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The low-frequency �102–105 Hz� dielectric properties and dc resistivity of oxygen-doped La2CuO4+y ce-
ramic samples were investigated as a function of temperature �23–300 K�. The as-prepared sample featuring
phase separation shows very high dielectric constant ���105 above 150 K, which was found to originate from
the hopping motion of localized holes. Below 150 K, the relaxation process due to the condensation of the
holes can be observed in the dielectric spectra. When the sample was annealed at different temperatures in
reduced atmosphere to tune the oxygen content, the phase separation disappears accompanied by the absence
of the relaxation in the annealed sample. Our results give strong support to the phase separation model and
evidence the inhomogeneous distribution of holes in the oxygen-doped La2CuO4+y ceramic samples
investigated.
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I. INTRODUCTION

One of the most interesting and intensively investigated
issues in the field of high-temperature superconductivity is
the possibility that the cuprates possess an inherent inhomo-
geneous distribution of charge carriers in the electronically
active CuO2 planes. Several theoretical models, for example,
the two-component model1,2 and the ferronic model,3,4 have
predicted that the polarized clusters induced by holes in
CuO2 planes have the tendency to come close to each other
at low enough temperatures, resulting in an electric inhomo-
geneity in cuprates. Charge inhomogeneities, in terms of
phase separation or stripe phase have been hinted by various
techniques, such as Mössbauer spectroscopy,5 photodoping
experiments,6 neutron scattering experiments,7 electron para-
magnetic resonance experiments,8 and so on.

Phase separation results in the formation of metallic hole-
rich microdomains and insulating hole-poor regions. In this
scenario, it is natural to expect different physical meanings
of the dynamical response, since an external electric field,
inducing an electric current along the material �due to hop-
ping of the holes�, produces a charge carrier concentration
discontinuity across the domain walls. The charge buildup
would lead to a Debye-like behavior of Maxwell-Wagner
relaxation. Hence, knowledge from the dielectric properties
would provide some meaningful information about phase
separation. Indeed, experiments in La2CuO4 single crystals
have revealed some interesting results, such as high dielec-
tric constant,9–11 hopping conductivity,12,13 and even ex-
tremely heavy charge carriers, also reported from millimeter-
wave conductivity measurements.9 However, experimental
work on dynamical properties of La2CuO4 ceramic samples
is still scarce. A Debye-type dielectric behavior and variable-
range-hopping conductivity have been reported at high fre-
quency �9 GHz� and low temperature range �5–150 K� in
ceramic La2CuO4 samples.14 Unfortunately, the dielectric be-
havior at low frequencies was not reported. Rey et al.15

found unexpected large dielectric constants in ceramic, non-

metallic YBa2Cu3O3+� in the frequency range of
20 Hz to 1 MHz. These results strongly indicate that ce-
ramic samples also have important information compared
with their counterpart single-crystal samples.

In this paper, we report our measurements of dielectric
properties in oxygen-doped polycrystalline La2CuO4+y.
La2CuO4+y has been chosen because it possesses a phase
separation miscibility gap16–18 which exhibits the coexist-
ence of superconducting and antiferromagnetic �AF� phases,
when the content of excess oxygen y is in the region 0.01
�y�0.055. Most of the experimental evidence for phase
separation was obtained in this kind of material. We find the
dielectric constants are substantially larger than all previ-
ously reported values in La-based cuprates. Our results can
be well described in the framework of phase separation and
evidence the inhomogeneous distribution of holes in the in-
vestigated material.

II. EXPERIMENTAL DETAILS

Ceramic La2CuO4+y samples with a density of 85% of the
theoretical value of 7.11 g/cm3 were prepared by conven-
tional solid-state reaction. Excess oxygen was inserted into
the samples by the vapor-doping method.19 In brief, single-
phase La2CuO4 pellets with CuO powder nearby were sin-
tered at 1100 °C for 20 h followed by slow cooling. In this
process the CuO powder is used to achieve the oxygen at-
mosphere with the decomposing of CuO at �1000 °C. In
order to investigate the effects of the oxygen content on the
dielectric properties, some as-prepared samples were an-
nealed in flowing �200 ml/min� N2 �with purity �99.999%�
with carbon powder as oxygen getter at 400 and 800 °C for
2 h, denoted as steps A1 and A2, respectively. The annealing
temperatures have been chosen because it was found20 that
interstitial oxygen effuses largely between 270 and 400 °C,
while lattice oxygen releases around 800 °C. To study the
dynamical properties, Au electrodes were sputtered on oppo-
site sides of a La2CuO4+y pellet. The low-frequency
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��1 MHz� dielectric measurements were performed with a
QuadTech 1730 LCR Digibridge in a cooling run from room
temperature to �23 K, followed by a heating run to room
temperature. The data of both runs were reproducible and
reversible. dc resistivity was measured by the four-probe
technique. Magnetization measurements were carried out in
the zero-field-cooled state with a Quantum Design supercon-
ducting quantum interference design �SQUID� magnetometer
in a field of 50 Oe.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of the dc re-
sistivity for an as-prepared La2CuO4+y ceramic. It is seen that
the insulator-superconductor transition occurs at 35 K in
agreement with previous reports21 for lightly doped �y
�0.05� La2CuO4+y samples showing a stable superconduct-
ing phase with transition temperature TC�32–35 K. A note-
worthy feature is that with decreasing temperature, the resis-
tivity exhibits two increasing steps. One occurs at about
120 K followed by the superconducting transition, while the
other is located at 200–250 K, which was frequently ob-
served in the literature, but its mechanism is not clear so far.
The magnetization of the as-prepared sample �inset of Fig. 1�
clearly shows two phase transitions: a superconducting phase
transition at TC�35 K and an AF phase transition at TN
�270 K, suggesting the existence of phase separation.

The temperature dependence of the real ���� and imagi-
nary ���� parts of the complex permittivity for the as-sintered
sample is presented in Fig. 2. Both �� and �� have consider-
ably large values surpassing 105 at high temperatures. Above
�120 K, the ���T� responses for all the measured frequen-
cies are nearly exponential. However, below 120 K they
show noticeable decrease. This deviation from the exponen-
tial law becomes pronounced with increasing frequency. The
demarking temperature coincides with the starting of the
low-temperature drastic increasing step in resistivity �Fig. 1�
which is a characteristic of the condensation of the polarized

clusters as discussed earlier.22 This result is a strong indica-
tion of the affinity between the observed dielectric behaviors
and phase separation.

At high temperatures the holes localized by polaronic
clusters in the Cu-O plane can make a contribution to con-
ductivity by hopping. Under an external ac electric field, the
hopping motion gives rise to dipolar effect and sizable po-
larization with the in-phase and out-of-phase components re-
sponsible for the real and dielectric loss tan �, respectively.
Qualitatively, the frequency dependence of hopping conduc-
tivity can be well described by the so-called universal dielec-
tric response23 �UDR�

����� = �dc + �0�s, �1�

where �dc is the dc conductivity of the sample, ��=2�f� is
the angular frequency, and �0 and the frequency exponent s
are temperature-dependent constants.

Within the UDR model, �� can be calculated as

�� = tan�s�/2��0�s−1/�0, �2�

where �0 is the electric permittivity of free space. Equation
�2� can be rewritten as

��� = A�T��s, �3�

where the temperature-dependent constant A�T�
=tan�s� /2��0 /�0.

Therefore, for a given temperature, a straight line with a
slope s should be obtained if log10����� is plotted as a func-
tion of log10 �. This inference was confirmed on the log-log
graph in Fig. 3. The perfect linear relation is clearly seen at
all the measured frequencies for T�150 K. However, for
T�100 K, the experimental data deviate from the linear be-
havior at highest frequencies. As temperature decreases, the
deviation becomes more pronounced. These results are ex-
pected based on the theory of phase separation. When the
temperature decreases, the isolated polarized clusters begin
to condense, leading to a decrease in the number of the clus-
ter and the formation of microdomains. The former effect

FIG. 1. Temperature dependence of the resistivity of an as-
prepared La2CuO4+y ceramic. Inset shows the temperature-
dependent magnetization of the sample.

FIG. 2. The real ���� and imaginary ���, inset� parts of the
permittivity at different frequencies as a function of temperature for
the as-prepared ceramic La2CuO4+y sample.
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will lower the polarization due to the reduction of the dipolar
effect at all the measured frequencies to the same extent, i.e.,
shift the straight line in the plot of log10����� vs log10 � to
low values of log10�����. The latter effect, however, will
become inactive first in the high-frequency range due to the
slow dynamics of the domain walls and result in the ob-
served deviation from the linear behavior. Obviously, the de-
viation will become more and more pronounced as the do-
mains grow in size with decreasing temperature. The above
analysis also suggests that in our experiments the small po-
larized clusters begin to condense at the temperature range
between T=150 and 100 K, consistent with the resistivity
measurements in Fig. 1.

To obtain more information about phase separation from
the dielectric behaviors, the values of s and log10 A at differ-
ent temperatures deduced from the best linear fittings based
on Eq. �3� were presented, respectively, in insets �a� and �b�
of Fig. 3. It is clear that the general behavior of s and log10 A
is to decrease with lowering of the temperature. At T
=250 K, corresponding to the high-temperature increasing
step in resistivity �Fig. 1�, s exhibits a steplike increase,
while log10 A shows a steplike decrease with decreasing tem-
perature. In the temperature range from T=250 to 120 K, the
data points of s can be linearly fitted with the expression

s = 0.8504 + 2.6493 	 10−4T , �4�

while the behavior of log10 A can be described by the poly-
nomial

log10 A = − 8.9794 	 10−6T2 + 0.004 56T + 5.4502. �5�

The solid curves in the insets �a� and �b� of Fig. 3 are the
results of the least-squares fittings according to Eqs. �4� and
�5�, respectively.

At T=120 K, corresponding to the beginning of the low-
temperature increasing step in resistivity �Fig. 1�, the data
points of s and log10 A no longer obey Eqs. �4� and �5�,

respectively, indicating the occurrence of a different physical
process, i.e., the condensation of the polarized clusters.

Therefore, both parameters obtained from the dielectric
behavior accurately describe the electrical features presented
in Fig. 1 and the underlying physical process—phase sepa-
ration.

We now turn to discuss the imaginary part of the complex
permittivity. Figure 4 shows the log-log plot of ����� versus
frequency at fixed temperatures. The low-frequency data
points of ����� follow a straight line with a common nega-
tive slope of −1. This feature is the hallmark that the energy
dissipation labeled as ����� is dominated by the conductiv-
ity. At T=280 K, all the experimental data fall on a straight
line in the frequency range covered, indicating that only the
conductivity has a contribution to �����. With decreasing
temperature, the data points of ����� deviate from the
straight line at the high-frequency limit. This deviation be-
comes much more evident at T�100 K. This fact is also a
substantial proof for the condensation of the polarized clus-
ters, because, as mentioned above, with increasing size of the
microdomains due to the coalescence of small clusters, the
slow dynamics of the domain walls results in the delay of the
response to the external alternating field, especially at high
frequencies. Hence, another kind of energy dissipation
mechanism arising from “relaxation” comes into action first
in the high-frequency range. In fact, two different regimes
can be identified in Fig. 4: a low-frequency dissipation re-
gime related to charge transport and the relaxation regime,
active to higher frequency, and originating from the relax-
ation of the condensed clusters. Statistically, the condensed
clusters are expected to be varied in size; thereby the relax-
ation behavior of the domain walls is expected to be a poly-
dispersive process with a distribution of relaxation time.
Hence the Cole-Cole model24 is adopted to evaluate the di-
electric relaxation. The complex permittivity can therefore be
expressed by

FIG. 3. Plot of log10����� against log10 � at fixed temperatures
for the as-prepared sample. Insets �a� and �b� show the temperature
dependence of s and log10 A obtained from the best linear fittings
based on Eq. �3�. The solid curves in insets �a� and �b� are results
calculated from Eqs. �4� and �5�, respectively.

FIG. 4. log10���� versus log10 � at fixed temperatures for the
as-prepared sample. The solid curves are guides to the eye, the
dash-dotted line indicates the contribution to �� from conductivity,
the dotted curve is the contribution from relaxation, and the dashed
curve is the total of the two contributions. The inset shows the
temperature dependence of the mean relaxation time. The solid line
in the inset is the fitting result to the Arrhenius law.
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�* = �
 + ��0 − �
�/�1 + �i���1−�� , �6�

where i is the imaginary unit, � is the mean relaxation time,
and � is an empirical constant with a value between 0 and 1.
The case �=0 corresponds to the Debye model that has a
single relaxation time. Considering the two contributions
�conductivity and relaxation� and according to Eqs. �1� and
�6�, ����� can be written as

�� = �dc/� + �0�s−1 + ��/2�sin���/2�/�cosh��z� + cos��z�� ,

�7�

where �=�0−�
, �=1−� and z=ln����. The second term
of Eq. �7� comes from the Kramers-Kronig transformation of
Eq. �2� and thus can be calculated from Eqs. �4� and �5� with
values found to be negligible.

By fitting the experimental data to Eq. �7�, we can distin-
guish the two contributions to �����. As an example, the
least-squares fitting to the data points at 31 K were also plot-
ted in Fig. 4. The fitting is perfect, indicating that the model
used is suitable. In addition, as shown in the inset of Fig. 4,
the obtained � follows approximately the Arrhenius law

� = �0 exp�E/�kBT�� , �8�

where �0 is the relaxation time at infinite temperature, E is
the activation energy for relaxation, and kB is the Boltzmann
constant. The activation energy E was found to be 8.34 meV,
corresponding to a temperature value of 96.8 K, very close
to the dc conductivity activation energy of 100 K found in a
crystal La2CuO4 sample.9

Therefore, the present results give strong support to phase
separation and evidence the inhomogeneous distribution of
holes in La2CuO4+y. In La2CuO4+y, crucial to phase separa-
tion is the content of excess oxygen, which was reported to
be very sensitive to thermal treatments.20,25 Hence, the di-
electric behaviors of the sample exhibiting phase separation
are expected to show strong dependence on oxygen content.
To clarify this expectation, after the dielectric measurements,
the as-prepared sample was subjected to two consecutive an-
nealing steps: step A1 and step A2. After each step, the re-
sistivity and dielectric behaviors were measured as a function
of temperature. The inset of Fig. 5 shows the resistivity be-
havior after step A1. Compared with the results before step
A1 �Fig. 1�, notable changes can be seen: �1� The resistivity
increases by several orders of magnitude; �2� superconduc-
tivity does not appear down to 23 K; �3� the high-
temperature increasing step in resistivity disappears com-
pletely. These results imply that the excess oxygen essential
to superconductivity and phase separation emits greatly dur-
ing step A1.

The main panel of Fig. 5 provides the temperature depen-
dence of �� and �� of the sample after step A1. It is seen that
�� is reduced by two orders of magnitude compared with the
results of the as-prepared sample �Fig. 2�, confirming the
large decrease of holes due to the emission of the excess
oxygen. Note that �� becomes nearly frequency and tempera-
ture independent at the lowest temperatures. This fact indi-
cates that the observed response represents the static dielec-
tric response of the material without the dipolar effects,
thereby evidencing the absence �or great weakening� of the

hopping motion of the holes. Meanwhile, �� exhibits a broad
peak around 150 K with the peak position shifts to higher
temperatures as the measured frequency increases. Similar
behavior has been found in a Zn-doped La2CuO4 single
crystal26 near the Néel temperature, and was thought to sug-
gest the possibility of an enhanced electrical polarizability by
antiferromagnetic ordering. However, the peak position in
our present work appears lower than the Néel temperature
��270 K�; thus, further studies remain to be done to clarify
this fact. The temperature dependence of �� has similar be-
havior on the whole to that before step A1 �Fig. 2�. Profound
changes can be seen from the frequency dependence of �� in
the log-log plot shown in Fig. 6. It is found that the experi-
mental data points for all the seven chosen temperatures fall
nearly on straight lines with a common slope of −1 in the

FIG. 5. Temperature-dependent �� and �� at different frequen-
cies for the sample annealed in N2 at 400 °C for 2 h. The inset
shows the variation of resistivity with temperature after this anneal-
ing treatment.

FIG. 6. Plot of log10���� against log10 � at fixed temperatures
for the 400 °C N2-annealed sample. The solid lines are fitting
curves with a common slope of −1.
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frequency window. This result indicates that the conductivity
has overwhelming contribution to energy dissipation, further
evidencing that phase separation has been spoiled by step
A1. It should be emphasized that this conductivity might be
different from that caused by the hopping motion of holes
and might arise from the hopping motion of the localized
electron carriers due to Anderson location.27

The temperature dependence of the resistivity after step
A2 is plotted in the inset of Fig. 7. It is found that the treat-
ment of step A2 makes the resistivity decrease. This is be-
cause the effusion of lattice oxygen leads to the creation of
oxygen vacancies which has a contribution to the conductiv-
ity as previously reported.20 It is interesting to note that the
high-temperature increasing step in resistivity emerges again.
This result suggests that the oxygen vacancy carriers might
have similar transport behavior to that of the hole carriers.
Therefore, the presence of a similar dielectric behavior of ��
as a function of temperature after step A2, shown in the main
panel of Fig. 7, is anticipated. However, the frequency de-
pendence of �� �see Fig. 8� shows no evident contribution
from the relaxation like that after step A1, implying that no
phase separation exists in the annealed sample after step A2
as well as step A1. A striking result found in the sample after
step A2 is that a linear dependence of dielectric loss tangent
with temperature can be observed when T�50 K, as seen
from the inset of Fig. 8. The same result has been reported in
Na0.88Li0.12NbO3 ceramics.28 Obviously, the appearance of
this linear dependence has a close relation with the oxygen
vacancy; details about the relationship will be discussed else-
where.

Finally, it is worth pointing out that although we cannot
directly determine the exact excess oxygen doping level of
all samples, the value of TC�35 K and the coexistence of

superconducting and antiferromagnetic transitions imply that
the oxygen content of the as-prepared samples should be in
the miscibility gap. Annealing in pure nitrogen with carbon
powder as an oxygen getter at high temperatures �steps A1
and A2� would effectively remove the interstitial oxygen and
the lattice oxygen, respectively. Therefore the qualitative
conclusion could be correctly obtained by comparing the
electric and dielectric properties of the as-prepared sample
with the sample after steps A1 and A2.

IV. CONCLUSIONS

The low-frequency dielectric behaviors of La2CuO4+y ce-
ramics have been investigated in detail. In the as-prepared
sample, the dielectric behaviors are consistent with the phase
separation model and can be interpreted in terms of the hop-
ping motion of polarized clusters created by the holes. An-
nealing treatments in a reducing atmosphere �nitrogen� at
different temperatures destroy phase separation and the cor-
responding dielectric behaviors are quite different from those
of the as-prepared samples. Hence, the results suggest that
the investigation of dielectric properties is a valid and easy
tool to characterize phase separation in high-temperature su-
perconductors.
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FIG. 7. Variation of �� and �� with temperature at different
frequencies for the sample annealed in N2 at 800 °C for 2 h. The
inset shows resistivity against temperature after this annealing
treatment.

FIG. 8. Plot of log10���� against log10 � at fixed temperatures
for the 800 °C N2-annealed sample. The inset shows the tempera-
ture dependence of the dissipation factor at different frequencies for
the sample.
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