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Abstract 

Electric fields with alternating square wave were 
applied to LiNbO 3 and LiTaO 3 single crystals in [001] 
directions, and extremely small ionic displacement was 
directly detected by the measurement of the diffracted 
intensities of X-rays synchronously with the applied 
fields. The displacement of Nb and Li ions relative to 
the oxygen framework were found to be 4.9 x 10 -4 and 
13 x 10-4]k at E = 51.5 kV cm -1 for LiNbO 3, and 
those of Ta and Li to be 6.8 x 10 -4 and 15 x 10 -4 A at 
E = 50 kV cm -1 for LiTaO 3. The temperature factor 
was observed to vary with the external field, which is 
attributed to the change in phonon frequency of the 
crystal lattice. It was found from the intensity 
variations in the lower-indexed reflections that the 
displacements of the bonding electrons of N b - O  and 
Ta--O bonds are much larger than those of the 
constituent ions, which may be the origin of the 
electrooptic effect. The capability of the modulation 
technique in the absolute structure determination of 
crystals is demonstrated. 

1. Introduction 

Changes of crystal structures and electron redistri- 
bution induced by an externally applied field play a 
fundamental role in electronic and optical properties. 
Generally, such behaviour of electrons and atoms has 
only been inferred from the optical and electrical 
measurements, where indefiniteness remains. There- 
fore, the direct detection of the microscopic structural 
changes by X-ray diffraction has been desired. In fact 
there have been a few such measurements since the 
discovery of the diffraction of X-rays by crystals 
(Compton & Allison, 1935; Puget & Godefroy, 1975). 
However, no detail of the microscopic structural 
changes including the redistribution of valence 
electrons has been obtained, probably because the 
change in the diffracted intensities of X-rays caused by 
such structural changes are so small. 

LiNbO 3 and LiTaO 3 are widely used as opto- 
electronic devices because of their large electrooptic 
effect, i.e. an electric-field-induced change in refractive 
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index. Experimental and theoretical studies have shown 
that the effect is due to valence-electron redistribution 
associated with ionic displacement (DiDomenico & 
Wemple, 1972; Levine, 1973; 1974; Shih & Yariv, 
1980). However, the most fundamental points of 
localized bond charge and its displacement are 
assumed a posteriori and do not rest on a foundation 
confirmed experimentally. The present author made an 
attempt to detect directly the electric-field-induced ionic 
displacement and electron redistribution in LiNbO 3 and 
LiTaO 3 by using a modulation method in the X-ray 
diffraction measurement and reported the preliminary 
results previously (Fujimoto, 1978). Here the full report 
of the study will be presented. 

First the effect of the microscopic structural changes 
on the integrated intensities of X-rays are theoretically 
considered. Next, the experimental details are shown. It 
is desirable to have accurate structure data, without 
external fields, to obtain the microscopic structural 
changes. Therefore, the data determined by Abrahams 
et aL (Abrahams, Reddy & Bernstein, 1966; Abrahams 
& Bernstein, 1967; Abrahams, Hamilton & Sequeira, 
1967) are refined by the measurement of the ratios of 
the diffracted intensities of X-rays from the two 
opposite surfaces, (00h) and (00h). Then the observed 
variations of the integrated intensities, AI/I, are 
analysed first by assuming the ionic displacement alone 
and next by taking into account two other factors; one 
is the change in the temperature factor due to the 
electric-field-induced variation of phonon frequencies, 
and the other is the redistribution of bonding electrons 
of N b - O  and T a - O  bonds. Also, the effective charge 
is discussed in relation to polarization densities and the 
displacement of ions and bonding electrons. Further- 
more, the modulation technique is demonstrated to be a 
new method of determining the absolute structure of 
crystals. 

2. Theory 

The structure factor of an hkl reflection can be given by 

F h = ~  ( f f  + f /  + if/')e-MJe 2'~ihrj, (1) 
J 

M j =  Bj(sin 0/~,) 2, (2) 
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where rj is the coordinate of the jth atom, f f  is the 
atomic scattering factor, f /  and f / '  are the anomalous 
dispersion corrections and Bj is the temperature factor. 
When an external electric field is applied to the crystal, 
microscopic structural changes are induced, and we 
have the variation of the structure factor; 

dFh= Z ( f~  + f f  + i f / ' ) e  TM' e 2'~"'', 27ri(h. Arj) 
J 

+ ~. A ( f f  + f / +  i f / ' )  e -M, e 2'~ih'~ - (sin 0/2) 2 
J 

x I ( f f  + .Is' + i f / ' )  e -M, ~,,i,.,, ABj, (3) 
J 

where the first term is due to the relative displacement 
of ions in the unit cell, the second one gives the change 
in the atomic scattering factor due to both the 
redistribution of electron densities (Buckingham, 1964) 
and the change of sin 0/2 caused by piezoelectricity, 
and the third one gives the change in the temperature 
factor due to ionic displacement. By X-ray topog- 
raphy, the crystal used was found to be perfect enough 
for applying dynamical formulae (Cole & Stemple, 
1962). This was confirmed by comparing intensities 
observed for 00h reflections with that for the 333 
reflection of a perfect Si crystal. Therefore, the 
integrated reflecting power I for this experiment for 
LiNbO 3 and LiTaO a (symmetric Bragg case of 
non-centrosymmetric thick crystal) is given by 

C22(e2/mc 2) lEVI 
I = Rh, (4) 

7rV sin 20 

where 

1 + k 2 + 2s co 
Rh= [(1 -- k2) 2 + 4p2] 1/2 -f {L -- (L 2 -  1) '/2} dy, (5) 

- - C O  

[(y2_ g2 + k 2 - 1)2 + 4 ( g y -  p)2],/2 + (y2 + g2) 
L =  

[(1 - -  k2) 2 + 4p2]  1/2 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

( A / H ) .  - 

and the other symbols have their usual X-ray meaning. 
We can put p _ I kl because 6 is sufficiently small. 
Then we have 

Rh (non-centrosymmetric) _ 

1 + k 2 + 2s 
R, (centrosymmetric), (15) 

1 + k  2 

where Rh(centrosymmetric) is for s = 0 and p = k. 
Hereafter, Rh stands for Rh(centrosymmetric). Then 
the variation of the integrated intensities associated 
with the microscopic structural changes can be 
expressed as 

AV AIFhl 
2 cot 20 AO + 2 - -  

where 

r .  -- r(, + iV(,', 

F~, = Z ( f f  + ~ ' )  e-M' e2~ih'" = IF~I e i'~', 
J 

F/,' = Z f / '  e-M' e2'~'"~'- IF~'I e i'~'', 
J 

k - -  IF/,'I/IF~, , 

s . . . .  k s in  6, 

p = k cos 6, 

--gV 
g _ _  • 

2(eVmc z) 21F~I C 

V IFhl 

B A n 1 k 2 AIF(,I CoARg + C n R h 

1 + k  2 lEVI CoR ~+C,,R~ 
AC,~R~ 

+ , (16) 
CoR~ + C~R~ 

~Rh ~Rh 
ARh = - -  Ak + - -  Algl 

0k algl 

c~Rh ) AIF/,I AIF{,I 
CgRh k + Igl D , - - -  _ _  . _ _ -  ~ _ _  . . _ _  

(17) 
by using the equation 

IFhl 2 : lEVI 2 (1 + k 2 + 2s), (18) 

and by assuming the variation of F;,' to be negligibly 
small. The first, the second and the last terms are due to 
the variation of the lattice constant associated with 
piezoelectricity which can be evaluated easily, though 
they are small compared with the remaining terms. The 
remaining terms are due to the structural changes in the 
unit cell which can be deduced from (3). For example, 
for the change of the internal coordinates of the 
constituent atoms, Arj(AXjl, Axj2, Axj3), the terms can 
be given explicitly as follows: 

AIFh  I 3 1 c~l Fh I 

IFh, --k~l Z IFhl ~Xj----~ Axjk  
= j 

AIF~I 3 1 c31F~ I 
,F~, - - ~  Z ,F~, c~x.t- ~ Axjk' (19) 

= j 

and 

cglFhl 1 ( C~Fh,. C~Fhi] 
axs--7 - IF.--5 V . , -  + r . i  cgXik cgxsk / 

c31F~ I 1 (  c3F~,, caF[,i], 
(20) 
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where subscripts r and i denote the real and imaginary 
part, respectively. Then (16) becomes 

where 

Uh - - "  

3 

(AI/I)h- Uh-- ~. Z Ahjk ZIXjk, (21) 
k = l j  

A A V C,r R h 
2 c o t 2 0 A 0 +  , (22) 

V C~Rg + C~R# 

and 

A h j  k = 2 - -  
1 c31Fhl (ll-k2 + C,,D"+C,~D '~) 

IFhl t~Xjk + k 2 CaR ~ + C,~R# / 

1 c~lF~ I 
x (23) 

IF~l 0xjk 

From the measured values of (A//I) h and the calculated 
values of Ahjk, Arj can be obtained by the linear 
least-squares (LLSQ) analysis of (21). 

3. Experimental 

Specimens were selected from various crystals by 
employing X-ray topography. The specimens are about 
10 × 10 mm in size and 0 .1-0 .2  mm thick. The 
specimen surfaces, normal to the c axis, were polished 
and etched in a solution of H F : 2 H N O  3 at the boiling 
point. Aluminium was evaporated as electrodes on the 
two c faces, and the electric field was applied in the 
1001 i direction normal to those faces. 

3.3. Piezoelectric constants and homogeneity of the 
fields 

In the measurement of the small intensity variation, 
we must avoid inhomogeneity of the field in the crystal 
caused by space charge which is often encountered 
with d.c. applied fields. Therefore, an alternating 
square-wave field was applied at a frequency of 19 Hz. 
To verify the homogeneity of the field, piezoelectric 
strains were determined by the measurement of the shift 
of the Bragg peak position, AO, for 00h (h -- +6, +12, 
.... +42) in reflection geometry and hOhO (h = +3, +6, 
+12) in transmission geometry. In Fig. 3(a), the 
diffraction curves are shown corresponding to the two 
states of the opposite fields, A and B. Most of the 

3.1. Principle of the measurement 

The variations of the diffracted intensities of X-rays 
caused by the microscopic structural changes are too 
small to be detected by the conventional X-ray 
diffraction method. In order to overcome this difficulty, 
the present author developed a 'modulation method': 
Alternating electric fields in square waveform are 
applied to the specimen crystal, and the diffracted 
intensities in the two states for the top and the bottom 
of the square wave fields are measured by gating the 
two counters, A and B, synchronously with the external 
field. By taking the difference between the total counts 
of the counters, the small intensity variations can be 
measured (Figs. 1, 2). The long-term fluctuations in the 
incident X-ray beam intensity and electronic counting 
system can be eliminated. This method allows us to 
measure intensity variations as small as 0.01% by 
taking the measurement time sufficiently long. 

3.2. Experiment 

The experimental setup is shown schematically in 
Fig. 2. A high-power X-ray generator (Ag target, 60 
kV, 500 mA maximum) was used. The specimen 
crystal was rotated around a Bragg position by an 
angle varying from 4 to 12' to obtain the integrated 
intensities, and the modulated fractions were measured. 
The counting rates for the peak position ranged from 
104 to 105 counts s -1 depending on the indices of 
reflections. To achieve a sufficient accuracy, the 
measurements were repeated automatically with use of 
a microcomputer. 

SYNCHRONIZED DETECTION 

EXTERNAL FIELD l - - _ _  

A B A B 

IIIIIIIIllllllll IIIIIIlUlIIIIIIIIII]II II 

Fig. l. Principle of synchronized detection. 

][~-RAYS 

~ cxx~reR 

Fig. 2. Schematic view of the experimental setup. 



difference in intensity between A and B at each angle, 
which is an apparently observed modulated intensity, 
arises from the shift of the reflection curve as shown in 
Fig. 3(b). The value of AO was easily obtained by 
comparing the intensity difference with the differential 
of the reflection curve without applied field, and found 
to satisfy the relationship 

A O = - 7 t a n  0 s, (24) 

4. Results 

as shown in Fig. 4. This corresponds to the differential 
of Bragg's law, 2d sin 0 s = 2. From the variation of the 
lattice constants, Ae/e and Aa/a, deduced from the 
relationship, the values of the piezoelectric constants 
d33 and d31 were found to be 8.4 pC N -1 and - 0 . 7 7  pC 
N -1 for LiNbO 3, and 8.5 pC N -1 and - 3 . 2  pC N -~ for 
LiTaO3, respectively. These values are in reasonable 
agreement with those reported before by other authors 
(Warner, Onoe & Coquin, 1967; Yamada, Niizeki & 
Toyoda, 1967; Lissalde & Peuzin, 1976). It should be 
noted that the values of d33 obtained for the opposite 
faces agreed within an experimental uncertainty as 
shown in Fig. 4. These observations show that the 
electric field in the crystal was practically 
homogeneous. 

Since the integrated intensities are affected little by 
the small shift of the Bragg angle if the integration 
range is sufficiently wide, the difference in the in- 
tegrated intensities between the two states, A and B, is 

BA~,~./B 

0-~ (a) 

A - B  

s' 

(b) 
Fig. 3. (a) Reflection curves corresponding to the two states, A and 

B, with oppositely directed external fields. B' is the curve shifted 
from curve B by the piezoelectric apparatus. (b) Apparently 
observed modulated intensity (solid line) and the intrinsic one 
(dashed line). 

intrinsic to the microscopic structural  changes.  In 
practice the integration is made within a finite range of  
angle, and this gives a spurious result. To eliminate this 
effect, the specimen crystal  was rotated by the angle A0 
[equation (24)] so as to position the Bragg peak at the 
centre of  the integration range using a piezoelectric 
appara tus  synchronized to the applied field; the B state 
was shifted to the B'  position, as shown in Fig. 3, and 
the true modulated fraction, A - B ' ,  was measured.  

BRAGG PEAK SHIFT DUE TO 

PIEZOELECTRIC STRAIN 

4.1. Variation of  the integrated intensities 

The modulated fractions of the integrated intensities 
are defined as 

AI / I=  2(I+ - I_)/(I+ + I_), (25) 

where I+ and I represent the intensities with the 
external field parallel and antiparallel to the spon- 
taneous polarization, respectively. They were measured 
for 00h reflections as shown in Fig. 5. The modulated 
fraction varies remarkably with reflection indices, 
reflecting the external-field-induced structural changes. 
To obtain the changes of the internal coordinates by the 
analysis of the results, accurate structure data without 
external field are necessary as described in § 2. 

-AO 

is'- 

LiNbO 3 

E= 51.5 t(V/¢m 

5"- 

-zxe.  r m as 

/ • (OOh) 
o (OOh) 
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6 12 18 24 30 36 42 (OOh) 

Fig. 4. Observed peak shifts of the Bragg diffraction curve due to 
piezoelectric strain vs reflection indices 00h for LiNbO 3. The 
solid line indicates the calculated vlaue with Ad/d = 4.32 x 10 -5. 
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Fig. 5. Modulated fractions of the integrated intensities for OOh (h = 
+6, +12 . . . . .  _+42) reflections for (a) LiNbO 3 and (b) LiTaO3. 
Positive sign of AI/I shows the increase of the intensities when 
the direction of the applied field is parallel to the spontaneous 
polarization. A: The calculated value obtained by the linear- 
least-squares (LLSQ) analysis of the higher-indexed reflections 
(+00.18 . . . . .  +00.42) with assumption of the displacement of 
rigid ions alone. Note the remarkable difference between the 
observed and calculated values for +00.12 reflections. O: The 
calculated value obtained finally by the LLSQ analysis of all 
reflections taking into account not only the displacement of rigid 
ions but that of bonding electrons and the variation of the 
temperature factor. 

Table 1. Ratio of  the integrated intensities of two 
opposite faces, l(OOh)/l(OOh), for  LiNbO3 

Abrahams Present 
OOh et el. work Measured 

h = 6 1.29 1.28 1.29 + 0.01 
12 0.86 0.86 0.85 _+ 0.01 
18 1.13 1.10 1-09 + 0.01 
24 0.80 0.93 0.93 + 0-01 
30 0.93 0.90 0.88 + 0.01 
36 1.92 1.41 1.40 + 0-02 
42 0.51 0.67 0.67 + 0.02 

4.2. Crystal structure of LiNbO 3 and LiTaO 3 

According to A b r a h a m s  et el. (Abrahams ,  Reddy & 
Bernstein, 1966; A b r a h a m s ,  Hamil ton  & Reddy,  1966; 
A b r a h a m s  & Bernstein, 1967; A b r a h a m s ,  Hamil ton  & 
Sequeira, 1967), the crystals  L iNbO 3 and L iTaO 3 have 
the symmet ry  of  the noncent rosymmetr ic  space group 
R3c at room tempera ture :  There are six molecules per 
hexagonal  unit cell as illustrated in Fig. 6, where a unit 
of  two molecules is shown. 

In order to obtain accura te  structure da ta  along the c 
axis, the ratios of  the integrated intensities for 0Oh and 
00h reflections were observed as shown in the last 
column of Table 1, because the ratios depend strongly 
on the positional coordinates.  The ratio is related to the 
structure factors  by the formula  (Cole & Stemple, 
1962) 

I(OOh)/I(OOh) = IF(OOh)lZ/IF(OOh)l 2. (26) 

Neglecting the small dispersion corrections for Li and 
O atoms,  F ( 0 0 .  +h) are given explicitly by 

F ( 0 0 .  + h ) =  6 { 3 f ° ( O ) e x p I - B ( O )  (sin 0/2)21 

+ f ° ( L i )  e x p l - B ( L i )  (sin 0/A) 21 

x exp[+_2rdhz(Li)] 

+ [ f ° ( N b )  + f ' ( N b ) l  

× exp[ - -B(Nb)  (sin 0/2) 2] 

x exp[+_2~zihz(Nb)]} 

+ 6 i f " ( N b )  exp l - -B(Nb) ( s in  0/2)21 

x exp I + 2zdhz(Nb)l. (27) 

It should be noted that  sin 0/2 dependence of  f " ( N b )  
was taken into account  (Cooper ,  1963, 1977). 

A b r a h a m s  et el. (Abrahams ,  Reddy  & Bernstein, 
1966) gave the ionic coordinates along the c axis 
(taking one of the oxygen layers as z = 0) and the 
temperature  parameters  of  L iNbO 3 as follows from 
X-ray  diffraction studies: 

z (Nb)  = 0 .1019,  z(Li) = 0 .3848,  

B ( N b )  = 0 .50  A z, B(O)  = 0 .43 A 2, 

B(Li) = 0-94 A 2. (28) 
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Using these values and taking f " ( N b )  to be 2.86 
(International Tables for X-ray Crystallography, 
1974), we calculated the ratios Ih/I ~ with (26) and 
compared them with the observed ratios in Table 1. 
Agreement between them was not sufficient. There- 
fore, the model of Abrahams et al., together with 
f " ( N b ) ,  was corrected so as to fit the observed ratios 
by conventional least-squares analysis of (26), and the 
following results were obtained for LiNbO 3" 

z(Nb) = 0.1035 + 0.0003, z(Li) = 0.3830 _+ 0.0020, 

B ( N b ) = 0 . 3 5 + 0 . 1 0 A  2, B ( O ) = 0 . 5 7 + 0 . 1 0  A 2 

B(Li) = 0.70 +_ 0.30 A2, f " ( N b )  = 2.87 _+0.05. (29) C3Fh,. 

The good fit is seen from comparison between the third 
and fourth columns in Table 1. It should also be noted 
that the coordinates are close to those obtained by 
Abrahams et al. using neutron diffraction (Abrahams, 
Hamilton & Reedy, 1966). 

For  L{TaO3, it is rather difficult to obtain accurate 
structure data from the observed ratios because the 
scattering factor of Ta is so large compared with those 
of Li and O that the ratios do not differ so much from 
unity as in the case of LiNbO 3. Therefore, only the z 
coordinates of Ta, on which the intensity ratios depend 
most, were refined by a similar analysis for the data C3Fh,. 
obtained by Abrahams, Hamilton & Sequeira (1967). 
The results are as follows: c3z(Li) 

z(Ta) = 0.0971 + 0.0003, z(Li) = 0.3769, 

B(Ta) = 0.32 A 2, B(O) = 0.52 A 2, ~Fhi 

B(Li)----- 1.15 A 2, f " ( T a )  = 4.40. (30) c~z(Li) 

5 .  D i s c u s s i o n  

The structural change due to the applied electric fields 
is caused by both the displacement of the ions and that 
of the bonding electrons. First, the former will be 
analysed with the procedure described in § 2. 

(T° 
L i~  c 
O 

Li ~ LiNb03 LiTo03 
O 0,689~ 0.601 ,~ 

T 

I 0.2Bo~ o.2o2,~ 
2i3r  , 

Fig. 6. Crystal  structure of  LiNbO 3 and LiTaO 3. A schematic view 
of  a unit of  two molecules along the c axis is shown. 

5.1. Ionic displacement and variation of  the tempera- 
ture factor 

In order to evaluate the ionic displacement by the 
electric fields, we assume, for the first approximation, 
that the change of the integrated intensities arises 
mainly from the displacement of rigid ions relative to 
each other. By denoting the displacements of Nb, Ta 
and Li ions along the z direction relative to the oxygen 
framework by Az(Nb), Az(Ta) and Az(Li), the deriva- 
tives t~Fh,./~Xjk, t~Fhi/t~Xjk, OF~r/t~Xjk and t~F~i/t~Xjk f o r  

+00h reflections in (19)-(23) are given explicitly as 
follows, from (27): 

c3z(Nb) 
-- 127rh expl-B(Nb)(s in  0/2)21 

× {lf°(Nb) + f ' ( N b ) l  sin 2~hz(Nb) 

+_ f " ( N b )  cos 2~zhz(Nb)} 

C3 Fhi 
c3z(Nb) 
- -  - 12rch exp l -B(Nb)  (sin 0/2)21 

× {+_ [ f°(Nb)  + f ' (Nb) ]  cos 27~hz(Nb) 

- f " ( N b )  sin 27thz(Nb)} 

- -  -- 12rch exp[-B(Li)(sin 0/2)21 

x f°(Li)sin 2~zhz(Li) 

- -  - + 12rch exp[-B(Li)  (sin 0 / 2 )  2] 

x f°(Li)cos 2~rhz(Li) 

~F~,. 
cgz(Nb) 

- -  - 12zch exp[--B(Nb) (sin 0/2)21 

x [f°(Nb)  + f ' (Nb) ]  sin 2rchz(Nb) 

8F~; 
- -  - + 12zch expl -B(Nb)  (sin 0/2)21 
c3z(Nb) - 

x [ f°(Nb)  + f ' (Nb) ]  cos 2zchz(Nb) 

8F~r c3Fh,, c3F~i C3Fhi 
- - -  - -  ( 3 1 )  
c3z (Li) 8z(Li) ' cOz (Li) c~z(Li)" 

For LiTaO 3, the index of Nb should be replaced by Ta. 
Now we can evaluate Ahjk in (21) from (29), (30) and 

(31). Using the observed values for (AI/I) h on the left 
hand side of (21), we calculated the displacement of 
ions by the linear-least-squares fitting method by taking 
the weighting factor as the inverse of the standard 
deviation. Fairly large discrepancies between the 
observed and calculated values of the intensity change 
were found for lower-indexed reflections, which is due 
to the effect of the redistribution of the outer electrons. 
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To obtain the displacement of rigid ions, therefore, 
LLSQ analysis was made, for the second step, only for 
the higher-order indexed reflections (_+00.18 . . . . .  
+00.42) ,  which arise predominantly from the inner, 
more tightly bound electrons (ion core). The results are 
shown in Table 2 and denoted by the triangles in Fig. 
5.* 

We now consider the differences between the 
observed and calculated values in Fig. 5. The remark- 
able difference for 00.12 reflections for both LiNbO 3 
and LiTaO3 is due to redistribution of outer electrons 
as will be discussed later. Furthermore, a systematic 
difference is seen for the higher-order reflections, 
especially for LiTaO3: the observed values are larger 
than the calculated values, and the difference becomes 
larger as the reflection indices become higher. This 
tendency can be explained by assuming that the 
temperature factor is changed by the external field; 
since the positions of cations are deviated from 
symmetry in the positive z direction, their further 
displacement in that direction by the external field 
make the crystal lattice more 'rigid' than that in the 
opposite direction. Then, the lattice vibration has higher 
frequencies and smaller amplitudes, and the diffracted 
intensities of X-rays increase. Therefore, by taking into 
account the variation of the temperature factor, 
AB(Nb) and AB(Ta), in the LLSQ analysis, we have 
better agreement of the calculated and observed values 

* It is noteworthy that a thermal diffuse scattering (TDS) 
correction for the integrated intensities was not made. This results in 
an error of only 3% in the ionic displacement for Nb and Ta, and 
5% for Li ions. 

Table 2. Calculated values of  the change of  the internal 
parameters and the reliability factor R = ~ k l(AI/I)o -- 
(AI/I)cl/Xhl(AI/I)ol for  LiNbO 3 (E = 51.5 kV cm -~) 
and LiTaO 3 (E = 50 kV cm-~) 

(1) Values obtained by LLSQ analysis of the higher-indexed 
reflections (+00.18 . . . . .  +00.42) with assumption of the 
displacement of rigid ions alone. 

(2) Values obtained by LLSQ analysis of all reflections by 
taking into account not only the displacement of rigid ions 
but that of bonding electrons and the variation of the tem- 
perature factor. 

LiNbO 3 LiTaO 3 

(1) (2) (1) ; (2) 

Az(Nb) 
Az(Ta) 4.5 + 0.4 4-9 + 0.4 6.6 + 0.5 6.8 + 0.5 
Az(Li) 9.2 _+ 2.0 13 _+ 2.0 16 + 5-0 15 _+ 5.0 
Az(bond) -230 -230 
AB(Nb) -0.58 -2.9 
AB(Ta) 
R 0.21 0.17 0.58 0.08 

Az in units of 10 -4 A; AB in units of 10 4 Az. 

of AI/I  for higher-order reflections; the best fit was 
obtained for AB(Nb) = --0.6 x 10 -4 A 2 and AB(Ta) = 
--3 × 10 -4 ]k 2. Since the temperature factor B is nearly 
proportional to ~ j  (kT/o9]), where ~oj is the phonon 
frequency of the j t h  mode, the shift of the phonon 
frequency of the order of 10 -3 at E = 50 kV cm -~ may 
be expected from the calculated value of AB. Such a 
frequency shift is supported from the experimental 
result by Raman scattering that the phonon frequencies 
of ferroelectric modes in some perovskite-type crystals 
depend markedly on applied electric fields (Worlock & 
Fleury, 1967). It should be noted that the tendency 
mentioned above is more evident in LiTaO 3 than in 
LiNbO 3. Although these substances have isomorphic 
crystal structures and many similarities, they also show 
significant differences in thermal and optical properties, 
which may be correlated with the differences in thermal 
vibration observed here. 

5.2. Effective charge and redistribution of  bonding 
electrons 

From the results obtained above on the assumption 
of the displacement of rigid ions, the effective charge of 
the constituent cations are evaluated on the basis of a 
simple theory of dielectrics; the ionic polarization 
density Pi is given by 

Pi = (6/V) ~' Q(Mj) Az(Mj), (32) 
J 

where Q(Mj) is the charge, Az(Mj) is the magnitude of 
displacement of Nb, Ta and Li ions, and V is the 
volume of the hexagonal unit cell. On the other hand, Pi 
can be deduced from the difference between the static 
and optical dielectric constants, K 0 - K~, as 

Pi - %(Ko - K~) E. (33) 

Using the value of x 0 and x~ (Landolt-B6rnstein, 
1969), we calculated Pi to be 1.15 mC m -z at E -- 51.5 
kV cm -~ for LiNbO 3, and 1.80 mC m -2 at E --- 50 kV 
cm -~ for LiTaO 3. 

Substituting P~ and the values of Az obtained above 
into (32), Q(Nb) and Q(Ya) were evaluated to be 6.4 
and 6.6, rspectively, by putting Q(Li) -- 1.0 because 
the L i - O  bond can be considered to be purely ionic. It 
should be noted that the smaller effect of atomic 
polarization due to the displacement of the centre of the 
core electrons from the position of the nucleus 
(Buckingham, 1964) was neglected. Kahn & Leyen- 
decker (1964) showed in the electronic energy-band 
calculation of SrTiO 3, which has a typical structure 
homologous to LiNbO 3, that substantial covalency 
between O anions and Ti cations was to be expected. 
Peterson et al. (Peterson, Bridenbaugh & Green, 1967; 
Peterson & Bridenbaugh, 1968) obtained the net charge 
of Nb and Ta to be 1.6 and 1.2, respectively, by the 
study of 7Li nuclear magnetic resonance in LiNbO3 and 
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LiTaO 3, and concluded that Nb and Ta ions were 
predominantly covalently bonded. The difference be- 
tween the charge of cations obtained by Peterson et al. 
and those evaluated above is expected to arise from 
the neglect of the deformation of valence electrons 
associated with ionic displacement in the evaluation of 
polarization densities. 

This behaviour of valence electrons has been 
predicted to play an important role in the dielectric and 
optical properties of various compounds on the basis of 
the bond charge theory developed by Phillips (Phillips, 
1968, 1973; Levine, 1973, 1974; Shih & Yariv, 1980). 
The difference between the observed and calculated 
values of the change of X-ray intensities for +00.12 
reflections described above can be considered to show 
the direct evidence of this redistribution of valence 
electrons because those reflections are sensitive to 
valence electron distribution as shown in the following. 

We estimate roughly the redistribution of bonding 
electrons. First, we assume the localized bond charge at 
the midpoint of Nb--O and T a - O  bonds. The structure 
factors are given by 

F(OOh) = 6{F(ion) +3(fb, + fb)  exp(2rcihzb.)}, 

(h = +_12), (34) 

where b~ and b E denote the bonds with long and short 
bond length, respectively. Since we have no data about 
the bond charge of Nb--O and Ta--O bonds, we take 
them, for the first approximation, to be that of Si, which 
was given by Hattori, Kuriyama, Katagawa & Kato 
(1965) as 

fb = 0.45 exp[--13(sin 0/2) 2] (35) 

though indefiniteness still remains.* Furthermore, for 
simplicity, the scattering amplitude and the magnitude 
of displacement were assumed to be the same for two 
kinds of bond position. Schematic representation of the 
structure factor of _+00.12 reflections including bond- 
ing electrons are shown in Fig. 7. It can readily be seen 
that the effect of the displacement of bonding electrons 
on the 00.12 reflection is much larger than that on 
00.12, in agreement with the present measurement. 
Thus, least-squares analysis was made finally for the 
observed change of the integrated intensities by taking 
into account an additional parameter of the dis- 
placement of the bonding electrons, Az(bond). The 
result is shown in Table 2 and denoted in Fig. 5 by 
circles; the calculated values of A I / I  for +00.12 
reflections are in good agreement with the observed 
one, and Az(bond) obtained is much larger than 
Az(ion). It should be noted that the analysis has only 
qualitative meaning because the calculated value of 
Az(bond) depends on the bond position and fb. 

* The precise measurement of the structure factor of Si 222 
forbidden reflection by the PendelEisung-fringe method gives a 20% 
smaller value (Fujimoto, 1974). 

However, it is noteworthy that even a much larger 
value of Az(bond) will be obtained considering that the 
bond charge of N b - O  and Ta--O bonds are expected 
to be smaller than that of purely covalent crystal of Si. 
This large displacement of bonding electrons can be 
thought to be the origin of the microscopic mechanism 
responsible for the electro-optic effect, i.e. the change of 
the refractive index due to the external field 
(DiDomenico & Wemple, 1972). 

5.3. Differential structure analysis 

It seems worth discussing the capabilities of the 
present method for the precise determination of crystal 
structures. The microscopic structural changes ob- 
tained by the analysis of the changes in the diffracted 
intensities of X-rays depend largely on the original 
coordinates of the atoms without applied fields, as 
described before. As an example, the observed values of 
AI/I  for LiNbO 3 were analysed on the basis of the 
structural data given by Abrahams et al. for com- 
parison with the results obtained above. The results are 
as follows: Az(Nb) = 3.1 x 10 -4 A,  Az(Li) = 30 x 
10 -4 A, Az(bond) = - 2 0 0  x 10 -4 A and AB : 0.43 x 
10-4 A2. The agreement between the observed and the 
calculated intensity change was found to be poorer 
than those based on the present model; the agreement 
factor, R = ~.h I(AI/I)o -- (AI/I)cl/~-h I(AI/I)ol, was 
evaluated to be 0.24 compared with 0-17 for the 
present model. Moreover, the difference between the 
calculated and the observed change is comparatively 
large for the 00.42 reflection; the calculated value of 
AI/I  is --0.63 whereas the observed one is -0-35 .  
These indicate that the present model is closer to the 
real structure than those of Abrahams et al. Thus, the 
change in the diffracted intensities of X-rays associated 
with the displacement of the constituent atoms reflects 
sensitively the original coordinates of the constituent 
atoms. 

f'(Nb) 

I P n 

P 
F . . . .  n 

• / 

o / 
o 

3f(O) 
t(LI) 

(a) (b) 

Fig. 7. (a) Schematic representation of th___e structure factor of 
+_00.12 reflections for LiNbO r F(00.12) is shown with the 
imaginary axis inverted. (b) Enlarged (x 10) diagram around p 
and n points in (a) to show the effect of the bonding electrons. 



ISAO FUJIMOTO 345 

The characteristics of the present method described 
above can also be used for the determination of 
absolute structure. This is shown schematically in Fig. 
8 as a demonstration of the simple case of the binary 
compound AB, where F A and F B represent the structure 
factors of A and B atoms, respectively, and ~PB the phase 
angle of B atoms relative to A. If we have two possible 
cases of atomic configurations corresponding to the 
two phase angles, ~os, and q)s2, the structure factors, F~ 
and F 2, have the same absolute value so that 
identification of them is difficult by the conventional 
integrated intensity measurements. However, when B 
atoms are displaced in the direction of, say, increasing 
the phase angle by the external force, the structure 
factor decreases in case 1, and increases in case 2, so 
that we can determine very easily which one is the real 
structure by observing the intensity change. Thus, the 
present modulation technique could be used as a new 
method in determining the absolute configuration of the 
crystal structure. 

6. Conclusion 

The modulation X-ray diffraction method was proved 
to be useful in the study of the dynamical properties of 
a crystal; electric-field-induced microscopic structural 
changes such as extremely small ionic displacement 
('~ 10 -4 ]k) and variation of the temperature factor were 
directly detected for the displacive ferroelectrics of 
LiNbO 3 and LiTaO 3. Large displacement of bonding 
electrons of N b - O  and Ta--O bonds associated with 
the displacement of the constituent ions was found, 
which is thought to be the origin of the microscopic 
mechanism responsible for the electrooptic effect. 

Since the variation of the diffracted intensities 
associated with the displacement of the constituent 
atoms induced by the external field reflects sensitively 
the original coordinates of the crystal structure, the 
present modulation technique will be used not only as a 

I 

? 
Fi ~ ~ O e  ~ 

, FS -R 

Fig. 8. Principle of the [ifferential structure analysis. 

useful technique in the study of the dynamical 
behaviour of crystals but also as a new method in 
determining the absolute configuration of the crystal 
structure. 

The author wishes to thank Dr J. Chikawa for the 
critical reading of this manuscript and Dr S. Tatsuoka 
for his encouragement through this work. 
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