exhibits a well two-dimensional (2D) layer-by-layer epitaxial growth 

and owns a much smooth surface. Then depositing Fe with different growth time on the BTO 

surface, we can observe that the RHEED patterns gradually become bright spots (see Fig. 

1b-e), suggesting a rougher surface with increasing number of laser pulses acted on the Fe 

target. Here, the appearance of bright diffraction spots was derived from the high energy 

e-beam penetrating through the protrusions on the BTO surface [2, 3, 18]. This case can be 

also considered as the formation of three-dimensional (3D) islands, named NCs. 

Subsequently, a uniform thickness of BTO layer grows on the Fe NCs, and the diffraction 

images recover to the noticeable diffraction streaks, confirming the reappearance of the 

layer-by-layer mode of BTO epitaxial growth (Fig. 1f). This transition of growth mode from 

2D layer-by-layer (BTO) to 3D island (Fe NCs) to 2D layer-by-layer (BTO) indicates that the 

embedded Fe NCs would not hinder the epitaxial growth of BTO matrix. As the formation of 

the 3D islands, the lattice mismatch between the Fe and BTO caused by strain energy would 

be released, which extremely reduces the effect of strained distortions and the interfacial 

stress is extremely reduced. The detail mechanism of lattice relaxation was revealed in our 

past works [2, 3, 18, 19]. Thus, we could artificially engineer such NCs growth in an epitaxial 

dielectric matrix. Compared with other polycrystalline matrix, the well epitaxial BTO layers 

in this Fe NCs-BTO system contains no grains and grain boundaries. Hence, the BTO film 

between the embedded NCs and contact interfaces between the NCs and BTO film can be 
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regard as the grains and grain boundaries, respectively. An ideal model is provided for 

explaining the effects of the interaction for NCs, grains and grain boundaries on its 

properties. 

 

Fig. 2 AFM images of (a) P1, (b) P2 and (c) P3 sample; D and R distribution of Fe NCs fitted 

by a log-normal distribution of (d) P1, (e) P2 and (f) P3 sample, respectively. 

 

As the AFM images shown of Fe NCs-BTO films in Fig. 2, many small NCs are sparsely 

distributed on the epitaxial BTO matrix, corresponding to the diffraction spots of REHHD 

results (Fig. 1b-e). With the increase of deposition time, denser Fe NCs are presented on the 

BTO surface, suggesting the obviously decreased R between the Fe NCs. To analysis the D 

and R of Fe NCs clearly, the average values of D and R is given in Fig. 2, corresponding to 

D=4.9, 5.0 and 5.2 nm and R=32.5, 15.6 and 7.8 nm for P1, P2 and P3 sample, respectively. 

So the spacing between the Fe NCs is gradually decreased while the NC diameters are almost 

unchanged with increasing 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) increases as well.  



 

Fig. 3 Dielectric constant at varied temperature of (a) P1, (b) P2 and (c) P3 sample; dielectric 

loss tanδ of (d) P1, (e) P2 and (f) P3 at varied temperatures. The inset of (f) is the enlarged 

view pattern at high frequency. 

 

As the real part of dielectric constant (ε′) at varied temperature of all samples displayed in Fig. 

3, the ε′ plots of Fe NCs-BTO thin films possess the following features: (1) as the increased 

values of temperature from 293 to 593 K, the ε′ rises rapidly and a strong dispersion is also 

observed at low frequency (100 Hz), which can be attributed to the increased microscopic 

interfacial electron charge density activated by increasing temperature [1, 6, 12, 13, 18]; (2) 

with the decreased R, the values of ε′ are also increased; (3) a frequency dependent ε′ in the 

low and high frequency regions can be observed while a frequency independent plateau is 

presented in midfrequency regions. The abnormal ε′ at low and high frequencies could be 

explained by the MW function and Debye law, respectively [12, 13, 18, 20]. Generally, the 

resultant low-frequency ε′ of dielectric materials is due to different types of polarization 

(dipolar, ionic, electronic and interfacial) [21]. Electronic and ionic relaxations are related to 

very rapid oscillations of weak dipoles, and are only measurable at high frequencies (1010 



Hz) [21]. Dipolar and interfacial polarization are usually contributed to the colossal 

permittivity at low frequencies [18, 21]. Many researchers have reported that the origin of 

colossal ε′ in BTO composites ceramics was the result of the hopping polarization within 

grains and the interfacial polarization at the grain boundaries [6, 18, 21]. In this work, 

increasing the embedded amount of Fe NCs and resultantly decreasing spacing R between the 

NCs can correspond to the changes of equivalent grains and grain boundaries, which should 

be also contributed to the abnormal dielectric response. To further clarify the effect of grains 

and grain boundaries on the dielectric property for varied samples, the contributions of the 

hopping polarization and interfacial polarization to the ε′ in the Fe NCs-BTO composites will 

be quantitatively analyzed later. 

As the dielectric loss (tanδ) of P1 shown in Fig. 3, an obvious tanδ peak appeared at low 

frequency while a weaker peak is displayed in midfrequency region (Fig. 3d). With the 

increased amount of Fe NCs for P2 sample (Fig. 3e), low-frequency peak in the P1 is 

quenching, and only one tanδ peak is prominently emerged at midfrequency. Further 

increasing Fe NCs amount induces the disappearance of midfrequency peak in P2 and 

produce a weak peak at high frequency in P3 (Fig. 3f). These resonant frequency (f) peaks 

would move to high frequency as the increase of temperature for all samples. The shifting of 

dielectric loss peaks is well correlated with the variation of dielectric constants. In 

combination with the ε′ and tanδ, the dielectric relaxation is gradually weakened and moved 

from low frequency to high frequency with the increase of Fe NCs amount. 



 

Fig. 4 Activation energy of thermally activated relaxations for the samples. 

As we all known, the relaxation frequency can be represented by: 

f = f0 exp(-Ea/kBT)                            (1) 

where f0, Ea, kB and T is the characteristic relaxation frequency at infinite temperature, 

activation energy for relaxation, Boltzmann’s constant and temperature, respectively. The 

imaginary part of dielectric constant (ε) is proportional to f/(1+ f)2, and the maxima value 

of ε occurs under the condition f=1, where  is the dielectric relaxation time. Therefore, the 

relaxation temperature at different frequency can be extracted from the maximums of ε, and 

Ea can be estimated further, where the Ea of varied samples estimated by Arrhenius plots is 

shown in Fig. 4. Two different slopes of the fitted curves for the Fe NCs-BTO are observed, 

suggesting the existence of two different thermally activated polarization mechanisms [6, 18]. 

One of Ea=0.535, 0.452 and 0.396 eV occurs at low temperature and higher frequency, while 

the other Ea=0.881, 0.773 and 0.695 eV are obtained at low frequency and high temperature 

for P1, P2 and P3 sample, respectively. Obviously, the Ea is decreasing with more Fe NCs, 

which can be assigned to local filed enhancement of NCs [18, 22]. For the Fe NCs-BTO 

composites, the smaller Ea at low temperature and high frequency indicates the hopping 



polarization processes within grains (the BTO films between NCs), while the higher value of 

Ea at low frequency and high temperature implies interfacial polarization induced by the grain 

boundaries (the interfaces of Fe NCs and BTO) [6, 18]. Thus, the colossal permittivity can be 

attributed to the contributions of hopping polarization at low temperature and high frequency, 

and the interfacial polarization at low frequency and high temperature, respectively. 

 

Fig. 5 Lg(ε f) vs lgf plot of (a) P1 and (b) P3 sample at different temperatures; frequency 

dependence ac conductivity (σ) of varied samples at different temperature: (c) P1 and (d) P3, 

respectively; (e) schematic diagram and of Fe NCs-BTO composites, and the below inset 

displays the equivalent electric model of this system, where the Rt, Lt and Ct is the total 

resister, inductance and capacitance, respectively; (f) the frequency dependence total 

impedance (Zt) of RLC electric model. 



To further prove this assumption clearly, the ε′ in the universal dielectric response model can 

be written as follows: 

fε′= A(T) fs                             (2) 

where A(T)=tan(s/2)σ0ε0, f, ε0, σ0 and s is the frequency, pre-exponential factor, permittivity 

of free space and the constant (0-1). Therefore, the slope of a straight line shown in lg(ε f) 

vs lgf plot in Fig. 5 at a given temperature represents the value of s. The fitted straight line is 

deviated from the slope as frequency increases due to relaxation, and subsequently it 

decreases in a step-like behavior and displays another straight line at the high temperature 

region. Two different slopes are observed in all samples, which locate at low 

temperature-high frequency and high temperature-lower frequency, suggesting two different 

dominated polarizations [6, 18]. One of s=0.95 and 0.98 occurs at 293 K and higher 

frequency, while the other s=0.90 and 0.93 are obtained at 593 K and lower frequency for P1 

and P3 sample, respectively. Actually, as the value of s is closer to 1, the polarization charges 

are more strictly localized [6, 18, 22]. Compared to high temperature-lower frequency region, 

the larger s at low temperature-higher frequency reveals the more localized charge carriers of 

polarization. It is obvious that more amounts of Fe NCs with stronger local filed 

enhancement induce the larger values of s. Due to the certain energy to overcome the 

relatively small energy barrier for polarization, the hopping polarization is becoming active at 

high frequency and low temperature. Nevertheless, the sufficient energy to overcome the 

large energy barrier at low frequency and high temperature is the interfacial polarization, 

which is associated with mobile electrons in the NCs and holes in the BTO are activated [18, 

22]. Therefore, the hopping polarization play a primary role in the low temperature-higher 



frequency while and the interfacial polarization is dominated at high temperature-lower 

frequency. 

In the reported study, the colossal ε has been attributed to MW-type contributions of the 

grains and insulating grain boundaries in the IBLCs model [23]. On the assumption of 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 Fe 

NCs and BTO plays the role of grains and grain boundaries, respectively. Based on the 

analysis, this structure is much similar with the IBLCs model. Thus, the contribution of 

interfacial polarization to the colossal permittivity at high temperature of 593 K and low 

frequency of 0.1 Hz can be calculated by using the IBLCs model [23], which can be 

presented by: 

εeff = εD/R                             (3) 

where εeff , ε, D and R is the effective permittivity, real permittivity of the material, grain size 

and thickness of grain boundary, respectively. Taking the P1 as an example, the real 

permittivity of BTO is ε=355410 at 0.1 Hz and 593 K. The measured D of varied samples are 

both ~5 nm, and the R is 32.5 nm for the P1. Thus, the effective permittivity of 125104 is 

calculated, which is equivalent to 15.4 % of the experimental colossal permittivity. Therefore, 

the colossal permittivity at high temperature and low frequency 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. As the 



decreased R of Fe NCs, the interfacial polarization gradually plays a dominate role in the 

colossal dielectric response at high temperatures-lower frequency. Consequently, the 

interfacial and hopping polarization can be tuned quantitatively by adjusting the R between 

the Fe NCs in this nano-CMCs system.  

As the σ-f curves of samples at different temperature displayed in Fig. 5, the σ values are 

increased with the increase of temperature, which agrees well with the reported dielectric 

ceramics [1, 6, 12, 13, 22, 23]. By contrast, the P1 and P3 possess the following differences: 

(1) at the low frequency, both the P1 and P3 have a frequency independence plateau, also 

named dc conductivity σ0, while the plateau values of σ for P3 are higher than that of P1, 

which is due to the increased concentration of Fe NCs; (2) in the midfrequency region, the P1 

owns a narrow plateau in this frequency range, while the σ of P3 becomes a linear correlation 

with frequencies; (3) at high frequency, the σ of P1 at varied temperature is dependent of 

frequency, while the P3 owns a narrow plateau. In the conventional jump relaxation model 

(σ=σ0+A1n1+A2n2) [8], the lgσ-lgf curves were increased linearly with different slopes in 

midfrequency and high frequency regions, differing with our results. 

To clarify the variation discussed above, the typical RLC electric model is utilized in 

this system. As schematic diagram show in Fig. 5 (e), the embedded Fe NCs in the epitaxial 

BTO film and the spacing between the Fe NCs can be regard as the electrodes and spacing 

between the electrodes in a capacitor, respectively. In addition, the metal NCs owns an 

intrinsic resister and parasitic inductance [24]. Therefore, the Fe NCs-BTO system can be 

simplified as a typical RLC electric model (see the inset in Fig. 5e). Furthermore, the Zt in the 

RLC electric system is equal to Rt+jLt-1/jCt, where the  is angular frequency (=2f). 
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In combination with the frequency dependence Zt of classical RLC model in Fig. 5 (f), it is 

clear that the resonant frequency (fR) would move to high frequency with the decreased Ct 

[24].  

Here, the narrow σ plateaus of P1 at midfrequency region can be assigned to the 

relaxation of dielectric constant (see Fig. 3a). With the decreased R of Fe NCs, Ct is 

increasing (Ct =S/R, where S and R represents the area and spacing between Fe NC 

electrodes, respectively), meaning the enhanced capacitance effect (blocking dc current and 

flowing ac current). As a result, the ability of blocking dc current and flowing ac current is 

increased, which leads to the linear dependence of σ-f at midfrequency region for P3. 

Furthermore, at high frequency the narrow σ plateaus of P3 can be attributed to the NCs 

inductance effect (blocking high-frequency ac current and flowing high-frequency dc current). 

With the increased amount of Fe NCs, the Lt is increasing [24], implying the enhanced 

inductance effect. So the ability of blocking ac current and flowing dc current is increased, 

resulting in the plateaus of P3 at high frequency region relative to the linear dependence of 

σ-f in P1. Increasing the amount of Fe NCs induces the obvious enhancement of 

low-frequency conductivity, midfrequency capacitance effect and high-frequency inductive 

effect. Therefore, the NC embedding plays an important role in adjusting the ac conductivity 

in CMCs systems. The obvious rectification effect offers a well nano-CMCs system to the 

application in the dielectric capacitor and other electric devices. 

4. Conclusions 

In summary the Fe NCs were controllably embedded in epitaxial BTO matrix via L-MBE 

method. Compared with other polycrystalline matrix, the well epitaxial BTO layers in this Fe 



NCs-BTO system contains no grains and grain boundaries. The BTO films between 

embedded NCs and the contact interfaces between the NCs and BTO film can be regard as 

the grains and grain boundaries, respectively. Further tuning the spacing between the NCs, 

the enhancement of colossal dielectric constant and shifting of dielectric loss peak from low 

to high frequencies were achieved. The abnormal dielectric responses could be explained by 

the quantitatively contribution of interfacial polarization and hopping polarization at various 

frequencies and temperatures. Based on the Fe NCs-BTO system, the effect of grains and 

grain boundaries to the colossal dielectric constant at low frequencies and high temperatures 

was clearly clarified. Significantly, decreasing the spacing between Fe NCs induces the 

obvious enhancement of low-frequency conductivity, midfrequency capacitance effect and 

high-frequency inductive effect. Such ideal model was provided for explaining the effects of 

the interaction for NCs, grains and grain boundaries on its dielectric and rectification 

characteristic. This new kind of nano-CMCs model opens up prospects for the application in 

aspect of embedded nano-capacitances. 
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Figures

Figure 1

Evolution of RHEED patterns during the Fe NCs-BTO composites growth at various time: (a) complete
surface of BTO epitaxial �lm deposited on (001) SrTiO3 substrates, and the Fe NCs deposition on 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.



Figure 2

AFM images of (a) P1, (b) P2 and (c) P3 sample; D and R distribution of Fe NCs �tted by a log-normal
distribution of (d) P1, (e) P2 and (f) P3 sample, respectively.



Figure 3

Dielectric constant at varied temperature of (a) P1, (b) P2 and (c) P3 sample; dielectric loss tanδ of (d) P1,
(e) P2 and (f) P3 at varied temperatures. The inset of (f) is the enlarged view pattern at high frequency.

Figure 4

Activation energy of thermally activated relaxations for the samples.



Figure 5

Lg(ε'xf) vs lgf plot of (a) P1 and (b) P3 sample at different temperatures; frequency dependence ac
conductivity (σ) of varied samples at different temperature: (c) P1 and (d) P3, respectively; (e) schematic
diagram and of Fe NCs-BTO composites, and the below inset displays the equivalent electric model of
this system, where the Rt, Lt and Ct is the total resister, inductance and capacitance, respectively; (f) the
frequency dependence total impedance (Zt) of RLC electric model.


