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An alternating electric field was applied to the (001) faces of a LiNbO& single crytal
wafer, and the modulated fractions of the (00h)-diffracted intensities of x rays were meas-
ured by the synchronized detection. The displacements of Nb and Li ions relative to the
oxygen framework were found to be 4.5& 10 and 9.8&& 10 A for the applied field of 51.5
kV/cm, respectively. The modulated fractions observed for the lower-indexed reflec-
tions give direct evidence for the redistribution of valence electrons which causes the
electro-optic effect.

Lithium niobate has been known to possess in-
teresting and useful properties such as acoustic,
electro-optic, and nonlinear optical properties,
and extensive studies on it have been carried

The electric-field-induced structural
changes such as ion displacements and electron
redistribution are fundamental and considered to
play an important role in those phenomena, and
direct detection of such microscopic structural
changes by x-ray diffraction study is significant.
However there have been no such investigations
probably because the change in the diffracted in-
tensities of x rays caused by such structural
changes is considered to be too small to detect
by the conventional method. In the present study,
a modulation method' was newly developed for the
x-ray diffraction measurement, and detection of
the electric-field-induced structural changes was
attempted.

When an alternating electric field is applied to
the crystal, the diffracted intensities of x rays
varies depending on the two alternating states
and the small intensity difference between the
two states can be obtained by the synchronized
detection. The long-term drift of the measure-
ment system such as those of the intensities of
the incident x-ray beam and of the electronic in-
struments can be eliminated so as to allow us to
measure the small intensity variation with high
accuracy by taking the measurement time suf-
ficiently long. The experimental setup is shown
schematically in Fig. 1. Sample crystals used
were cut from the single-domain poled boule and

X- RAYS

Ge( I I I)
H. V.

GENERATOR

SCINTILLATI

COUN TER

nn
ZOELECTRIC

ATOR

SIGNAL

GENERATOR

MICRO
COMPUTER

SYNCHRONIZED

COUNT I NG

FIG. 1. Schematic view of the experimental setup.

polished to the thickness of 0.2 mm with 10&& 10
mm' face normal to the c axis. They were ex-
amined by x-ray topograph and found to have a
sufficiently good quality without grain boundaries
or residual strains. Ag A'0. , radiation from the
high-power x-ray generator (60 kV, 500 mA max)
was used and the sample crystal was rotated
around the Bragg peak position to obtain the in-
tegrated intensities and the modulated fraction
was measured. The measurements were repeated
many times until a sufficient accuracy was at-
tained; this process, including data processing,
was automatically controlled with use of a micro-
computer. Aluminum was evaporated as elec-
trodes on the two c faces and the electric field
was applied along c axis normal to those faces.
Alternating square wave with frequency of 19 Hz
was employed to avoid the inhomogeneity of the
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field in the crystal due to the space charge which
is often encountered with dc applied field. ' To
verify the homogeneity of the electric field in the
crystal, the shift of the Bragg peak position &~

&

associated with the variation of the lattice con-
stant due to piezoelectricity was measured for
(00h) in a reflection geometry and (AOhO) in a
transmission geometry, and found to satisfy the
relation

&&B = —(&d/d) tan&„
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which corresponds to the differential of Bragg's
law, 2d sinoB ——~, where d is the spacing of the
diffracting planes, L9& is the Bragg angle, and &

is the wavelength of x rays. From the variation
of the lattice constants &c/c and &a/a deduced
from the relation (1), the value of the piezoelec-
tric constants d33 and d» were obtained to be 8.4
X10 ' C N ' and —0.77&10"'2 C N ' respectively.
These values are in reasonable agreement with
those reported before by the measurement of the
resonant and antiresonant frequencies of vibra-
tional modes, i.e. , d33 6&&10 ' C N ', d3] —1
~10 "C N 'by Warner, Onoe, and Coquin' and

d33 16.2 10 "C N '
d3, = —0.86 10 "C N

by Yamada, Niizeki, and Toyoda. ' It should be
noted that the values of d33 obtained for the two
opposite faces agreed within the experimental
error. It was concluded from these observations
that the electric field in the crystal was practical-
ly homogeneous. The shift of the Bragg peak
position associated with the variation of the lat-
tice constant resulted in the reduction of

accura-

cyy, to some extent, in the measurement of the
modulated fraction of the integrated intensities.
In order to compensate for this shift, the sample
was rotated in the angle &&s given in the Eq. (1)
by using piezoelectric apparatus synchronized to
the applied field as shown in Fig. 1.

The modulated fractions of the integrated inten-
sities measured for the (00h) reflections are
shown in Fig. 2 which are defined as

&I/I = 2(I+ I )/(I+ +I ), —

where I+ and I represent the intensities with the
external field parallel and antiparallel to the spon-
taneous polarization, respectively. As can be
seen from Fig. 2, the modulated fractions,
though very small, show remarkable variation
with reflection indices, which indicates external-
field-induced structural changes. In the analysis
of the results, the dynamical formula was used
for the integrated intensities because the inten-
sities of (00h) reflections measured relatively to

-Q2-

-Q3-

-Q4-

-Q5-

(333) reflection of a silicon perfect crystal were
close to those expected from the dynamical the-
ory.

For the analysis of the structural changes, ac-
curate structure data with no external field are
required, and those determined by Abrahams
and co-workers' by both the x-ray and neutron
methods seem to be the most thorough; there the
positiona, l coordinates (taking one of the oxygen
layer a,s z =0) and the temperature fa.ctor were
given as follows:

z(Nb) =0.1019, z(Li) =0.3848, B(Nb) =0.50 A',

B(O) =0.43 A', B(Li) =0.94 A'

However the observed ratios of the integrated in-
tensities of the two opposite faces were found to
be significantly different from those calculated
from the model of Abrahams and co-workers us-
ing the equation'

I (00h)/I (00k) =
I
I'(Ooe) ~'/

~

I' (Oor) (', (4)

where E(00k) is the structure factor and the anom-
alous dispersion correction &f"(Nb) =2.86 for Ag
K&, was used. ' For example, the values of

I I I I I I I I I I
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FIG. 2. Modulated fractions of the integrated intensi-

ties for (00k) reflections (h = + 6, + 12, ~ ~ -, + 42) . Posi-
tive sign of nI/I corresponds to the increase of the in-
tensities with the direction of the applied field parallel
to that of spontaneous polarization.
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I (0 0 36)/I (0 0 36) and I (0 0 42)/I (0 0 42) are calculated to be 1.92 and 0.51 respectively, whereas the ob-
served values were 1.40 and 0.67. To fit the observed ratios the model of Abrahams and co-workers
together with &f"(Nb) were refined by the least-squares analysis and newly obtained data are

z(Nb) =0.1035+ 0.0003, z(Li) =0.3830+ 0.0020, B(Nb) =0.35+ 0.10 A',

B(O) =0.57+0.10 A, B(Li) =0.70+ 0.30 A~, &f"(Nb) =2.87+ 0.05.
(5)

The value of z(Nb) is close to the neutron data,
and the temperature factor to those obtained with
dispersion correction in the work of Abrahams
and co-workers. By taking this model as the
structure before the external field was applied,
the observed variation of the modulated fractions
with reflection indices was almost accounted for
by assuming the displacement of ions of opposite
sign in the opposite direction along the caxis ex-
cept for lower-indexed reflections. The amount of
ionic displacements of Nb and Li ions relative to
the oxygen framework were obtained by the least-
squares analysis to be

u(Nb) = (4.5 + 0.4) && 10 ' A,

u(Li) =(9.8+2.0) &&10 ' A, (6)

at the applied field of 51.5 kV/cm.
According to the simple dielectric theory the

ionic polarization densities I'; is given to be

I'; = (6/ V)[Q(Nb)u(Nb) + Q(Li)u(Li)], (7)

where Q(Nb) and Q(Li) are the charge, u(Nb) and
u(Li) are the ionic displacements for the Nb and
Li ions, respectively, and V is the volume of the
hexagonal unit cell. On the other hand, the dif-
ference «between the static and optical dielec-
tric constants which may be ascribed to the ionic
polarizabilities is 25.3 in LiNbO„ from which
the ionic polarization densities of 1.1&10 ' C m '
was obtained at 51.5 kV/cm. From (6) and (7)
and the value of polarization densities obtained
above, Q(Nb) wa, s calculated to be 6.0, where
Q(Li) was a.ssumed to be 1.0 because the Li-0
bond can be considered to be almost purely ionic.
Kahn and Leyendecker" showed in the electronic-
energy-band calculation of SrTiO, which has a
typical structure composed of a network of oxy-
gen octahedra homologous to LiNbO„ that sub-
stantial covalency between O anions and Ti cations
was to be expected. Peterson et al."obtained the
net charge of Nb to 1.6 by the study of the 'Li
nuclear magnetic resonance in LiNbO, and con-
cluded the Nb ion was predominantly covalently
bonded. The difference between the charge of Nb
determined by Peterson, Bridenbaugh, and

~ Green" and Q(Nb) obtained above could be re-
duced if we take into account in the evaluation of
the polarization densities the contribution of the
deformation of valence electrons associated with
ionic displacements. Many authors""'" have
tried to explain the origin of the electro-optic
and nonlinear optical effects by considering the
change in electronic band structure associated
with the deformation of valence electrons brought
about by the ionic displacements. A direct evi-
dence of such deformation of valence electrons
is given in Fig. 2: There can be seen the re-
markable difference between the measured values
of &I/I a.nd the calculated values taking only the
ionic displacements into account for lower-in-
dexed reflections especially for (0012) reflec-
tion. This difference could be attributed to the
deformation of valence electrons because the
lower-indexed reflections are more sensitive to
the valence-electron distribution that the higher-
indexed reflections which arises predominantly
from the inner, more tightly bound electrons.
The redistribution of valence electrons counter-
act the effect of ionic displacements on the modu-
lated fraction of the intensities for (0012) reflec-
tions, but the detailed analysis including the de-
formation of overlap of O(2P)-Nb(4d) orbitals re-
mains to be studied and the extended work will be
reported elsewhere.

The newly developed x-ray diffraction method
with modulation technique was proved to be use-
ful for the study of dynamical behavior of crys-
tals, and the present observation may provide a
substantial contribution to the microscopic under-
standing of the properties of dielectric substances
such as the electro-optic effect.

The author wishes to thank Dr. J. Chikawa for
a critical reading of this manuscript.
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A high-resolution measurement of the optical birefringence has been made in 4-cyano-
4'-octyloxybiphenyl to study in detail the orientational order parameter near the nematic-
smectic-A transition. There is no measureable discontinuity in the birefringence, but

there is an abrupt change in its temperature coefficient at the transition. Contrary to
the general impression obtained from published results, the behavior of the orientation-
al order parameter does not follow the predictions of mean-field molecular and phenom-

enological theories, with or without fluctuations.

The current controversy over the nature of the
nematic-smectic-A (NA) transition in liquid crys-
tals calls for additional reliable data on relevant
physical properties. One phenomenon that has
received relatively little attention is the behavior
of the orientational order parameter S near the
NA transition. Both mean-field molecular' Bnd
phenomenological' theories predict a strong coup-
ling between the orientational and the translation-
al order. Specifically, the theories predict S to
vary with temperature as represented in Fig. 1.
If the NA transition is first order, S undergoes
a step discontinuity at the transition tempera-
ture &Nq. If the transition is second order, S is
continuous but its temperature coefficient de-
creases abruptly on heating at T NA. The effect of
fluctuations, however, has been neglected in
these predictions. It is therefore somewhat sur-
prising that, on the basis of existing data on S,
real systems do appear to behave as depicted in
Fig. 1(a) or Fig. 1(b). " This apparent agreement
is disturbing because other experiments near the
NA transition have clearly demonstrated the im-
portance of critical fluctuations. In order to lead
to a conclusive comparision with theory, an ex-

periment has to have sufficient resolution in both
S and the temperature, and should include an in-
dependent determination of T N~. Such an experi-
ment may also help resolve the question of wheth-
er a second-order NA transition can exist in a

(a)

(b)

I

~NA

FIG. 1. Temperature dependence of orientational or-
der parameter S near (a) a first-order and (b) a second-
order NA transition as predicted by mean-field theo-
ries.
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