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Far-infrared dispersion of the complex dielectric constant in incipient ferroelectric KTaO3 has been revealed
by terahertz time-domain spectroscopysTHz-TDSd in the temperature range from 8 K to 300 K. The real part
of the complex dielectric constant in the far-infrared region is larger than the static permittivity. Through the
analysis using a single Lorentz oscillator model, we conclude that the origin of the extremely large static
permittivity in KTaO3 and its anomalous behavior at low temperatures are almost fully attributed to the TO1

mode dispersion and the suppression of the softening.
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Incipient ferroelectric potassium tantalatesKTaO3d has
been of interest from the viewpoint of the quantum effect in
the dielectric property. In KTaO3, the dielectric permittivity
increases with decreasing temperature, obeying the Curie-
Weiss law. Even at low temperatures, it maintains a large
dielectric constant without undergoing a ferroelectric phase
transition.1 A second-order phase transition can be induced
by external stimuli, such as impurity doping,2 electric field,3

and pressure,4 indicating that the novel dielectric property
should come from the competition between the ferroelectric
ordering and quantum fluctuation. In addition, KTaO3 is the
most suitable material for clarifying the nature of the quan-
tum effect because KTaO3 holds a simple cubic structure as
low as 4 K.

Mode softening at the Brillouin zone center has been
studied energetically by hyper-Raman scatteringsHRSd5 and
by neutron scattering6 to clarify the origin of the dielectric
anomaly. Figure 1 shows temperature dependence of the per-
mittivity in KTaO3 estimated by several methods. Actually,
the static permittivity derived from the TO1 mode frequency5

and the LO1 mode frequency7 sasterisksd with the Lyddane-
Sachs-TellersLSTd relation shows good accordance with the
permittivity measured at 100 Hzstrianglesd. This suggests
that the origin of the dielectric anomaly should be attributed
to suppression of the softening of the TO1 mode by the quan-
tum fluctuation. However, another possibility, namely, that
relaxators with frequency below the soft-mode frequency
cause the anomalous behaviors of the dielectric property at
low temperature, was proposed. Maglione has reported8 that
relaxators of about 10 ns relaxation time appear below 65 K
and lead to the large dielectric constant. In addition, other
remarkable reports on the low-frequency excitation in the
GHz region in KTaO3 have been reported.9,10

In order to clarify the origin of the extremely large dielec-
tric constant, it is crucial to measure the dielectric constant
directly in the frequency region just below the TO1 mode
frequency. In this report, we evaluate the dielectric constant
in a pure KTaO3 crystal using terahertz time-domain spec-
troscopysTHz-TDSd.11 Since the amplitude attenuation and
relative phase shift of a transmitted THz electric field are
measured in this technique, optical constants can be directly
evaluated without using Kramers-Kronig analysis. Thus a
complex dielectric constant is expected to be more accu-

rately determined than conventional FTIR techniques in the
far-infrared region.7,12

A pure KTaO3 crystal, grown by the spontaneous nucle-
ation technique,13 was cut into the size of 53530.05 mm3

and polished using diamond slurry. A square plane sample
with s100d surfaces was prepared. In order to ensure the
quality of this sample, an ac impedance measurement was
performed. The triangles in Fig. 1 show the temperature de-
pendence of the dielectric constant at 100 Hz. The dielectric
constant, 275 at room temperature, is increased to 4500 with
temperature cooling down to 3 K, exhibiting critical behav-
ior as mentioned above. These values are almost the same as
those previously reported.14

In the THz-TDS system, a mode-locked Ti:sapphire laser
beamspulse duration of 70 fs, repetition 82 MHz, and center
wavelength of 810 nmd was divided into two beams using a
beam splitter. One beam was focused on as100d-oriented
InAs in 1 T magnetic field for the generation of a THz
wave,15 and the other was focused into as110d ZnTe crystal
with 1 mm thickness for the detection of the THz wave by
electro-optic samplingsEO samplingd. The emitted THz ra-
diation was collimated and focused onto the sample with two
off-axis parabolic mirrors. The sample was held in a
conductive-type liquid helium cryostat at temperatures from

FIG. 1. The temperature dependence of the static dielectric con-
stant. The triangles show dielectric constants measured at 100 Hz.
The asterisks show those derived from the soft-mode frequencies
obtained by hyper-Raman spectroscopysRef. 5d with the reported
LO1 mode frequencysRef. 7d under the assumption of«`=50 using
the LST relation. The closed circles show the static dielectric con-
stants obtained from the dispersion in the THz regionsthis workd.
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8 K to room temperature. The polarization of the THz wave
was in parallel with thef100g direction of the sample. The
transmitted THz wave was collected and focused on the
ZnTe crystal with two parabolic mirrors. The birefringence
of the sampling beam modulated by the electric field of the
THz pulse was measured using a quarter wave plate, a po-
larization prism, and two balanced detectors. For phase-
sensitive detection, the THz pulse was modulated by an
acoustic-optic modulator operating at 80 kHz. The detectable
spectral range in this system was from 0.2 to 2.5 THz with a
sensitivity of S/N 3000 in the electric field amplitude.

Figure 2 shows a typical temporal waveform of the trans-
mitted THz electric field through a KTaO3 crystal at 300 K.
We take the origin of the time scale at the peak position of
the reference pulse, which is measured without the sample
and shown by a dashed line. A pulse sequence with regular
intervals, denoted as shown in Fig. 2, can be observed. The
arrival of the first pulse was significantly delayed by 2.6 ps
to the reference pulse. From this retardation and the sample
thicknesss50±2 mmd, we can roughly estimate the dielectric
constant of the sample. With the assumption ofn@k, defin-
ing the complex refractive indexñ=n+ ik, the real part of the
dielectric constant is obtained as 276±20, which is in good
accordance with the permittivity at 100 Hzs275d by the ac
impedance measurement at room temperature. The subse-
quent pulses, B, C, and D, are attributed to the signals from
multiple internal reflections inside the samplesinset of Fig.
2d.

Figure 3 shows the waveforms of the transmitted THz
wave at several temperatures. Only the first pulse is pre-
sented. The top curve is the temporal profile of the reference
pulse on a scale of 1/10. At 300 K, the transmitted THz
waveform has a similar shape to the reference waveform.
With decreasing temperature, the amplitude of the signal is
significantly attenuated. The attenuation of the pulse repre-
sents an enhancement of the reflection and/or absorption in
the sample. The closed circles in Fig. 3 indicate the first peak
positions. The pulse is extensively delayed at low tempera-
tures. This temperature dependence of the retardation indi-
cates that the real part of the dielectric constant, strictly
speaking, the index of refraction, is increased with decreas-
ing temperature. The dielectric constant is roughly estimated

as 4490±420 at 12 K. As for the pulse shape, the transmitted
pulse width becomes broad and its periodic structure be-
comes extended with decreasing temperature. Qualitatively,
the pulse broadening means the narrowing of the spectrum,
suggesting that the incident THz pulse loses its high-
frequency part of the spectrum during the propagation in the
sample. The loss should come from the softening of the TO1
mode at low temperatures.

For accurate estimation of the dielectric properties, we
evaluated dielectric function«̃svd from temporal profile of
THz wave.11 The pulse passing through two interfaces and
traversing the sample, denoted as optical path “A” in Fig. 2,

gives the transmitted electric field Fourier componentẼtsvd
that is expressed as

Ẽtsvd = t̃vssvdexpSi
Î«̃svdvd

c
D t̃svsvdẼ0svd, s1d

whereẼ0svd is the incident electric field,d is the thickness
of the sample,c is the velocity of light in vacuum.t̃vssvd
=2/fÎ«̃svd+1g, and t̃svsvd=2Î«̃svd / fÎ«̃svd+1g are Fresnel
coefficients at the first and the second boundaries, respec-

tively. Since Ẽ0svd can be calculated from the reference

pulse without the sampleẼrefsvd=Ẽ0svdexpsivd/cd, «̃svd
can be numerically obtained fromẼtsvd andẼrefsvd without
any assumption.

Figure 4 shows the realsad and imaginarysbd parts of the
complex dielectric constant at several temperatures by solid
curves. It is clear that the real part is larger than the permit-
tivity obtained by the ac impedance measurementsFig. 1d.
Both the real and imaginary parts of«̃ exhibit frequency
dispersions in which the magnitude increases in the high-
frequency region, indicating that a resonant oscillator should
exist in the higher-frequency region. The slope of the disper-
sion becomes steep with decreasing temperature, from which
we anticipate a softening of the oscillator. The most probable

FIG. 2. Temporal waveform of the THz pulse after transmission
of the KTaO3 single crystalsthickness: 50±2mmd. A is the primary
pulse without any reflection. B, C, and D are due to the multiple
internal reflection peaks in the sample. The dashed line indicates the
temporal shape of the initial pulse measured without sample.

FIG. 3. The waveforms of THz pulses transmitted through the
sample at several temperatures. A temporal profile without samples
is shown at the top for the reference on a scale of 1/10. Dots
indicate the positions of the first positive peaks.
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candidate for the resonant oscillator is the TO1 mode, the
so-called “ferroelectric soft mode.”

At this point, the frequency resolution should be dis-
cussed because the analysis of the first nonreflected signal
brings about a restriction in the time domain. Since the in-
terval of the internal reflection depends strongly on the tem-
perature, the frequency resolution varies from 0.04 THz at
8 K to 0.11 THz at 300 K. Fortunately, this frequency reso-
lution is good enough at each temperature to determine the
dispersion curve.

We analyzed the dispersion of the dielectric constant in
the THz region using a single Lorentz oscillator model. In
the single Lorentz oscillator model, the complex dielectric
constant can be expressed as

«̃svd = «` +
s«0 − «`dV0

2

V0
2 − v2 − ivg0

, s2d

whereV0 and g0 are the mode frequency and damping, re-
spectively.«0 and«` are the low- and high-frequency limits
of the relative complex dielectric constant, respectively. Note
that«0 should be examined with the static dielectric constant
measured by the ac impedance. Assuming«`=50,16 we esti-
mated the best set ofsV0,g0,«0d by careful search of the
least square value for the complex dielectric function. The
parameters are determined with good accuracy by the least
square analysis using the real and imaginary parts of the
dielectric constant simultaneously. The thin lines in Fig. 4
show the fitted dispersions, which successfully reproduced

the exprimental data in the lower frequency region thanV0.
The parameters ofV0, g0, and «0 are summarized by

closed circles in Figs. 5sad, 5sbd, and 1, respectively. We
obtained V0=2.09±0.15 THz andg0=0.35±0.14 THz at
300 K. As temperature decreased,V0 and g0 decreased to
V0=0.60±0.02 andg0=0.06±0.02 THz at 8 K. The open
circles in Figs. 5sad and 5sbd are V0 and g0 obtained by
hyper-Raman scattering experiments.5 V0 determined by
THz-TDS is almost in good agreement with the frequency
parameters of the TO1 mode obtained by hyper Raman scat-
tering at low temperatures.g0 is also in good agreement with
the hyper-Raman below 100 K, but an apparent deviation is
observed above 100 K. These results prove that dispersions
come from the TO1 soft mode, at least below 100 K. The
determined«0

THz, that is, the static dielectric constant extrapo-
lated from the obtained dispersion, is identical with the tem-
perature dependence of« measured at 100 Hzstriangles in
Fig. 1d with a reliability of 10%. This result means that the
large permittivity of KTaO3 is almost given by the dispersion
of the TO1 mode. The anomalous dielectric behavior at low
temperatures is exclusively caused by the suppression of the
TO1 mode softening. As described above, the damping con-
stant obtained by THz-TDS exhibits, qualitatively, a similar
behavior to that of the hyper-Raman report,5 decreasing lin-
early with decreasing temperature and being horizontal at
low temperatures. This feature is also seen in that of
SrTiO3.

17 Such a behavior of the damping constant might be
due to the anharmonic coupling with other phonons. The
reason is unknown at the moment, but this phenomenon
might be specific to quantum paraelectric materials. The ob-
tained mode frequency slightly deviates from HRS above

FIG. 4. The frequency dispersion of the real partsad and the
imaginary partsbd of complex dielectric constants at several tem-
peratures. Bold lines are experimental results obtained by THz-
TDS. Thin lines are dispersions calculated with a single Lorentz
oscillator model.

FIG. 5. The temperature dependence of the TO1 mode frequency
sad and damping constantsbd. The closed circles are the best-fitted
parameters in a Lorentz oscillator model. The open circles are the
reported values of hyper-Raman spectroscopysRef. 5d.
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100 K. One of the possible reasons is that the analysis with a
single Lorentz oscillator model may be insufficient to repro-
duce the obtained dispersion at high temperatures. Actually,
we neglected the contributions of other higher-frequency
phonons to the dispersion and fixed«`=50. The effect of the
TO2 mode s6.03 THzd should be taken into account in the
analysis when the damping of the TO2 mode becomes large
and the TO1 mode shifts away from the observable range at
high temperatures. The present analysis disregarding the TO2
mode dispersion may bring about the deviation ofV0 andg0
at high temperatures. However, it should be emphsized that,
even in this case, such an effect of the background dielectric
constant does not produce significant change of«0

THz. Possi-
bly, the framework of a single Lorentz oscillator model itself
might break down when anharmonicity of the TO1 mode
coming from the mode coupling gives a significant effect.
Further measurements in the wide frequency region are re-
quired to reveal the whole profile of the soft mode dispersion
and the anharmonicity.

In conclusion, we have performed THz-TDS on incipient

ferroelectric KTaO3 and determined the dispersion of the
dielectric constant in the THz region, the frequency region
just below the phonon energy. As a result, we observed the
resonance of the TO1 mode and its mode softening. The dis-
persion revealed by THz-TDS clearly shows that the soft
mode yields the large static permittivity of KTaO3. Almost
all parts of the anomalous increase of the static permittivity
appear to originate from the suppression of the softening of
the TO1 mode.
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