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Abstract A new type of soft X-ray source, i.e. a plasma-based X-ray laser, is found to be promising to conduct

transient measurement. By means of picosecond X-ray laser speckles, the dynamic microscopic polarization clusters

within cubic (paraelectric) BaTiO; was directly observed and characterized in a microscopic scale for the first time.

This opens a way to study this type of clusters, which usually manifest large external-field response for ferroelectric

materials.
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1 Introduction

The development of coherent X-ray sources has
made it possible to observe X-ray speckles.“‘” X-ray
speckles are produced by coherent X-ray scattering
from disordered sample, where random constructive
and destructive interferences by sample domains re-
sult in a speckle pattern. Speckle pattern depends on
exact arrangement of domains, not just domain size
distribution. If incident X-rays are not coherent, reso-
lution is insufficient to observe speckle pattern. As
Bragg diffraction peaks give detailed information for a
crystal lattice, a speckle pattern contains important
statistical information for the distribution of domains.

One important application of speckles is to
measure time fluctuation. If domains fluctuate with
time within a sample, then one can know the relaxa-
tion time of domains by measuring the time correla-
tion of the speckles. This technique has been well ap-
plied for visible light since the invention of laser, but
it is feasible only with the advent of modern X-ray
sources, such as synchrotron radiation. A shorter
wavelength can in general bring a higher resolution to
domains; therefore it is the merit of X-ray speckles
that they can be used to study fine structures which
are usually invisible or inaccessible by means of visi-
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ble laser.

So far, by means of synchrotron radiation X-ray
sources, X-ray speckles have been applied to many
objects, for example, gold/Pd/Sb,Os/latex colloids,
PS-PI block copolymer in PS, hex-
ane/nitrobenzene binary fluids, anti-phase domains in
metal alloys, phase separation in sodium borosilicate
glasses, and PS/PB homopolymer mixtures, etc.?®

Plasma-based soft X-ray laser is-another kind of
powerful X-ray source,! although it has been rarely
used due to its single-shot feature. Nevertheless, the
quality of this X-ray source is almost comparable to
future X-ray free electron laser (XFEL)."" X-ray la-
sers operated in a transient collisional excitation
scheme have very short pulse duration (about 7 ps),
within which about 10" photons assemble.”! One
pulse of X-ray laser can provide sufficient detectable
X-ray photons, the transient X-ray measurement hence
becomes feasible. From the viewpoint of methodology,
present X-ray lasers provide appropriate sources to

micelles

study some prototype experiments for future XFEL,
even if its photon energy is single and untunable.

We chose BaTiO; as the sample because there are
a lot of controversies on the basic problem such as the
mechanism of phase transition, though it has been
applied extensively and studied intensively."""" The
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paraelectric-ferroelectric phase transition for this pro-
totype ferroelectric substance has long been thought as
a classic displacive soft-mode type,“z’13 ! whereas
anomalies were also known near the phase transition
temperature, which was unable to be interpreted sim-
ply by a displacive type.““‘”] As measured by Hy-

6171 3 relaxational dynamics

per-Raman spectroscopy,
was also observed in the paraelectric BaTiO; near T..
NMR experiment''® has recently shown that Ti ion in
the paraelectric phase of BaTiO; flutters among
off-center sites, claiming the coexistence of or-
der-disorder and displacive characters in phase transi-
tion of BaTiO; as that predicted by simulation.!"”
However, it is not clear how a stable ferroelectric po-
larization domain turns up from those paraelectric
fluctuating dipole moments, in particular, how the
dipoles fluctuations correlate spatially each other and
evolve into a ferroelectric domain as 7¢ is approach-
ing. Experimental clarification of the dynamic dipole
clusters within BaTiO; is one of the most important

issues in the field of ferroelectrics.

[19] {20]

Molecular dynamic simulations™ ~ and theory,
concerning the phase transition mechanism, have
shown existence of polarization clusters in paraelec-
tric BaTiO; near Tc. Although experiments such as
neutron scattering,m] X-ray scattering,“s‘m and opti-
cal birefringencem'z‘” showed strong fluctuating po-
larizations existing in paraelectric phase of BaTiOs
near Tc, such clusters have never been directly ob-
served to date. The reason lies in the fact that the re-
laxation time of a particular cluster, around an order
of nanoseconds,”"®'® is too short compared to the
general measuring time in practice. Traditional diffuse
X-ray scattering or neutron scattering cannot be used
to observe the dynamic correlation length, because
where the spatial correlation has been averaged by the
much longer measuring time. X-ray speckles by syn-
chrotron radiation are also difficult to resolve such a
nanosecond order even when we use time correlation
technique. The inherent noise correlation from elec-
tron bunches prevent us from recognizing useful sig-
nal with a time order less than microseconds. There-
fore, picosecond transient measurement of the speck-
les by means of X-ray laser seems to be a unique way
at present to observe the behavior of those dynamic

clusters.

So far, several experiments by means of pico-
second X-ray laser speckles on BaTiO; have been
conducted at the Advanced Photon Research Center,
Japan Atomic Energy Research Institute. The main
results have been reported elsewhere.”™ " In this text,
we will give a detailed description of the experiment,
placing emphasis on the analysing method. Lastly, we
will give a prospect of this method for other materials.

2 Experimental setup

The experimental setup is schematically shown
in Fig.1. The X-ray laser media here is a silver plasma
produced by a chirped-pulse-amplification Nd:glass
pump laser light focusing on a silver target.w' The
lasing line is the transition of 3d°4d—3d’4p, with a
wavelength of 13.9 nm and a bandwidth of AV/A~10,
The X-ray laser pulse duration is estimated to be 7 ps.
The X-ray laser beam has been characterized to have a
source size of 50um and a divergence angle of 10
mrad.”® The total photons are about 10" per pulse.

A 45° incidence Mo/Si multilayer was used to
produce a vertically polarized X-ray probing beam. A
small aperture located at 1.9 m (about 0.5 m from
Mo/Si mirror) from the plasma source was used to
produce a fully coherent X-ray photon beam. The
sample used in experiment was a flux-grown ferro-
electrics BaTiO; single crystal with alternative a/c
domains aligned in parallel at room temperature. The
Curie temperature Tc was 122°C. The sample was set
to locate close to the slit, with its domain boundaries
(walls) directed along the vertical direction. The tem-
perature of the sample was controlled with a precision
of #0.1°C. A high DC voltage slab electrode was set at
the 2.5 mm front of the specimen, which can produce
a uniform high electric field (2 kV/cm was selected
for the data shown) normal to the specimen surface.
The local electric field E, within the specimen was
estimated to be 0.4 V/cm, if we suppose the static di-
electric constant & to be 5000 at 123.5°C. This value
is near to that commonly used to measure the & near
Tc, and hence believed to be sufficiently lafge to re-
verse the clusters’ polarizations. The grazing angle
was 10°. The diffracted speckle patterns were re-
corded by a soft X-ray charge-coupled device (CCD).
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Fig.l Experimental setup.

3 Results determined by the temperature-dependent a/c twin

Fig.2 shows those patterns below T, where the
aperture was set to be 80 wm (horizontal) x200 um
(vertical) and the CCD was set to be 0.5 m far from
the sample. The transverse (horizontal) resolution of
this setup is estimated to be around 1 um. For com-
parison the probing beam pattern is given in Fig.2(a).
Fig. 2(b)-2(h) show a series of the speckles diffracted
from a region of multiple a/c domains when heating
the sample from 24°C to 130°C. These two obvious
groups in Fig.2(b) and 2(c) indicate that, at lower
temperatures, a domains and ¢ domains constitute re-
spectively two groups of planes with a normal angle

R o e L T R SR

_.,unlu.ﬁ._'..‘_,. e

angle.m] The speckles in each of the two groups
originated from the interference of X-ray photons
scattered by the same type of domains (for instance, a
domains), where the other type of domains (¢ domains)
were invisible. This has been schematically shown on
the right bottom of Fig.2. As temperature increased
toward the Curie temperature Tc, the pattern appar-
ently evolved into one group, indicating the adjacent
a/c twin angles are getting smaller and more irregular
even at the same temperature. Above Tc, the speckles
turned into one spot, as shown in Fig.2(h), indicating
the disappearance of the domains.

Twin angle

Sample surface

Fig.2 Speckle patterns diffracted from alternative a/c 90° domains.
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Above T¢, we still found that there are some
small structures near the main peak. To study this
phenomenon carefully, the setup has been little modi-
fied to enhance the performance. The distance of CCD
was reduced to 0.2 m. The aperture was set to be 200
um (horizontal) x80 wm (vertical). Then the vertical
spatial resolution on the sample was estimated to be
0.2 um. We focussed on the study of the vertical tail
structure of the patterns. The results show that this
kind of tail depends strongly on temperature and the
external DC electric field E. As shown in Fig.3, the
tail increased as temperature was lowered toward T¢,
and decreased dramatically if E was applied, which
indicates that the scatterers within the sample are di-
pole-related and temperature-dependent. Those scat-
terers are in fact the polarization clusters.

Electric field
£ = 200 Vimm

Vertical
] scattering

Fig.3 Speckle patterns from clusters above T..

4 Birefringence model

The coherent scattering mechanism is shown in
Fig.4 from the view of polarization clusters. Experi-
ments have shown evidence that the clusters polarize
preferably along the crystallographic axis (x; y, or z in
Fig.4).”3’2” By a picosecond y-polarized X-ray illu-
mination, these clusters with polarizations along the y
or -y are spatially recorded on the phase of the scat-
tered beam due to the birefringence. The x- or
z-polarized clusters would be indistinguishable from
the noncluster region (cubic), since they all exhibit an
ordinary refraction index for the grazing incident
X-ray beam. The additional phase from the ith
y-polarized cluster is estimated to be Ag;:

Ag, =2nIRe(e’ — €)1 A 1)
where [ is the average X-ray path length within the

specimen, &; is the dielectric tensor. The experiment
was carried out with a 89 eV coherent photon beam

and the scattering angle off the sample surface was
10°. This angle, being less than the critical angle (14°),
implies that our experiment is sensitive to correlations
at surface of the sample alone. The photon energy is
89 eV, near the binding energy of the Ns4ds, electrons
in Ba.®™ Therefore, it can be anticipated that the
anomalous dispersion would contribute a nontrivial
value to the Ag;. The X-rays due to spatial phase
modulation interfere each other to give rise to the
speckle patterns.
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Fig4 Schematic diagram of the coherent scattering mecha-
nism of polarization clusters due to birefringence.

5 Dynamic features

One interesting feature of the tail structures is
their shot-by-shot fluctuations. As shown in Fig.5(a), a
strong shot-by-shot fluctuation was found at the same
temperature (shown is 123.5 + 0.1°C) in the vertical
speckle profile. This fluctuation was clearly much
larger than the accidental noise of CCD count denoted
as the error bar in the figure. For comparison, the sin-
gle-shot profile with an external DC high electric field
E applied normally to the surface was also shown in
the figure. Therefore, the shot-by-shot fluctuations in
the speckle profile arise from dynamic nature of those
scatterers.

A statistical average over ten shots at 123.5C is
shown in Fig.5(b). For comparison, the single-shot
profile at 123.5°C with a high E applied and the sin-
gle-shot profile at 140.0°C are also shown. The good
coincidence of these two profiles indicates that they
are approaching to the specular reflection from the
corrugated surface. The multi-shots
equivalent to the statistical average of those scattering

average is

structures within the sample. The small discrepancy at



No.4 TAI Ren-Zhong et al: Plasma-based X-ray laser speckle and its application on ferroelectric material 197

the tail and at the peak arises from the finite statistical
number (ten shots). The
ten-shots-averaged profile to the other two ones, com-
bined with the feature of shot-by-shot fluctuations as
shown in Fig.5(a), clearly indicates that those scatter-
ers observed from speckles are indeed both dynami-
cally and spatially randomly distributed.

coincidence of the
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Fig.5 Cross-sectional vertical intensity distributions shot by
shot above T¢.

The coincidence of these three profiles in Fig.5(b)
also indicates another fact that those static surface
structures (such as surface corrugation) have no sig-
nificant change within the observed temperatures.
Since we have used the profile at 140.0C as the
specular pattern in extracting the matter correlation
function as described in the following part, the unde-
sirable effects such as the static surface corrugation
are compensated to a negligible level.

6 Analyses

Speckle patterns contain detailed statistic distri-
bution information of those scatterers within the stud-
ied sample. In practice, the illuminating beam is usu-
ally spatially confined in order to obtain a fully co-
herent beam, which inevitably results in a special spa-

tial distribution for the probing beam. The speckle
patterns are in fact a result of the convolution of dif-
fraction of the confined beam with that of microscopic
scatterers. Now we will show how to extract the use-
ful information related only with scatterers.

Now suppose we study only the distribution
along x-direction, i.e. horizontal direction. Of course
this method is also applicable to y-direction distribu-
tion. We can generally use a complex transmittance
T(x) = To(x) exp [ig(x)] to describe domains or clusters
projected on the slit, where the real part Ty(x) stands
for the X-ray amplitude transmittance and the ¢(x) for
the X-ray phase retardation respectively from the
specimen. The x is the horizontal coordinate along the
x-axis as shown in Fig.1. The Ty(x) is of course zero if
the x falls beyond the slit, that is {x| > D/2, where D is
the horizontal width of the slit. The complex transmit-
tance T(x) carries the information of the spatial distri-
bution of those scatterers. The matter correlation func-

tion may be defined as
£T(x')T*(x’+Ax)dx'

y(Ax) = 2
J:T(x’)T*(x')dx'

From a point-source approximation, as shown in the
inset (a) of Fig.1, the intensity scattered into a direc-
tion of (k+¢) can be written as follows according to
the Fresnel-Kirchhoff diffraction integral™"’

I(g)= ].].d xdx'T(x)T *(x)x

| 1L, oy . ,
exp[lk(2ZO + 22)()c X ig(x—x"] 3)
where 7, z are the distance of the slit from the source
and the CCD respectively, k is the wave vector of in-
cident X-ray photons, and ¢ is the scattering vector
defined as g=k&zex, where £is the coordinate on CCD
along the diffraction direction with a unit vector e;.
The high-order terms of x have been omitted due to
their negligible contribution to the integration, con-
sidering zo, z >>D in practice. The diffraction pattern
is a convolution of the slit diffraction and the domains
structure diffraction.
Considering the randomness of domain size or
cluster size, the Fourier transform of Eq. (2) can be
factorized simply as
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I =F{I@)}=yax)x,Ax) @)

where I'y(Ax), defined as follows, is the apparatus
function:

rw=[,,

Xexp[ik(—1—+-1—)x'2 -
2z, 2z
ik(—i—+i)(x+x')2]dx' )
2z, 2z

As shown in Eq.(5), the I3(x) is determined only by
the geometric parameters of experimental setup, such
as the slit width, the distances from the source and the
CCD, and more, the properties of the source. It can be
obtained from the Fourier transform of the specular
reflection Isp(q) in practice. The matter correlation
function can be further expressed in a compact form
as

F{I()]
Y(AX) = ——=
F[Isp(q)]

from an experimental viewpoint, where F denotes the

(6)

operation of Fourier transformation.

Since we feel interested in the phase modulation
by clusters, now we show how to obtain cluster in-
formation from matter correlation function. We turn to
y-direction distribution of clusters as shown in Fig.4.
In this case, the matter correlation function as defined
in Eq.(2) is simplified as

o) =——(explilo+y-00L), @

y

where the angular bracket denotes an ensemble aver-
age along y; @(y) is the phase distribution instantane-
ously viewed by single-shot X-ray beam; D, is the slit
width in the vertical direction.

The parameters extracted from y (Ay) as follows
are pure simplified one-dimensional parameters of the
clusters (y-directional distribution). The mean size o;
of clusters can be naturally considered to be the half
width of the autocorrelation part of ¥ (Ay). If we de-
note the mean distance of the clusters as d, then y(d/2)
must be the first minimum from the origin of the pro-
file of ¥ (Ay). The correlation depth is defined as

Ay, = 7(0) - y(%) ®

where the ¥(0) is 1, indicating the maximum autocor-
relation. Suppose the additional phase given by the ith
cluster to be

2nl
A@ =—An, )
A
where [ is X-ray path length within sample and the An;
is additional refraction index due to cluster compared

to the cubic matrix. The correlation depth can be ex-

Ay, = Z—;(%]z<(z\n)z> (10)

The random distribution of the polarization mag-

pressed as

nitudes in the clusters suggests:
<(An)2> =2(An)’ (11)

from a statistic viewpoint. The polarization in the
cluster relates the refractive index difference by the
quadratic Kerr effect, so we can estimate the mean
polarization magnitude within the clusters as

|P|oc (An)"” (12)

Substituting Eq.(11) and Eq.(12) for Eq.(10), we

ll/z d 1/4
Ple<| — Ay — 3
|| (zj [ mas) (13)

Since correlation depth A, cluster’s size o, and

got

clsuters’ distance d can be directly measured from the
matter correlation function as described above, we can
easily estimate the polarization within the clusters
according to Eq.(13).

7  Discussion

Fig.6 shows the extracted physical parameters of
the clusters according to the analyzing method de-
scribed above. Fig.6(a) shows the evolutions of the
mean size o, and the mean distance d of those
y-polarized clusters with respect to the temperature.
There seems no significant change of the cluster size
observed in the experiment. However, the distance
increases with temperature approximately linearly
with a fitting slope of 0.33um/C. By extrapolating the
two dashed lines (linear fitting) in Fig.6(a), one may
find a crossover at a lower temperature Tp (estimated
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to be 6°C below Tc. not drawn in the figure). The Tp
might be understood as a temperature where dynamic
clusters have completely condensated into a ferroelec-
ric domain. Fig.6(b) shows the mean magnitude |P[
of the polarizations within clusters, where a peak was
observed at temperature about 5°C above Tc. Molecu-
lar dynamic simulations!'” have shown that a cross-
over from displacive to order-disorder transition exists
in the vicinity of Tc. The temperature for this cross-
over might be estimated from that of the peak of the
IP’. As shown in the figure, as temperature ap-
proaches Tc, the |P|* behaves monotonically increas-
ing at relatively higher temperatures, indicating the
increase of the cooperative motions among Ti ions
within the cluster. However, this increase was ob-
served to stop at a temperature very close to T¢, im-
plying the breaking of the cooperative motions of par-
ticles near phase transition due to the increase of fluc-
tuation of dipole moment among off-center sites.
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Fig.6 The temperature evolution of the characteristic pa-
rameters of clusters.

The macroscopically averaged polarization
within the specimen may be defined as ( o;/d)3|P| from
a three dimensional viewpoint. We show the tempera-
ture dependence of this physical quantity in Fig.7. The
quasi-linear behavior at higher temperatures in Fig.7
is completely consistent with that measured by
Burns'™! and Takagim] with the use of birefringence

of visible laser. Nevertheless, the picosecond X-ray

speckle’s measurement provides a new feature as
shown in the lower temperature region near Tc in
Fig.7. The macroscopically averaged polarization di-
verges as temperature approaches Tc. We can give an
alternative  expression for this quantity as
G=(1/dy’(c |P]), which is in fact the dipole potential
that the adjacent clusters feel each other, and hereafter
called the short-range correlation strength of the local
clusters. From the inset of Fig.7, one can clearly see
that the clusters’ short-range correlation strength G
increases in a form of power law 4 * as temperature
approaches Tc, where p is the reduced temperature
defined as =(T-Tc)/Tc . The critical exponent K is
determined to be 0.41+0.02 by a least square fitting.
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Fig.7 The temperature evolution of the macroscopically av-
eraged polarization fluctuations within the paraelectric (cubic)
BBTIO';

8 Conclusion

A speckle method has been established by means
of single-shot plasma-based soft X-ray laser. With this
technique, the dynamic polarization clusters in the
paraelectric BaTiO; near Tc have been observed at
surface for the first time. This dynamic polarization
cluster provides a direct information of the spatial
correlation of those fluctuating dipole moments in
surface during phase transition. The knowledge of
such spatial correlation of fluctuating dipole moments
plays also an essential role in understanding the nature

of the relaxor ferroelectrics®” or the quantum

paraelectrics.m‘

The relaxation time of the clusters would be an-
other important parameter. This might be observed
from time correlation of two photons scattered at a

certain g position of the speckles.
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