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Susceptibility purely originated from the Li-induced quasistatic dipoles in relaxor K1−xLixTaO3 has been
extracted from low-frequency permittivity using terahertz time-domain spectroscopy. The temperature depen-
dence of the extracted susceptibility has an anomaly at the critical temperature Ta near 100 K with the critical
slowing down of the low-frequency relaxation process. From a detailed analysis of the extracted susceptibility,
we attributed the main part of the susceptibility for x�0.036 to the high-frequency relaxation process and
concluded that there are two relevant interactions that govern the ferroelectric coupling between Li-induced
dipoles and that the interplay of the two interactions gives rise to a complex temperature dependence of the
susceptibility originated from Li-induced dipoles. Below the critical concentration x�0.022, short-range in-
teraction between individual Li ions should be dominant. Above the critical concentration, x�0.022, Coulomb
interaction should be dominant. The crossover from the low-temperature glasslike phase to the low-
temperature ferroelectric domain-state across xc in K1−xLixTaO3 is attributed to the interplay of the two kinds
of interaction.
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I. INTRODUCTION

A system in which impurity-induced dipoles are mediated
in a highly polarizable lattice is one of the most attractive
subjects in solid state physics because the combination of the
dipoles and highly polarizable bulk phonon brings about
novel critical phenomena.1–4 KTaO3 doped with lithium in a
small concentration, K1−xLixTaO3 �KLT�, is such a material,
and it provides an ideal system for the subject. The pure
KTaO3 maintains an ABO3 cubic Perovskite structure as low
as the liquid-helium temperature without undergoing a ferro-
electric phase transition �quantum paraelectricity�.5 The soft-
ening of the lowest transverse optical mode �TO1 mode� is
suppressed by the quantum effect. The impurity lithium ion
replaces the potassium ion in the A-site of the host lattice.
Because of the ion-radius misfit, small lithium ions take
sextet-degenerate off-center positions along three equivalent
�100� directions with a displacement as large as a quarter of
the lattice constant.6,7 The off-center displacements of
lithium ions produce electric dipole moments, and the di-
poles change their directions with the thermal hopping mo-
tions of lithium ions. The total relative complex dielectric
constant in this system at frequency ����10 THz� can be
expressed as

�̃r��� = �̃Li��� + �̃TO1
��� + �̃�, �1�

where �̃Li��� and �̃TO1
��� are the susceptibilities of Li-

induced dipoles and the lattice polarization due to the TO1
mode, respectively. �̃� represents the contributions of other
polarizations with higher energy than that of the TO1 mode.
In frequencies lower than the THz region, we can regard �̃�

as a real constant.
KLT has been intensively investigated since Yacoby et al.

discovered the off-center displacement of the impurity Li by
their Raman-scattering experiment.8,9 The orientational re-
laxation of quasistatic dipoles due to the off-center hopping
motion of Li ions undergoes critical slowing down toward

the dipole freezing temperature.10–12 Figure 1 shows a broad-
band spectrum of the complex dielectric constant from 1 Hz
to 10 THz in KLT crystal �x=0.020�, just above the dipole
freezing temperature.10–12 The upper and lower panels are the
real and imaginary parts of the complex dielectric constant,
respectively. A relaxation Debye step below 1 MHz is evi-
dent, as is the oscillation resonance at 1 THz. The former,
which corresponds to �̃Li���, is the orientational relaxation
originated from Li-induced dipoles.10–12 The latter, which
corresponds to �̃TO1

���, is the dispersion of the TO1 soft
mode in the KTaO3 host lattice, whose frequency decreases
with decreasing temperature by the anharmonicity of
lattice.13,14 Below the dipole freezing temperature, Kleemann
et al. proposed, using birefringence measurements, that the
phase boundary between the low-temperature glasslike phase
�x�xc� and ferroelectric domain-state-like phase �x�xc� ex-
ists at around xc�0.022.15

The macroscopic dielectric properties of KLT, such as the
dielectric susceptibility and residual polarization, have been

FIG. 1. Broadband dispersion of the complex dielectric constant
in K1−xLixTaO3 �x=0.020� at 59 K, just above the dipole-freezing
temperature. The dispersion from 100 Hz to 1 MHz is measured by
measuring the ac impedance using an LCR meter. The dispersion in
the THz region is determined by THz-TDS in this work. The solid
curves are guides for the eye.
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most intensively investigated since the 1970s.1,2 Now, KLT is
categorized as a relaxor material that shows a strongly
frequency-dependent broad peak in the temperature depen-
dence of the permittivity due to the critical slowing down of
dipolar motion.3,4,16 On the basis of rich experimental results
regarding the dielectric properties, a number of theories on
the diffused phase transition in KLT have been proposed.17–22

Much attention has also been directed to determining the
correlation length of the Li-induced dipoles through various
experiments, such as Raman scattering,23 dielectric
measurement,24 second-harmonic generation,25,26 x-ray dif-
fuse scattering,27 and neutron diffuse scattering.28 The re-
ported correlation lengths are summarized in Table II in the
study by Yong et al.28 Azzini et al. have also proposed the
presence of two kinds of correlation: dipolar and
quadrupolar.25

Raman scattering29 and x-ray scattering27 studies have re-
vealed that the structural change takes place in KLT from
cubic to tetragonal at the dipole freezing temperature. Neu-
tron scattering30 and hyper-Raman scattering13,14,31 have also
confirmed that the softening of the ferroelectric TO1 mode is
suppressed in KLT. These results are evidence of an order-
disorder structural phase transition in KLT.

Terahertz time-domain spectroscopy �TDS�32 established
since 198333 by the development of ultrafast pulse laser tech-
niques enabled to measure the dielectric constant in the THz
region and to determine the soft-mode dispersion
precisely.34–41 Through the study of broadband dielectric
measurements combined with the THz-TDS technique in
KLT, it was confirmed that the dielectric contribution of the
ferroelectric soft mode to the static dielectric constant in
KLT showing the diffuse transition is relatively small and
that the relaxation of Li-induced dipoles is the main
contributor.34–36

Although a large number of experimental results have
been presented and many theoretical models in which both
the impurity dipoles and lattice are involved have been pro-
posed, some important issues remain to be resolved regard-
ing the two kinds of relaxators induced by the impurity Li
ions,12,20,36,42–49 namely, “	 / 2 relaxation” with reorientation
barrier height U	/2�1000 K and “	 relaxation” with reori-
entation barrier height U	�2500 K; these two kinds are
denoted as high-frequency �HF� relaxation process �RP� and
low-frequency �LF� relaxation process �RP�, respectively, in
this paper. For example, one of the issues is regarding the
origin of LF-RP, while that of HF-RP has been identified as
the 	 / 2 flip of Li ions among the sextet-degenerate off-center
positions.20,36 Another issue, which we regard as the most
important one, is that of the dominant interaction between
the relaxational dipoles, which is considered to be in close
relationship with the critical concentration xc.

1,3,4,15,50

The purpose of this study is to clarify the nature of the
ordering from the viewpoint of the dominant interaction
across xc. For this purpose, we take a novel approach, that is,
the extraction of the susceptibility due to the Li-induced di-
poles �̃Li��� from �̃r��� and the analysis combined with the
temperature evolution of the host lattice polarizability. This
treatment is justified by the fact that the time scales of �̃Li���
and �̃TO1

��� are undoubtedly different, as can be seen in Fig.
1. If the interaction between the Li-induced dipoles is based

on the long-range Coulomb interaction, the temperature evo-
lution of the host lattice polarizability should lead to modi-
fication of the interaction strength. We believe that close
analysis of the extracted susceptibility combined with host
lattice polarizability will produce new facts with regard to
this system.

We have performed THz-TDS and dielectric spectroscopy
below 1 MHz in KTaO3 and KLT crystals from 6 to 300 K.
Combining the data of THz-TDS with that obtained by di-
electric spectroscopy below 1 MHz, we succeeded in sepa-
rating the two dielectric origins, that is, the Li-induced qua-
sistatic dipoles and the TO1 soft mode. Temperature
dependence of the complex dielectric constant purely origi-
nated from the Li-induced quasistatic dipoles is discussed in
connection with LF-RP and HF-RP. The KLT crystals used in
this study are of dilute Li concentrations x=0.010, 0.020, and
0.036 across the critical concentration xc�0.022,15 since the
situation becomes complicated for large Li concentrations
because of the percolation of polar regions.34 From the
analysis of the dependence of the extracted susceptibility on
host lattice polarizability, we concluded that two kinds of
interaction should be relevant to the ordering of this system
and the switch between the two should be responsible for
whether the low-temperature phase becomes glassy or ferro-
electric domain-state-like.15

II. EXPERIMENTAL

Pure KTaO3 and KLT single crystals were grown by the
spontaneous nucleation technique51 using K2CO3, Li2CO3,
and Ta2O5 powders as starting materials. The mixture was
held in a 50 cc platinum crucible with a lid at 1450 °C for 2
h and cooled to room temperature with a cooling rate of
20 °C /h. As the flux, we placed the 47% mol concentration
excess alkalis in the crucible. Single crystals with sizes of
1–10 mm were grown in the flux.

�1 − x�K2CO3 + xLi2CO3 + Ta2O5 → 2K1−xLixTaO3 + CO2.

�2�

We denote KLT crystals made from different starting com-
positions of x=0.010, 0.020, and 0.040 as KLT1, KLT2, and
KLT4, respectively, in this paper.

The starting composition xm and the resultant composition
x are generally different; thus, the resultant Li mol concen-
tration of the grown crystals x was determined by comparing
the experimental results of the crystals with that in the report
by van der Klink et al.12 For KLT2 and KLT4, we estimated
the Li concentration according to the results of THz-TDS
with field cooling using the relation Tg=535x0.66 K,12 be-
tween the dipole freezing temperature Tg and the Li mol
concentration x. The estimated Li concentrations were x
=0.020 �KLT2� and 0.036 �KLT4�. We regard 39 and 59 K,
where the anisotropy of the phonon dielectric constant dis-
appears in the zero-field heating process, as Tg for KLT2 and
KLT4, respectively. The details of THz-TDS in field-cooled
KLT will be presented in our next paper. For KLT1, in which
such an anisotropy of the dielectric constant in the THz re-
gion was not observed by THz-TDS, we think of x in KLT1
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as xm=0.010. This seems satisfactory because the tempera-
ture dependence of the relaxation time of Li-induced dipoles
is almost identical with that in KLT of x=0.011 in the report
by van der Klink et al.12

The grown crystals were sliced into 50–60-
m-thick
plates with a �001� cut surface and polished using a diamond
slurry. The typical dimensions of the sample were about 7
�7�0.05 mm3. The sample thickness was determined by
observing the cross sections using an optical microscope. We
evaluated the thickness in the accuracy of 1 
m.

To evaluate the permittivity from 100 Hz to 1 MHz in the
samples, ac impedance measurements were performed using
an HP 4284A LCR meter with a probing field of 2 kV /m
along �001�. The THz-TDS system was constructed using a
mode-locked Ti: sapphire laser �Spectra-Physics, Tsunami,
70 fs pulse duration, 82 MHz repetition rate, and 810 nm
center wavelength�. The THz pulse was generated by optical
rectification with a 2-mm-thick �110� ZnTe crystal52 or by fs
laser-irradiated �100� InAs in a 1 T magnetic field53 and de-
tected using the electro-optic �EO� sampling technique with
a 1-mm-thick �110� ZnTe crystal.54 The generated THz radia-
tion was collimated and focused on the sample by two off-
axis parabolic mirrors. The polarization of the THz wave was
horizontally fixed in parallel to the �100� axis. A sample was
mounted on a copper plate with a transmission hole having a
diameter of 4 mm, through which the THz wave was trans-
mitted. The copper plate was mounted on a copper cold fin-
ger whose temperature could be varied from 6 K to room
temperature in a conductive-type liquid helium cryostat. The
transmitted THz wave was collected and focused on the
ZnTe crystal with two parabolic mirrors. The birefringence
of the sampling beam induced by the EO effect with the
electric field of the THz pulse was detected using a
polarimeter.54 For phase-sensitive detection, the fs laser
beam for THz generation was modulated using an acoustic-
optic modulator operating at 80 kHz. The detectable spectral
range in this system was from 0.3 THz to 2.5 THz with a
sensitivity of S /N�1500 in electric-field amplitude.

III. RESULTS

A. Temperature dependence of terahertz time-domain spectra

Figure 2�a� shows the waveforms of the THz pulses trans-
mitted through the KLT2 crystal at 303, 99, 59, and 20 K.
The temporal profile of the THz pulse without the sample is
also presented at the top of Fig. 2�a�. At 303 K, the insertion
of the sample causes a 2.5 ps time delay of the maximum
peak and reduces the electric field amplitude to about 1 /10.
These effects show that the sample has a large dielectric
constant in the THz region. The refractive index in the THz
region is estimated as n�15 from the time delay and the
thickness of the sample �52 
m�. The following small pulse
of around 8 ps is caused by internal reflections of the
sample.37 With decreasing temperature, the arrival of the
transmitted pulse is dramatically delayed. This means that
the index of the refraction in the THz region increases with
decreasing temperature. In addition, the amplitude of the sig-
nal becomes weaker and weaker. The attenuation of the pulse
means an enhancement of the reflection and/or absorption in

the sample. These temperature dependences are attributed to
softening of the TO1 mode, which has been already reported
in pure KTaO3 crystal.37

We have derived the complex dielectric constant �̃��� di-
rectly from the Fourier component of transmitted waveforms
in the time domain. In our derivation, the internal multire-
flection effect, which corresponds to the pulse sequence fol-
lowing the first pulse in Fig. 2�a�, is ignored to avoid ana-
lytical complexity. The time regions used in our analysis at
each temperature are indicated by thick curves in Fig. 2�a�.
In this case, the Fourier component at frequency � of the

transmitted electric field Ẽt��� and the reference electric field

measured without a sample Ẽref��� can be expressed as in
Eqs. �3� and �4�, respectively,

Ẽt��� = Ẽ0���t̃vs���exp	i
2	�d
�̃���

c
� t̃sv��� �3�

and

FIG. 2. �a� Waveforms of THz pulses transmitted through a
K1−xLixTaO3 �x=0.020� single crystal with a 52 
m thickness at
several temperatures. A temporal profile without a sample is pre-
sented over the transmitted spectra for the reference on a scale of
1 /10. The first pulses without any internal reflections are drawn by
thick curves. We used the first pulses for the derivation of the com-
plex dielectric constant. �b� Frequency dispersion of the real part
and the imaginary part of complex dielectric constants in a
K1−xLixTaO3 �x=0.020� crystal at several temperatures. Bold
curves are experimental results obtained by THz-TDS. Thin curves
are dispersions reproduced by a single Lorentz oscillator model
substituted by the best set of parameters.
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Ẽref��� = Ẽ0���exp	i
2	�d

c
� �4�

with the Fresnel coefficient at the boundary from the vacuum
to the sample t̃vs���=2 / �
�̃���+1� and that from the sample
to the vacuum t̃sv���=2
�̃��� / �
�̃���+1� for normal inci-

dence. Ẽ0��� is the electric field of the incident pulse, d is the
thickness of the sample, and c is the velocity of light in
vacuum. �̃��� can be directly obtained from the experimental

values of Ẽt��� and Ẽref��� without resorting to the Kramers-
Kronig relation.

In Fig. 2�b�, the frequency dispersions of the real and
imaginary parts of complex dielectric constants �̃��� at sev-
eral temperatures are shown by thick curves. Both the real
and imaginary parts increase monotonically with frequency,
and the increments become larger at lower temperatures. The
observed dispersions are the low-energy shoulder of the
TO1-mode resonance.34,37 The thin curves in Fig. 2�b� are the
dielectric constants due to the TO1 soft mode calculated by a
single Lorentz oscillator model

�̃THz��� = �̃� + �̃TO1
��� = �̃� +

��0
THz − �̃���0

2

�0
2 − �2 − i��0

, �5�

where �0, �0, �0
THz, and �̃� are the mode frequency, damping

constant, and low- and high-frequency limits of the relative
complex dielectric constant, respectively. In this analysis, the
value of �̃�=13.8 was used. According to the authors in Refs.
34 and 35, the two additional higher-energy infrared-active
phonons have oscillator strengths of 6.3 and 2.5 in addition
to the optic permittivity of 5.

Three parameters �0, �0, and �0
THz, were determined by

performing a least-squares fit with Eq. �5� to the experimen-
tal data. Although we observed only the shoulder of the
TO1-mode resonance, simultaneous fitting for real and
imaginary parts enabled us to successfully determine the dis-
persion of the TO1 mode in the framework of the single
Lorentz oscillator model. Drawing the contour surfaces of
the mean square error, we ascertained that the best of
��0 ,�0 ,�0

THz� is the only minimum in the 3D-parameter
space. Among the three parameters, �0

THz was the most accu-
rately obtained, with accuracy of less than 5%. The depen-
dence of the fitting results on �̃� was also checked by varying
�̃� from 1 to 50. The obtained �0

THz for 1��̃��50 is in
accordance with less than 1% error while the other two pa-
rameters showed �10% errors.

B. THz-TDS in zero-field cooled KLT

Figure 3 shows the temperature dependence of the static
dielectric constant from the fit to THz data. As the tempera-
ture decreases, the static dielectric constant increases in the
KLT samples, showing saturation in the low-temperature re-
gion. The static dielectric constant due to the soft mode be-
low 100 K decreases dramatically with increasing the Li con-
centration. A decrease in the soft-mode static dielectric
constant means a high-frequency shift of the TO1-mode fre-
quency under fixed LO1-mode frequency.55 The TO1-mode
frequency is related to the static dielectric constant by the
LST relation

	�0
TO

�0
LO�2

=
�̃�

�̃0
THz , �6�

where �0
TO, �0

LO, �0, and �� are the frequencies of the trans-
verse and longitudinal optical phonons and the static and
background dielectric constants, respectively. Stiffening of
the TO1 mode brought about by Li substitution was observed
by hyper-Raman scattering,31 neutron scattering,30 and IR
spectroscopy combined with THz-TDS.34,35

In Fig. 4, we present the static dielectric constant of the
soft mode for KLT1 with the permittivities measured by the
LCR meter at three frequencies. The permittivity obtained by
the ac impedance measurement exhibits a broad frequency-
dependent peak structure at around 50 K with strong fre-
quency dispersion in all the KLT samples, unlike the data of
THz-TDS, which exhibit a plateaulike behavior.34–36 The
peak temperature at 100 Hz is 45 K, and that at 1 MHz is 70
K. Throughout this paper, we define the peak temperature at
100 Hz as Tm

100 Hz. Tm
100 Hz in KLT1, KLT2, and KLT4 is 45,

50, and 60 K, respectively. Such a strongly frequency-
dependent broad peak is due to the dipolar glasslike response
typical of relaxor materials.3,4 The characteristic frequency
of the relaxation mode in KLT1 is about 1 kHz at 45 K and
1 MHz at 66 K, which is consistent with the data in the study
of van der Klink et al. on KLT with a similar Li

FIG. 3. Temperature dependence of the static dielectric constant
in K1−xLixTaO3 crystals obtained from the fit to THz data for x=0
�closed circles�, 0.010 �open circles�, 0.020 �closed triangles�, and
0.036 �open triangles�.

FIG. 4. Temperature dependence of the static dielectric constant
determined by THz-TDS and permittivity measured at three fre-
quencies in K1−xLixTaO3 crystals for x=0.010. The asterisks indi-
cate the static dielectric constant determined by THz-TDS. The
open circles, open triangles, and open squares show the permittivity
measured by an LCR meter at 100 Hz, 10 kHz, and 1 MHz,
respectively.
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concentration.12 The slowing relaxational mode is below 10
GHz below room temperature.36 On the other hand, the static
dielectric constant obtained by THz-TDS and the dielectric
constants measured at frequencies lower than 1 MHz show
similar temperature dependences below Tm

100 Hz. This fact in-
dicates that the static dielectric constant in KLT below
Tm

100 Hz mainly originates from the TO1 soft mode.36

As is described in the previous section, THz-TDS reveals
a dielectric response due to the TO1 soft mode. Therefore,
the low-frequency limit �static limit� of �̃THz��� given by

�0
THz = �̃TO1

�0� + ��, �7�

corresponds to the high-frequency limit of the susceptibility,
�̃​Li���, since 10 GHz is almost static for the oscillator in the
THz region. Equation �1� can be written as

�̃r��� = �̃Li��� + �0
THz �8�

for ��10 GHz. The word “quasistatic” is used according to
Vogt,14 meaning that Li-induced dipoles are dynamic for ob-
servers below 10 GHz but static for those in the THz region
since the frequency of the relaxation of Li-induced dipoles
is, at most, in the order of 10 GHz.36

For an ideal Debye relaxation system, the complex dy-
namical susceptibility �̃�� ,T� is given by

Re��̃��,T�� =
�̃�0,T�

1 + ��
�2 + �HF �9�

and

Im��̃��,T�� =
�
�̃�0,T�
1 + ��
�2 , �10�

where �̃�0,T�, 
, �HF, and � are the static susceptibility due
to dipoles, the relaxation time, the susceptibility due to other
dielectric origins in the high-frequency region, and the fre-
quency of the ac field, respectively. Since the imaginary part
of �̃�� ,T� is almost zero and the real part is almost constant
at 100 Hz in the frequency region, �̃�100 Hz,T� can be used
as the static limit of �̃�� ,T�, that is, �̃�0,T�. This is because
the condition ��
−1 is satisfied at 100 Hz for the KLT sys-
tem except at temperatures around Tm

100 Hz and 100 K,36 as
will be reported later.

In all the samples,

�̃Li�100 Hz� = �̃r�100 Hz� − �0
THz �11�

takes a finite value even at room temperature.34–36 This
means that the static susceptibility due to Li-induced quasi-
static dipoles is separable from that of the TO1 soft mode
even at room temperature.

Figure 5�a� shows the temperature dependence of the real
part of �̃Li�100 Hz�, denoted by �Li�T�, in KLT1 and KLT4.
�Li�T� increases monotonically with decreasing temperature
and takes the maximum at Tm

100 Hz. The reciprocal suscepti-
bility at 100 Hz, �Li�T�−1, is shown in Fig. 5�b�. Remarkably,
�Li�T�−1 in KLT1 exhibits a linear temperature dependence
from 300 to 100 K, obeying a simple Curie-Weiss law with
Tc=50 K. Below 100 K, it deviates from the Curie-Weiss

line. On the other hand, �Li�T�−1 in KLT4 shows a concave
curve with decreasing temperature above 100 K rather than a
linear temperature dependence.

IV. DISCUSSION

A. Anomaly in the susceptibility of Li-induced polarizations

To clarify the influence of the lattice polarizability on in-
teracting Li-induced dipoles, we analyze the temperature de-
pendence of �Li�T�−1. Generally, when ferroelectric ordering
is driven by a temperature-independent interaction, the per-
mittivity obeys a Curie-Weiss law with a constant Curie-
Weiss temperature as required by the mean-field theory.
However, in this system, whose background permittivity due
to the host lattice, i.e., �0

THz, changes with the temperature,
the interaction between the Li-induced dipoles should be
changed, causing the evolution of the Curie-Weiss tempera-
ture. To visualize this effect, the Curie-Weiss temperature at
each temperature must be given. Therefore, we deduce ex-
perimentally the temperature dependence of the tangential
line of �Li�T�−1, defined as

y = ��T��T − T0�T�� �12�

with

(a)

(b)

FIG. 5. Temperature dependences of �a� the susceptibility at 100
Hz due to Li-induced dipoles in K1−xLixTaO3 crystals for x
=0.010 �KLT1� and 0.036 �KLT4� and �b� those of the reciprocal
susceptibility at 100 Hz. The susceptibility is obtained by subtract-
ing �0

THz from �̃r�100 Hz�. Open squares and closed squares are the
data on KLT1 and KLT4, respectively. �b� The solid line indicates
the Curie-Weiss law derived from the data of KLT1 above 100 K.
The Curie temperature is 50 K.
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��T� =
���Li�T�−1�

�T
�13�

and

T0�T� = T −
�Li�T�−1

��T�
. �14�

If a system obeys an ideal Curie-Weiss law, ��T� and T0�T�
are unchanged and T0�T� corresponds to the Curie-Weiss
temperature. In Figs. 6�a� and 6�b�, we show the temperature
dependences of ��T� and T0�T�, which are determined nu-
merically using the three adjacent bits of data shown in Fig.
5�b�.

In Figs. 6�a� and 6�b�, anomalies in ��T� and T0�T� can be
seen at around 100 K in both KLT1 and KLT4. Obviously,
��T� and T0�T� change their temperature dependences across
the temperature. We denote the temperature as Ta, at which
the anomaly appears as shown in Figs. 6�a� and 7�a�. Ta in
KLT1, KLT2, and KLT4 is 96�4 K, 95�4 K, and
93�2 K, respectively. The appearance of Ta is attributed to
the critical slowing down of LF-RP. As Bovtun et al. re-
ported, the lowering relaxation frequency of LF-RP goes
across 100 Hz at around 100 K.36 The fact that Ta is hardly
changed by the Li concentration also supports this assign-
ment because the temperature dependence of the relaxation
frequency of LF-RP is almost identical independently of the

Li concentration.12 Below Ta, the relaxation frequency of
LF-RP slows down to the order of mHz at 70 K.12 Relevant
deformations associated with LF-RP in the extremely long
relaxation time should perturb the susceptibility due to the
faster HF-RP, leading to the steplike change in the tempera-
ture dependence. However, the dielectric contribution of
LF-RP is so small even in KLT4, considering that the sizes of
dielectric steps of LF-RP and HF-RP for x�0.04,45 that most
part of the extracted susceptibility can be regarded as that of
HF-RP. Only around the critical temperature �100 K�, LF-RP
gives finite contributions as dip structures. In the following
section, we will discuss the property of the interaction re-
lated to HF-RP.

B. Ordering of the Li-induced polarizations

In KLT1, ��T� and T0�T� are almost constant above Ta,
indicating the Curie-Weiss behavior above Ta. �Li�T� obeys a
simple Curie-Weiss law regardless of whether the permittiv-
ity of the host lattice is enhanced at low temperatures. This is
an unexpected behavior considering the property of the in-
teraction, whose origin has been attributed to the long-range
Coulomb interaction. If the interaction between the Li-
induced dipoles originates from the electrostatic Coulomb
interaction, the interaction must be weakened by the increas-
ing permittivity due to the host lattice by the factor of
�0

THz�T�−1. The upper dotted line in Fig. 6�b� represents the

FIG. 6. Temperature dependences of �a� the slope and �b� the
crossing point with the horizontal axis of the tangential lines on the
reciprocal static dielectric constant due to Li-induced dipoles in the
K1−xLixTaO3 crystals for x=0.010 �KLT1� and 0.036 �KLT4�. The
open squares and closed squares are the data on KLT1 and KLT4,
respectively. �a� The temperature, denoted as Ta in context, for the
susceptibility to change the temperature dependence is represented
by arrows. �b� The horizontal dotted lines show Curie temperatures
in KLT1 above and below Ta. The arrow indicates the peak tem-
perature of the permittivity in KLT1 measured at 100 Hz.

FIG. 7. Temperature dependences of �a� the slope and �b� the
crossing point with the horizontal axis multiplied by the static di-
electric constant obtained by THz-TDS in the K1−xLixTaO3 crystals
with x=0.010 �KLT1� and 0.036 �KLT4�. The temperature depen-
dences of the slope and the crossing point with the horizontal axis
were obtained from the tangential lines on the reciprocal static di-
electric constant due to Li-induced dipoles. The temperature depen-
dence of the static dielectric constant of the host lattice �0

THz�T� was
determined by THz-TDS. �a� The arrows indicate the temperature of
the anomaly in the susceptibility. �b� The horizontal dotted lines
show typical values of the products above Ta in KLT4.
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Curie-Weiss temperature Tc=50 K in the high-temperature
region. Across Ta, ��T�, and T0�T� in KLT1 show a steplike
change. The lower dotted line in Fig. 6�b� represents a Curie-
Weiss temperature below 92 K. The second Curie-Weiss
temperature Tc�=43 K seems to coincide with Tm

100 Hz.
In contrast, ��T� and T0�T� in KLT4 decrease monotoni-

cally with lowering temperature above 103 K. The situation
in KLT4 is quite different from that observed in KLT1. The
monotonic decrease of T0�T� with decreasing temperature
suggests a screening effect of �0

THz�T� on the interaction. As-
suming that the interaction originates from the long-range
electrostatic Coulomb interaction, the Curie temperature,
which should be proportional to the interaction, must show a
similar temperature evolution to �0

THz�T�−1.
Figures 7�a� and 7�b� show the temperature dependences

of ��T� and T0�T�, which are multiplied by �0
THz�T�. As ex-

pected, ��T��0
THz�T� and T0�T��0

THz�T� in KLT4 are almost
independent of the temperature above Ta, meaning that
��T���0

THz�T�−1 and T0�T���0
THz�T�−1 are above Ta. This re-

sult suggests that the dominant interaction in KLT4 above Ta
should be the long-range Coulomb interaction. It is notewor-
thy that �Li�T� in KLT1 obeys a Curie-Weiss law by itself,
while that multiplied by �0

THz�T� largely deviates from a
Curie-Weiss law.

The results are summarized as follows: �i� In KLT1,
which corresponds to x�xc, �Li�T� obeys a simple Curie-
Weiss law above Ta. �ii� In KLT4, which corresponds to x
�xc, �Li�T� obeys a modified Curie-Weiss law whose Curie-
Weiss temperature is inversely proportional to �0

THz�T� above
Ta. �iii� In KLT1, �Li�T� below Ta shows a second Curie-
Weiss behavior with reduced Curie temperature that is simi-
lar to Tm

100 Hz.
As described in the Introduction, it is well established that

Tm
100 Hz corresponds to the temperature for the motion of

	 / 2-flipping Li ions to freeze. From results �i� and �iii�, we
attribute the origin of the observed Curie-Weiss law in �Li�T�
to the HF-RP. The shift of the Curie-Weiss temperature at Ta
should be caused by relevant lattice deformations or dis-
placements involved in LF-RP with the lengthened relaxation
time. The positive Curie-Weiss temperature also suggests the
existence of relevant interaction that drives the 	 / 2 flipping
Li-induced dipoles to order. This interaction, denoted as
JLi-Li, is almost constant and independent of the temperature
evolution of the host lattice polarizability. This never seems
to be predictable for the traditional theories on relaxor mate-
rial based on the Coulomb interaction.1,3,4,56–58

On the other hand, from result �ii�, the dominant interac-
tion for x�xc should be the Coulomb interaction, denoted as
JC, because of the inversely proportional dependence of the
Curie temperature on �0

THz. Considering that JC is screened
by �0

THz�T�, we attribute the origin of JC to the long-range
electrostatic Coulomb interaction as expressed by

JC � �0
THz�T�−1r−2 � �0

THz�T�−1x2/3, �15�

where r is the average of the distance between the nearest
neighbor dipoles. This qualitatively explains the increase of
JC with increasing the Li concentration x.

The temperature dependence of �Li�T� due to HF-RP
above Ta is essentially different in two cases of x�xc and
x�xc. The dominant interaction, which governs �Li�T� due
to HF-RP above Ta, should be changed when the concentra-
tion x exceeds the critical density xc. The boundary between
the glasslike phase �x�xc� and the ferroelectric domain-
state-like phase �x�xc� �Refs. 15 and 27� may be determined
by the competition between the two interactions: when the Li
concentration is smaller than xc, JC hardly works, and only
JLi-Li becomes dominant, causing the system to be glassy
without a long-range correlation.15,27 When the Li concentra-
tion is larger than xc, JC becomes dominant above Ta and
forms a long-range correlation, leading to the low-
temperature ferroelectric domain-state-like phase.15,27 Con-
sidering that JLi-Li is hardly influenced by the evolution of
the host lattice polarizability, JLi-Li should be a short-range
interaction that cannot form a long-range ferroelectric order
by itself. Plausible candidates for JLi-Li are an elastic cou-
pling between Li ions59–61 or, perhaps, a coupling assisted by
a phonon in the Brillouin zone boundary.29,62

As for the origin of LF-RP, the most recent results by
Yokota et al. seem to provide significant information on LF-
RP. They determined Burn’s temperature63 TB, where the for-
mations of polar clusters begin to take place, by their optical
second harmonic generation observations and x-ray diffrac-
tion experiments in 3%-KLT and 7%-KLT, and found that
the Burn’s temperature of about 90 K in their 3%-KLT
sample is at least 30 K higher than the Tm

100 Hz.16 TB in their
3%-KLT sample whose Tm

100 Hz lies between those of KLT2
and KLT4 is remarkably close to the nearly constant Ta for
0.010�x�0.036. This suggests that the observed Ta corre-
sponds to the TB and that the formations of polar clusters
begin with the critical slowdown of LF-RP for 0.010�x
�0.036. In addition, the reported “tetragonal weak lattice
deformation”16 seems to strongly link to the freezing motion
of LF-RP. Considering the absence of SH intensity, which is
sensitive to a breaking of the inversion symmetry, at TB in
3%-KLT and quite a small dielectric step of LF-RP for x
�0.04,45 the freezing motion of LF-RP for 0.010�x
�0.036 appears to be a nonpolar motion which keeps the
polar HF-RP from forming clusters. Although we have no
idea about why their 7%-KLT is not the case, it is quite
interesting that the temperature dependence of the “tetrago-
nality” in 7%-KLT has an inflection point at around Ta and
that the rise of the SH intensity in 7%-KLT is suppressed
above Ta.

V. CONCLUSION

We have succeeded in extracting the dielectric suscepti-
bility purely originated from the Li-induced quasistatic
dipoles in relaxor KLT from 300 K to the dipole freezing
temperature by terahertz time-domain spectroscopy. The ex-
tracted susceptibility and its temperature dependence change
with the critical slowdown of the low-frequency relaxation
process in KLT. The extraction of the susceptibility also
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revealed that the dominant interaction that drives the high-
frequency relaxation process is essentially different above Ta
across the critical concentration xc. The crossover from the
low-temperature glasslike phase to the low-temperature
ferroelectric domain state across xc is attributed to the inter-
play of the two kinds of interaction. For x�xc, a short-range
interaction between individual 	 / 2 -flipping Li ions, which is
impervious to the polarizability of the host lattice and is
responsible for the dipole freezing, becomes dominant. For
x�xc, the interaction originated from the long-range electro-
static Coulomb interaction, which is screened by the polariz-
ability of the host lattice, becomes dominant over the short-
range interaction.
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