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Abstract
The role of mixed-valence structure in colossal dielectric constant (CDC) behavior

has been investigated in LaFeO3 ceramics by tuning the ratio of Fe2+/Fe3+

through substituting Al for Fe. The ratio of Fe2+/Fe3+ is decreased gradually from

1.0 to 0.0 by increasing the concentration of Al3+. Two clear-cut correlations

have been found: (i) the relationship between the CDC behavior and the ratio of

Fe2+/Fe3+ follows an exponential function and (ii) the activation energy of the

polaron relaxation is proportional to 1=e20, where e0 is the intrinsic dielectric con-

stant. These findings underscore the role of the mixed-valence structure in CDC

behavior and suggest that adjusting the mixed-valence structure through doping/

alloying can be a promising strategy to achieve superior CDC behavior in transi-

tion-metal oxides.
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1 | INTRODUCTION

Materials exhibiting colossal permittivities (CP, dielectric
constant e0 [ 103) have attracted increasing attention due
to their myriad applications in the miniaturization of elec-
tronic devices and high-density energy storage.1,2 Nowa-
days, the well-known CP materials can be clarified into
two types: (i) phase-transition type CP materials, such as
Ba/Pb-based ferroelectric oxides showing CP behavior due
to ferroelectric phase transition,3 and (ii) charge transport
type CP materials, such as K0.3MoO3

4 and NbSe3,
5

showing CP behavior due to charge transport by means of
charge-density wave (CDW). Recently, a new type of CP
materials, also termed as colossal dielectric constant (CDC)
materials,6,7 had been found in a number of perovskite-
related oxides8-12 and doubly doped simple oxides, such as
(Li,Ti)-codoped NiO13 and (Nb,In)-codoped TiO2.

1 The
phase-transition type CP materials suffer from the toxicity
and strong-temperature dependence of the permittivity,
making it unsuitable for modern electronic devices. The
CDW materials show CP behavior far below room temper-
ature, which also limit their application as most devices are
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working around room temperature. The CDC materials,
however, characterized by colossal and temperature-stable
dielectric constants over a broad temperature range around
room temperature, are very desirable for device implementa-
tion. Nevertheless, the relatively high dielectric loss is a for-
midable problem limiting the practical application of the
CDC materials. To overcome this problem, considerable
efforts have been devoted to understand the physics of the
CDC behavior. After a wealth of experimental investigations,
the exact nature of the CDC behavior is still a matter of
debate. Although the extrinsic Maxwell–Wagner origin, due
to either internal barrier layer capacitor or surface barrier
layer capacitor, has been generally accepted to account for
the CDC behavior,14-21 increasing results suggest that an
intrinsic polaron-type origin due to localized carriers hopping
between ions with mixed-valence states has also been identi-
fied to be responsible for the CDC behavior.22-25

The mixed-valence structure (e.g., Cu+/Cu2+, Ti3+/Ti4+,
Fe2+/Fe3+, Mn3+/Mn4+, and so on) correlated with oxygen
vacancies have been evidenced to be a common feature for
CDC behavior.26 Ikeda et al. pointed out that the ratio of the
polyvalent ions was critical for the CDC behavior.24 Results
on Fe-based oxides showed that when the ratio of Fe2+/Fe3+

was around 1:1, it was favorable for the CDC behavior;24

whereas for the ratio far from 1:1 (e.g., 1:3, 1:4), it was
adverse to the behavior.27,28 However, in CDC materials
with two polyvalent cations, like CaCu3Ti4O12 (CCTO), the
role of mixed valence is more complicated. For instance, a
low Ti3+/Ti4+ ratio of 0.45 was found in CaCu3(-
Ti0.9Sn0.1)4O12, but its dielectric permittivity value around
room temperature was very high (>104) over a frequency
range from 102 to 105 Hz.29 This fact indicates that only the
ratio of Ti3+/Ti4+ is insufficient to describe the CDC behav-
ior in CCTO. Other sources of intrinsic factors, such as the
presence of Cu+ and Cu3+ or others, may also contribute to
the colossal dielectric response in CCTO.30-32

In view of these, it is highly desirable to find out whether
there is a link between the mixed-valence structure and the
CDC behavior? If yes, what is the quantitative relationship
between them? The main purpose of this work is thus to cor-
relate and quantify the relationship between the mixed-
valence structure and the CDC behavior. LaFeO3 with only
one polyvalent ion is, thereby, selected as a model sample
because of its simple structure and the CDC behavior similar
to that of CCTO. The CDC behavior in LaFeO3 was con-
firmed to result from polaron relaxation due to electrons hop-
ping between Fe2+ and Fe3+ ions.33 The reducing of Fe3+ to
Fe2+ in LaFeO3 ceramics was argued to be caused by oxygen
loss during the high-temperature sintering process. To tune
the ratio of Fe2+/Fe3+, Al3+ ions were used partially up to
completely replace the Fe3+ ion. As the valence of Al3+ is
invariable, this will enhance the total positive charge. As a
result of charge compensation, Al doping will inhibit the

formation of oxygen vacancies, thereby limiting the reducing
of Fe3+ to Fe2+. Our results revealed a quantitative relation-
ship between the mixed-valence structure and the CDC
behavior. This relationship can be best understood based on
the polaron model.

2 | EXPERIMENTAL DETAILS

LaFe1�xAlxO3 (x=0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and
1.0) ceramic samples were synthesized by the conventional
solid-state reaction method using high-purity (99.99%)
powders of La2O3, Fe2O3, and Al2O3 as raw materials.
Firstly, the powders of La2O3 were calcined at 900°C for
10 h in air to dehydrate. Secondly, the stoichiometric pow-
ders (1:x:1�x) were thoroughly mixed using a mortar and
calcined at 1100°C for 10 h in air. The mixture powders
were calcined at the temperature of 1000°C and 1200°C
for 16 h with intermediate grinding. The resultant powders
were reground again and pressed into pellets with a diame-
ter of 11.68 mm and a thickness of ~1.30 mm. Finally,
these pellets were sintered at 1450°C for 20 h. Phase purity
of the as-prepared samples was examined by X-ray diffrac-
tion (XRD; Rigaku Smartlab, Tokyo, Japan) operated at
40 kV and 40 mA with Cu Ka radiation over a range 20–
80°. The morphology and microstructure of the sintered
pellets were studied by a field emission scanning electron
microscope (SEM, Model S-4800; Hitachi Co., Tokyo,
Japan). The X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out on a Thermo-Fisher ESCALAB
250Xi. The X-ray source was Al Ka (1486.6 eV) with a
650-lm spot size and the power was about 200 W. Pass
energy was set to 20 eV. Collection direction of photoelec-
tron detector is perpendicular to the sample surface. The
angle between X-ray incidence direction and the collection
direction of photoelectron detector was 58°. Fitting proce-
dure was Gauss-Lorentz mix and the Lorentz/Gauss ratio
was fixed as 30%. The temperature-dependent dielectric
properties were measured by a Wayne Kerr 6500B precise
impedance analyzer (Wayne Kerr Electronic Instrument Co.,
Shenzhen, China) with the sample mounted in a holder
placed inside a PST-2000HL dielectric measuring system
(Partulab Co., Wuhan, China). The amplitude of ac measur-
ing signal was 100 mV rms. Electrodes were made by print-
ing silver paste on both sides of the disk-type samples.

3 | RESULTS AND DISCUSSION

The XRD patterns of the as-prepared samples are shown in
Figure 1. For clarity, only the patterns for samples with
x=0, 0.2, 0.4, 0.6, 0.8, and 1.0 were selected to present in
the figure. For x=0, the peaks were successfully indexed
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based on an orthorhombic crystal structure with Pbnm
space group (JCPDS file No. 74-2203). This fact indicates
that the LaFeO3 sample is pure phase. No impurity phases
can be observed in the slightly doped sample of
LaFe0.8Al0.2O3 ceramics. However, when x≥0.4, the index
peaks belonging to LaAlO3 phase appear. The LaAlO3

phase was found to overpass the LaFeO3 phase in the sam-
ples with x≥0.6. When x=1, no LaFeO3 phase can be
found, the only detected phase is LaAlO3, whose pattern
can be indexed based on an hexagonal structure with
PR3m space group (JCPDS file No. 31-0022).

SEM images (see Figure S1 of the Supplementary infor-
mation) show that all the samples have a dense structure.
The average grain size was found to increase gently with
increasing x (at values of x≤0.6) and then increase rapidly
with further increasing x.

Figure 2A,B shows, as an emblematic case, the temper-
ature dependence of the dielectric constant, e0 (the real part
of the complex permittivity e�), and loss tangent, tand for
LaFe0.8Al0.2O3, respectively. It is clearly seen that the
dielectric constant of the sample shows a weak tempera-
ture-dependent plateau with a high value (>104) around
room temperatures. The plateau step-like decreases to a flat
value of ~27 at low temperatures accompanied by a peak
in corresponding loss tangent curve. These are in accor-
dance with the characteristic features for CDC behavior as
reported in CCTO.2 The peak shifts toward higher tempera-
ture as the measuring frequency increases, indicating that
the peak belongs to a thermally activated relaxation. It was
found that the peak position (TP) and the measuring fre-
quency (f ) obey the Arrhenius relation:

f ¼ f0 exp -Ea=kBTP
� �

(1)

where f0 is the preexponential factor, Ea is the activation
energy of the relaxation, and kB is the Boltzmann constant.

Figure 2C displays the Arrhenius plot of the relaxation.
Linear fitting based on Equation 1 yields the values of
Ea ¼ 0:387eV and f0 ¼ 8:48� 1012 Hz. It should be noted
that the value of activation energy is comparable to the
value of ~ 0.3 eV for the relaxation due to electrons hop-
ping between Fe2+ and Fe3+ ions.24 The relaxation was
destroyed by increasing the doping level and completely
disappeared in the samples with the doping level x ≥ 0.7
(see Figure S2 of the Supplementary information). The val-
ues of Ea and f0 for the relaxation in the samples with
x≤0.6 were listed in Table 1. The activation energy was
found to decrease with increasing Al3+ content. This find-
ing agrees well with that reported in Ca-doped LaMnO3

system.34,35

It is worth pointing out that the disappearance of the
CDC relaxation in heavily Al-doped samples seems to sug-
gest that it moves toward a higher temperature above room
temperature, which is out off the measuring temperature
window. This point can be excluded immediately because
for a thermally activated relaxation, the lower value of its
activation energy, the lower temperature it occurs. The acti-
vation energy decreases with increasing Al-doping level,
the CDC relaxation in heavily Al-doped samples, if any,
would shift toward a lower temperature rather than a higher
temperature. Detailed investigations on LaFe0.3Al0.7O3 over
a wide temperature range from 100 to 1065 K revealed
that, instead of moving toward a higher temperature, the
CDC relaxation truly disappeared (see Figure S3 of the
Supplementary information).

As already mentioned, the CDC behavior in oxides is
generally originated from Maxwell-Wagner relaxation due to
various interfaces.14-21 In this case, the Maxwell-Wagner ori-
gin of the observed CDC relaxation can be ruled out by the
Capacitance–Voltage (C–V) studies (see Figure S4 of the
Supplementary information). Meanwhile, these studies fur-
ther support the bulk nature of the relaxation. Detailed inves-
tigation showed that the present relaxation was a polaron
relaxation caused by electrons hoping between Fe2+ and
Fe3+ ions inside grains.33 This aspect will be further dis-
cussed later on. The CDC behavior is, therefore, expected to
be closely related to the ratio of Fe2+/Fe3+. To quantitatively
describe the CDC behavior, the dielectric constant step De0 is
introduced, which is defined as the difference in dielectric
constant between 275 and 175 K obtained in the e0ðTÞ curve
recorded with 500 Hz. The values of De0 for all samples
were listed in Table 1. One notes that, for the low doping
level of x≤0.2, De0 decreases slightly with increasing x. Fur-
ther increasing the doping level leads to a dramatic decrease
in De0. This finding also supports the point that the CDC
behavior disappears gradually with decreasing (increasing)
the concentration of polyvalent (Al3+) cations, and suggests
a confirmative relationship between the mixed-valence struc-
ture and the CDC behavior.

FIGURE 1 The XRD patterns for the selected samples
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To quantitatively establish this relationship, XPS mea-
surements were performed to identify the ratios of R=Fe2+/
Fe3+ for all samples. The XPS spectra were shown in

Figure S5 of the Supplementary information. As an exam-
ple, Figure 3 shows the XPS results of Fe 2p3/2 peak of
LaFeO3 ceramics. Using Gaussian–Lorentzian curve fitting,
the peak can be separated into two distinctive peaks, locat-
ing at 709.96 and 711.40 eV corresponding to Fe2+ and
Fe3+ states, respectively. According to the peak area, the
ratio of Fe2+/Fe3+ was calculated to be 1.012 for the sam-
ple. The ratios of Fe2+/Fe3+ for all samples were given in
Table 1. Figure 4 plots De0 as a function of R. The data
can be fitted perfectly by the explicit function for the
dielectric strength of an Maxwell–Wagner-type relaxation
described as36

De0 ¼ A
Bþ CexpðD=kBRÞ (2)

where A, B, C, and D are constants. The fit yields the val-
ues of A=2646.502, B=0.168, C=1.287910�4, and
D=5.825.

We now turn our attention to the nature of the observed
relaxation. As the relaxation is related to electrons hopping

FIGURE 2 Temperature dependence of (A) e0 and (B) tan d for LaFe0.8Al0.2O3 measured under different frequencies. (C) Arrhenius plot for
the relaxation observed in (B). (D) Temperature dependence of e0 recorded at 500 Hz for all samples [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Parameters of activation energy (Ea), preexponential
factor (f0), dielectric constant step (De0), ratio of Fe2+/Fe3+ (R), and
intrinsic dielectric constant (e0) for all samples

Sample Ea(eV) f0(10
12 Hz) De0 R e0

LaFeO3 0.448 8.482 12 165 1.012 26.05

LaFe0.8Al0.2O3 0.378 1.293 12 005 0.944 27.51

LaFe0.7Al0.3O3 0.337 1.288 7500 0.818 28.57

LaFe0.6Al0.4O3 0.315 1.124 5309 0.729 29.85

LaFe0.5Al0.5O3 0.268 1.065 1081 0.612 31.12

LaFe0.4Al0.6O3 0.212 0.961 506 0.546 33.08

LaFe0.3Al0.7O3 – – 54 0.462 –

LaFe0.2Al0.8O3 – – 35 0.336 –

LaFe0.1Al0.9O3 – – 12 0.103 –

LaAlO3 – – 5 – –
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between Fe2+ and Fe3+ ions, the hopping processes not
only yield conductivity but also give rise to dielectric relax-
ation. Being associated with the same hopping process, the
dielectric relaxation is linked with the conductivity, and
has been widely reported to be a kind of polaron relax-
ation.23,37 Both the relaxation and conductivity follow a
thermally activated behavior and can be described by the
well-known universal dielectric response (UDR) model.38

The activation energy value of relaxation (Ea) is very close
to the activation energy value of conductivity (Ec).

39 Based

on the scenario of polaron model, the activation energy of
conductivity, treated by a simple model for hydrogenic
impurity, can be described by35

Ec ¼ ðm�=meÞð1=e20Þ � 13:6eV (3)

where m�, me, and e0 are the effective mass of the local-
ized carrier, the mass of the electron, and the intrinsic
dielectric constant of the sample, respectively. As Ea �Ec,
Equation (3) predicates a linear relationship between Ea

and 1=e20. To identify this relationship, the intrinsic dielec-
tric constants of the measured samples are needed, which
can be obtained by measuring the dielectric properties
either down to 0 K or at high enough frequencies.40 For
the former case, the extrinsic dielectric contribution can be
negligible. In practical, the intrinsic dielectric constant can
be obtained easily by reading out the value of the dielectric
plateau in the low-temperature range where the dielectric
constant is independent of both temperature and frequency.
For the latter case, the extrinsic dielectric response cannot
follow the variations in the applied field and has no contri-
bution to the dielectric properties.40 The latter case is used
in this work because the intrinsic dielectric constant can be
deduced from the UDR model. Based on this model, the
real and imaginary parts of the complex permittivity can be
written as38

e00 ¼ BðTÞxs-1 (4)

e0 ¼ e1 þ CðTÞxs-1 (5)

where x ¼ 2pf is the angular frequency, s (with the value
between 0 and 1), BðTÞ, and CðTÞ are temperature-depen-
dent constants, e1 is the high-frequency dielectric constant.
Figure 5A displays the plots of e00 at three selected temper-
atures for the sample of LaFe0.4Al0.6O3. Based on Equa-
tion (4), the values of s at the measuring temperatures can
be calculated by linear fits to the data. Putting these values
of s into Equation 5, perfect straight lines were obtained in
the plot of e0 against xs-1 (see Figure 5B). It is worth not-
ing that, when xs-1 ! 0, i.e., x ! 1, the straight lines
intercept the e0 axis at the same value of
e1 ¼ 33:08� 0:02. This value actually represents the
intrinsic dielectric constant e0. The values of e0 for the sam-
ples showing CDC relaxation (x≤0.6) calculated in the
same way were shown in Table 1. From which one can
clearly see that the intrinsic dielectric constant decreases
with increasing activation energy.

Figure 6 plots the Ea as a function of 1000=e20. A clear-
cut correlation was found demonstrating the linear relation-
ship between Ea and 1=e20. This finding firmly confirms the
polaron nature of the observed relaxation and unambigu-
ously evidences that the mixed-valence structure plays a
decisive role in CDC behavior of the investigated sample
system.

FIGURES 3 XPS spectrum of Fe 2p peak of LaFeO3 [Color
figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Dielectric constant step,De0, as a function of the ratio
of R=Fe2+/Fe3+ [Color figure can be viewed at
wileyonlinelibrary.com]
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Finally, it is worth emphasizing that this work does
not exclude the role played by grain boundary in CDC
behavior. Actually, both polaron and Maxwell–Wagner
relaxations have contributions to the CDC behavior in
materials containing more than one polyvalent cations like
CCTO.41,42 Our recent results on Mn-doped CCTO showed
that the contributions to the CDC behavior from polaron
and Maxwell–Wagner relaxations were about 1/4 and 3/4,
respectively.43 The grain boundary therein plays a predomi-
nant role in the CDC behavior. The present results might

be suitable for simple oxides containing only one transi-
tion-metal ion. In addition, as indicated by Table 1 the
CDC behavior in the present samples is directly related to
the mixed-valence structure. Tuning the mixed-valence
structure through doping/alloying is, therefore, proposed as
a promising strategy to achieve superior CDC behavior in
the simple transition-metal oxides.

4 | CONCLUSIONS

In summary, LaFe1�xAlxO3 (x=0.0, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, and 1.0) ceramic samples were synthesized
by the conventional solid-state reaction method. The ratio
of Fe2+/Fe3+ was tuned by increasing the Al-doping level.
The CDC behavior in the investigated sample system was
confirmed to be a polaron relaxation, whose activation
energy was found to be related to the intrinsic dielectric
constant. The ratio of Fe2+/Fe3+ was found to determine
the CDC behavior of the samples via an explicit exponen-
tial function of Equation 2. Our results suggest a facile
way to tune the CDC behavior in simple transition-metal
oxides by adjusting the mixed-valence structure through
doping/alloying.
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