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Direct Observation of the Critical Relaxation of Polarization Clusters in BaTiO;
Using a Pulsed X-Ray Laser Technique
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We have developed a new method to investigate the relaxation time of the dipole moment in
polarization clusters in BaTiO;. Time correlation of speckle intensities was measured by the use of a
double pulsed soft x-ray laser. The evolution of the relaxation time of the dipole moment near the Curie
temperature (7¢) was investigated. The maximum relaxation time (~90 ps) is shown to appear at a
temperature of 4.5 K above the T, being coincident with the one where the maximum polarization takes
place. This method is widely applicable to any other critical decay processes at phase transitions.
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Nanometer scale dipole moments in the polarization
clusters in BaTiO; are supposed to be thermally excited
and thermally relaxed within a picoseconds time scale [1].
However, the dynamics of these dipole moments in such
a space-time scale has never been observed directly.
Observation of the fluctuation in the nanometer regions
so far has been investigated by means of speckle intensity
correlation measurements by the use of synchrotron radia-
tion (SR). However, intensity correlation measurements so
far performed are restricted to the slow phenomena such as
macroscopic fluctuation at order-disorder transformation
in ordered alloys [2], diffusion process at Brownian motion
in colloidal solutions [3], and antiferromagnetic domain
fluctuations [4]. Here we show a direct observation of the
decay dynamics in polarization clusters in BaTiO; by
means of a speckle intensity correlation measurement in
picoseconds order by use of highly coherent plasma based
soft x-ray pulse laser (SXRL).

The nature of the phase transition is believed to be
manifested in the precursor phenomena. In the case of
BaTiOs;, this is the appearance of polarization clusters.
The existence of the polarization clusters in the paraelec-
tric phase of BaTiO5 has been anticipated from the early
days of BaTiO; research. Burns [5] suggested the emer-
gence of polarization clusters even at temperature 200 K
above the T by the refractive index measurements of
cubic BaTiO;, and this temperature is called Burns tem-
perature, today. Hyper-Raman scattering [6] also hinted the
existence of polarization clusters. Recent experiments such
as the dielectric relaxation measurement [7], observation
of anomalous birefringence [8], and NMR spectroscopy
[9,10] indicated polarization clusters exist in the vicinity of
the Tc. As shown in our previous Letter [11], we succeeded
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in the direct observation of the polarization clusters in the
paraelectric phase of BaTiO; near the 7 by means of the
SXRL speckles.

For the mechanism of paraelectric-ferroelectric phase
transition of BaTiOs, the displacive type transition model
has been proposed [12] which is due to the softening of the
long wavelength component of the transverse optical pho-
non near the 7. However, the soft-phonon mode phase
transition in BaTiO; has never been observed because of
the over damping of phonons [13,14] in the vicinity of the
Tc. On the other hand, such phenomena as x rays diffuse
scattering [15], the strong quasielastic neutron scattering
[16,17], and relaxation type spectra in hyper-Raman scat-
tering [6] indicated the necessity to incorporate a relaxa-
tion type energy dissipative mechanism, coupling with the
soft-phonon mode, in the paraelectric phase. From the
NMR experiments, Zalar et al. [9,10] proposed a model
in which the Ti ion fluctuates among some off-center sites
and suggested a possibility of coexistence of the displacive
type and the order-disorder type at the vicinity of the phase
transition. In order to elucidate the nature of this phase
transition, it is essential to investigate the behavior of the
polarization clusters in the critical region.

The time correlation of the speckle intensities is repre-
sented by the fourth order correlation of the scattered elec-
tric fields. The intensity correlation g'® can be written as

0 — A1 + 1)), _(Ex(DE* (1 + 7)E(t + 7)E()),
2 2 ’
D
where, ¢ and 7 is the time of the speckle measurement that

has been tried and the delay time between the x-ray double
pulses, respectively. While, (- - ), represents the statistical
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average over these measurements, each of which is tried at
time . The x-ray source used for the present experiments is
a single-shot SXRL, so that (- - -), in this Letter represents
the ensemble average over the shots of the SXRL. We can
write the scattered electric field E(¢) and E(t + 7) for each
speckle by the first pulse at time ¢ and by the second pulse
at time ¢ + 7, respectively, as follows,

E(1) = Ey(n)F(K', ") expli(k’ - x — '1)}, 2)

E(t+7)=E,)/(t+7)F'(k", 0")explilk" -x — 0" (t + 7]},
(3)

where E(7) and E,(r + 7) indicate the incident electric
field of the first pulse and that of the second, while,
F(k', »') and F'(k", ") are the scattering amplitude of
the speckle by the first x-ray pulse and that of the second,
respectively. Each scattering amplitude F(k/, ') and
F'(k", ") can be written as follows, respectively,

F(k', o') = (K, o'K¢'| Hete| )k, @), “

Fl(k", ") = (K", 0" Ko |H' | 0") |k, @), ©)

where ket |¢) etc. represent the spatial distribution of the
polarization in clusters. Hgg is an effective Hamiltonian
that represents the interaction between the first x-ray pulse
and the polarization, and it causes the addition of the
collective polarization. While, H' ; is the same one in
the second x-ray pulse and it causes the subtraction of
the collective polarization. Here we include only the sub-
traction of the collective polarization by the second pulse
because the addition by the second pulse is a higher order
process. A creation (annihilation) of one polarization
causes the addition (subtraction) of the nanometer size
collective polarization to (from) the polarization clusters
under the condition of critical fluctuation. Once the nano-
meter size collective polarization has been created in the
clusters, then it is subject to a random thermal relaxation
with a relaxation time 7, and an evolution from ¢’ to ¢”
takes place. After inserting Egs. (2)—(5) into Eq. (1), taking
an average over 7 under the assumption that an excitation of
the polarization is subject to chaotic distribution, we can
express the intensity correlation for the delay time 7 as
follows [18,19],

g?=1+p eXp(— ?) (©6)

0
wherein, 7 is assumed to be much longer compared to the
coherence time of the excited state, while the factor 83 is
given by a square of the visibility defined by the absolute
value of the first order correlation function of the incident
electric fields Ey(7) and E,( + 7). A rigorous theoretical
discussion can be found elsewhere [20].

Experiments have been carried out by use of the x-ray
speckle intensity correlation measurement system installed
at Japan Atomic Energy Agency. The experimental setup is
shown in Fig. 1. Characteristics of this SXRL are, one shot
per 15 minutes in repetition rate, 7 ps in pulse width, 3.5 X

10'° photons per pulse in photon flux, 13.9 nm in wave-
length, ~10~% in the band width AA/A, and 0.5 mrad in
beam divergence. The spatial coherence is estimated to be
more than 90% [21,22]. The spot size of the focused x ray
at the sample was about 100 wm in diameter. A soft x-ray
streak camera was used for the time and the space resolved
measurement of the x-ray speckles. Details of this system
will be found elsewhere. The sample used in the present
experiments was the same one which was used in our
previous experiments: a flux-grown BaTiO; single crystal
of 395 K in T¢. The sample temperature has been con-
trolled with an accuracy of *£0.1 K from the room tem-
perature up to 500 K. The x-ray speckle measurements
have been done on (001) surface with 10° grazing angle
incidence. This is under the condition of total reflection.
However, we can understand that the clusters show the bulk
property even under this condition. A macroscopic quan-
tity, the gross polarization density of the clusters over the
sample, surely diverges at the bulk 7'¢, as shown in Fig. 4 of
our previous paper [11].

An example of an x-ray streak image of the speckle
due to the first and the second SXRL pulse is shown in
Fig. 2(a), and the intensity profiles of these streak images
in the horizontal direction are shown in Fig. 2(b). The time
correlation analysis in this Letter has been done for the
specular reflection peak on the right side. We have mea-
sured several pairs of x-ray speckle intensities, and nor-
malized each intensity profile by the sum over the relevant
profile in order to cancel the shot-by-shot fluctuation of the
SXRL pulse intensity. We calculated the g® by Eq. (1)
from these experimentally measured and normalized
speckle intensity profiles. An example of the calculated
value of g for the secular reflection from —0.24 um~! to
0.24 wm™!is illustrated in Fig. 2(c). Outside of this region
shown in Fig. 2(c), g heavily fluctuate around 1, because
of low signal intensity. Hence, we do not discuss g(z) of this
outside region hereafter. As shown in Fig. 2(c), the g
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FIG. 1. Schematic set up of x-ray intensity correlation mea-
surements by use of a Michelson type delay pulse generator, and
an x-ray streak camera. The delay pulse generator consists of a
beam splitter (BS), and two Mo/Si multilayer mirrors M1 and
M?2, and two optical shutters OS1 and OS2.
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takes a larger value in the center parts of the specular
reflection, while the g takes a value of almost 1 in both
sides of the center part. This correlation function g® for
the center part of the specular reflection spatially reflects
the autocorrelation among the same points in polarization
clusters.

Prior to fitting the data g to the Eq. (2), we averaged
the value of g over the 0.08 um~! region of central part
of the specular reflection which corresponds to the size of
the speckle Az/D, where z is the distance from sample to
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FIG. 2 (color online). (a) A streak camera image of the two
speckle intensities separated by a delay time 25 ps, (b) intensity
profiles of the speckle images in the horizontal direction, (c) a ¢
dependence of the g in the vicinity of the specular reflection,
where ¢ is the value relative to the center of specular reflection.

the streak camera and D is the spot size of the beam at the
sample. Then we evaluated 7, by the curve fitting of the
averaged values g® to Eq. (6) as shown in Fig. 3. Results
of two independent series of experiments are shown in
Fig. 3(a) and in Fig. 3(b). Figure 3(a) shows the results
of the first experiment, the relaxation behavior of the
intensity correlations is shown for the temperature from
393 K up to 405 K by 2 K, while the Fig. 3(b) shows the
results of the second experiment, the relaxation behavior
for the temperatures from 401 K up to 405 K by 0.5 K. The
averaged values g@ fit well to the exponential decay curve
with single delay time 7 for each temperature. The inter-
cept at 7 = 0, namely S in Eq. (6), was found to be about
0.6 for all temperatures. The value of 8 = 0.6 corresponds
to the x-ray visibility 0.8, which is consistent with the
estimation. Relaxation times obtained by fitting are an
order of several tens of picoseconds. The plots of the
relaxation time as a function of the temperature are shown
by solid circles and solid triangles in Fig. 4. Open squares
in Fig. 4 show the temperature dependence of the cluster
polarization |P| obtained in our previous experiment [11].
The solid line and the dotted line is a guide to the eye,
respectively. As the temperature decreases, the relaxation
becomes rapidly slower from ~20 ps at 6 K above the T¢
to the maximum value ~90 ps at 4.5 K above the T, then
becomes faster again to ~20 ps across the Tc. On the other
hand, |P| increases monotonically with decreasing the
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FIG. 3. Decay curves of g as a function of delay time at
several sample temperatures (a) from 2 K below the 7~ up to
10 K above the T~ by 2 K step: results due to the 1st experiment,
and (b) from 4 K above the T up to 8 K above the 7 by 0.5 K
step: results due to the 2nd experiment.
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FIG. 4 (color online). Temperature dependence of the relaxa-
tion time 7, and the polarization of the cluster. A maximum that
takes place at 4.5 K above the T coincides with the maximum of

the polarization of the clusters. Solid and broken lines are just
guide to the eye.

temperature and takes a maximum value at around 5 K
above the T, and then it decreases similarly as the relaxa-
tion time. A kind of critical slowing down, increase in
fluctuation and increase in relaxation time, seems to takes
place in clusters locally at 4.5 K above the 7.

NMR experiments by Zalar et al. suggested two time
scale relaxation mode dynamics exist [10]. The slow mode
corresponds to the flipping of the polarization of the clus-
ters among (100) by the time scale less than 10~ * s. The
structural relaxation of several 10 us observed by Yan
et al. in time correlation spectroscopy of optical laser
[23] was probably due to this flipping mode. The fast
mode is the Ti ion hopping among the (111) off-center
sites which was proposed by Chaves et al in their order-
disorder model [24]. Mablione et al. estimated the relaxa-
tion time as 1078 s ~ 1077 s by their dielectric relaxation
measurements [25]. This kind of relaxation has been ob-
served as the central peak (CP) in Raman scattering.
Sokoloff et al. observed two times scale CPs: one is
~5 GHz and another is ~20 cm™' [1]. Our observation
of critical slowing down ~90 ps is consistent with CP
observations ~5 GHz. The appearance of the CP and
critical slowing down near the 7 has been exemplified
by the two dimensional model simulation by Stachiotti
et al. [26] and recently by the quantum Monte Carlo simu-
lation by Kai et al. [20]. Why the critical slowing down in
our observation does not appear at the T but at 4.5 K
above the T can be explained by the dynamical molecular
field due to the polarization in clusters. It is well known
that the ferroelectric phase transition occurs at a little bit
higher temperature when an external electric field has been
applied. The dynamical molecular field in polarization
clusters acts to reduce the cluster temperature effectively.
On approaching the T, the polarization of each cluster
decreases again. This decrease in polarization causes the
decrease in the relaxation time as shown in Fig. 4.

The present experiments so far performed are the direct
measurement of the thermal decay process in the polariza-

tion clusters in BaTiOj3; however, the present method can
be applied widely to the relaxation phenomena of nano-
structures appearing in other materials such as CDW in
TTF-TCNQ, SDW in antiferromagnetic Chromium, and
dynamical stripes in cuprate high 7'~ superconductors. By
use of a much shorter x-ray pulse such as the x-ray free
electron laser (XFEL), we can directly observe that the
relaxation process turns over from the dynamical to the
dissipative in the nanostructure of condensed matters.

The sample investigated in this work has been furnished
by Professor A. Sawada, Okayama University. We thank
him for his courtesy.
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