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Dispersion of Piezo-optic Constants of Some Alkali Halides in the Ultraviolet Region. 
I. Determination of Absolute Values 
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Static and ultrasonic methods are described for the determination of the piezo-optic coefficients, 
q11- qlz and q44, and the strain-optic ratios, plz/p11 and @11 +p12-2p44)/@11 "~"P12-[-2p44), for NaC1, 
KC1, KBr and KI. Dispersion of the absolute elasto-optical constants, p11, p12 and p44 is evaluated. 
Comparison is made with predictions of Bansigir & Iyengar's theory of the piezo-optic effect in cubic 
crystals. The occurrence of isotropy of birefrigence for uniaxial stress and uniaxial strain at different 
wavelengths of light is explained. 

Introduction 

The dispersion of piezo-optic birefringence in cubic 
crystals was originally reported by Iyengar (1955) for 
three wavelengths of light in the visible region. Subse- 
quently Bansigir & Iyengar (1958) employing an im- 
proved technique studied the variation of birefringence 
in the alkali halides NaC1, KC1 and KBr in the wave- 
length range 4800-6000 A. The investigations con- 
firmed the existence of a measurable dispersion 
amounting to 5-10%. Srinivasan (1959) carried the 
investigations into the ultraviolet region and observed 
large variations for NaC1, KC1, KBr and KI in the 
vicinity of the fundamental absorption band. He also 
reported sign reversals of birefringence in potassium 
halides. This property of enhanced induced birefring- 
ence close to an absorption band now appears to be 
universal, as has been demonstrated in semiconducting 
materials (ZnO, CdS, Tell, Warlock & Martin, 1965; 
GaAs, Si, Nikitenko & Martynenko, 1965; ZnSe, Du- 
benskii, Kaplyanskii & Lozovskaya, 1967). The studies 
of Srinivasan (1959)were confined to the variation of 
the differential piezo-optic coefficient qn-q12 which 
measures the birefringence produced when the crystal 
is stressed in the direction of a cube axis and observa- 
tions are made along a different axis. Similar varia- 
tions of the coefficient q44 (stress along a face diagonal 
and observation along a cube axis) have been reported 
by Rahman & Iyengar (1967). Recently Laiho & 
Korpela (1968) have extended this study to rubidium 
and cesium halides. 

The evaluation of the individual coefficients qn and 

q12 and the corresponding elasto-optic coefficients, Pn 
and p12, are of considerable theoretical interest (Bansi- 
gir & Iyengar 1961). Other aspects of interest from the 
band structure point of view will be discussed in part II. 
The discussion in this part of the paper will be con- 
fined to a description of the experimental method 
followed for the evaluation of the coefficients and the 
results obtained therefrom. 

Static method 

Determination of qn - q12 and q44 
The method of Bansigir & Iyengar (1958) modified 

to apply to the ultraviolet region has been followed. 
The optical arrangement is shown schematically in 
Fig. 1. A hydrogen discharge lamp, H, illuminates a 
small aperture, O1, through the condensing lens, L1. 
The lens L2 (followed by a Wollaston double-image 
prism, P) forms an image of the aperture O1 close to 
the fused silica block, S. The aperture O2 allows only 
one of the two beams produced by the double-image 
prism to pass through the block S, the crystal, C, and 
the second Wollaston prism, A. Lens L3 then forms an 
image of the aperture 02 on the slit of a quartz spectro- 
graph Sp. The second beam produced by the double 
image prism A is not allowed to enter the spectrograph. 
The orientation of the double-image prisms is such that 
the beams allowed to reach Sp from both prisms, are 
polarized at an angle of 45 ° to the vertical. 

The fused silica block and the crystal are stressed by 
the use of an arrangement of levers. A crystal block 
with edges parallel to the [110], [1T0] and [001] direc- 

H L1 01 L2 P 02 S C A L3 Sp 

Fig. 1. Optica| arrangement for the static method. H, hydrogen discharge ]amp; O] and 02, small apertures; L1, condensing 
lens; L2 and L3, fused silica lenses; P and A, Wo|]aston double image prisms; S, fused silica block; C, crystal; Sp, quartz 
spectroglaph. 
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tions is used for determining q44. The stress is applied 
parallel to [110] and light propagation is along [001]. 
For measuring the coefficient ql~-q~2, edges of the 
crystal block are parallel to the cube axis and observa- 
tion is along another axis. 

When either the silica block or the crystal, or both, 
are stressed, the continuous spectrum in Sp is crossed 
with dark bands. The position of a band at wavelength 
2 A is given by: 

R = n . 2 / 2 ,  (1) 

where R is the total relative retardation for light 
polarized parallel and perpendicular to the stress 
direction, due to passage through the stressed material, 
and n is an odd integer. Measurements were made on 
the bands corresponding to n=  3 and 5 because these 
are quite sharp for the values of R encountered in these 
investigations. 

The spectrograph Sp was calibrated with a low pres- 
sure mercury arc. In the continuous spectrum of the 
hydrogen discharge, the line H~, which is easily identi- 
fied, serves as a point of reference for measuring the 
wavelength corresponding to the centre of a band, 
using a comparator. 

The dispersion of the differential stress-optic coef- 
ficient, Ca, of the fused silica specimen was determined 
first by applying various loads and locating the band 
position. The retardation is given by 

R =  C1Pxt , (2) 

where P, is the stress on the silica block and t the length 
of the light path within it. From (1) and (2) Ca is 
evaluated. A series of spectra for various loads on the 
silica block is shown in Fig. 2. 

Two procedures were followed to evaluate the dif- 
ferential stress-optical coefficient of the crystal, taking 
into account the small residual birefringence which the 
crystals exhibited. In one procedure a band due to the 
passage of light through both stressed silica block and 
the unstressed crystal is observed at, say, 2o • near the 
visible region. The total relative retardation is then 

R1 + R°=n2o/2 , (3) 

where R1 is the relative retardation in the stressed 
silica block and R°that  due to residual birefringence in 
the crystal. Rx is found from equation (2) for the wave- 
length 20 and hence R ° is determined. A set of spectra 
are now recorded, keeping a constant stress Pz on the 
crystal and varying the stress on the silica block. From 
this set one spectrum is chosen which has a band at 
2' .& close to 20. For this band 

R1 + R2 + R ° =  n2'/2 , (4) 

where R~ and R2 a r e  relative retardations due to the 
applied stress in the silica block and the crystal respec- 
tively, and R ° is that due to residual birefringence in 
the crystal. Since 2o and 2' are close and the dispersion 
of birefringence in the visible rar ge is small, one can use 
the value of R ° from (3) in (4' and finally evaluate R 2. 

The differential stress-optical coefficient of the crystal C2 
for that wavelength is given by 

R2 = CzP2t2 , (5) 

where P2 is the stress on the crystal specimen and t2 
the length of the light path in it. Knowing 6"2 one can 
find the value of the residual stress from 

R°=C2P°t2 . (6) 

Using the rest of the spectra one can find the differen- 
tial stress-optical coefficient C2 for other wavelengths. 
For a band at 2 A we have 

R~+ R;_ =n2/2 .  (7) 

Ra, the relative retardation in the silica block, is found 
in the manner described above and thus R~, the total 
relative retardation in the crystal, is known. From the 
relation 

R'2 =C2(P2+ P°)t2 , (8) 

C2 can now be evaluated. 
In the second procedure, three sets of spectra are 

recorded. For each set the stress on the crystal is kept 
fixed and the load on the silica block varied, so shifting 
the bands to different regions of the spectrum. From 
each set the relative retardation due to the stressed 
crystal is found corresponding to the band positions, 
and relative retardation versus wavelength curves are 
plotted. From the three curves thus obtained, each for 
a fixed stress on the crystal, values of relative retarda- 
tion and corresponding stress are noted for selected 
wavelengths and for each of these a relative retardation 
versus stress curve is drawn. We find a linear relation 
between stress and relative retardation for the range of 
stresses used in these experiments. These lines have a 
common intercept on the stress axis, which gives the 
value of the residual stress. From the slopes of these 
lines we find the differential stress-optic coefficient for 
various wavelengths. Results obtained by the two 
methods are found to be in good agreement. The 
piezo-optic constants qx~- q12 and q44 are related to the 
differential stress-optic coefficient, C, as follows: 

(ql l - -ql2)=2/n 3. Sao0, q 4 4 = 2 / n  3 . 51a0,  (9) 

where n is the refractive index of the crystal in the 
undeformed state and $100 and Slao represent the values 
of the stress-optic coefficient for an applied stress 
parallel to [100] and [110] respectively. The strain-optic 
constants plx-P12 and p44 are given by 

plx--p12=(qla--q12) (Cll-C12), P44=q44. C44 (10 

where C1~, C12 and C44 are the elastic constants. 

Dynamic method 

Determination o f  PiE/P11 and 
(Pal +Pa2-  2p44)/(pll +P12 + 2p44) 

The experimental arrangement is shown in Fig.3. 
Light from a 400 watt Hanovia arc after passing 

A C 26B - 9 
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Fig.2. Interference bands in the hydrogen spectrum due to stressed fused silica. The movement  of bands of order 3 and 5 is 
shown for increasing stress. 
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through an adjustable horizontal slit S is collimated by 
the lens L:. The collimated beam then enters the 
crystal under investigation, C, a double-image prism, 4 
D, and finally the quartz prism, Q, of a medium quartz 
spectrograph. When the length of the slit is suitably 
adjusted, the prominent lines of the mercury spectrum 
are recorded as two sets of horizontal lines, one above 0 
the other, on the photographic plate placed at PP. The 
crystal rests on the ultrasonic transducer T and when 
suitably excited a longitudinal standing wave is set up 
in it. This results in each spectral line being split up - 4  
into a number of diffraction orders giving rise to the 
familiar Hiedemann pattern. Mueller (1938) has shown 
on theoretical grounds that the ratio of the intensities 
of the corresponding diffraction lines of the mth order 
in the two polarized sets has the value B ° = R 2m, where - 8 
B ° is the limiting ratio of intensities when the sound 
amplitude is reduced to zero; and R=px2/Pll or 
(PIx + P : 2 -  2p44)/(p:: +P12 + 2p44) depending on whether 
the direction of propagation of sound in the crystal is 1 "8 
along [100] or [110] respectively, with the light beam 
travelling in a direction normal to that of sound along 
a cube axis. 

At low levels of ultrasonic excitation only the first 1 "4 
diffraction order is recorded and the relative intensity 
of the corresponding two spectral sets is determined 
with the help of an analyser (Polariod sheet HNP'B) 
interposed at A (Fig.3) following the double image 1"0 
prism D. Bm is obtained from the identity Bm= tan 2 e, 
where e is the angle through which the analyser must 
be rotated in order to equalize the intensities of the 
corresponding spectral images. In practice this was 0"6 
realized by photographing the pattern for various posi- 
tions of the analyser at 2 o intervals and measuring the 
relative intensities with a microphotometer. The posi- 
tion of equal intensities was then determined by inter- 
polation. This process was repeated for a few values of 
sound amplitude in decreasing order and the limiting 
ratio B ° was then obtained. Care must be taken while 
using polarizer HNP'B in this type of work below 
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Fig.4. Dispersion of stress-optical coefficients and strain- 
optical ratios. 0,  isotropy; I--l, sign reversal of birefringence. 
1, KCI; 2, KBr; 3, KI; 4, NaCI. (a) Strain-optical ratios: 
P] 2/Pll - - - 0 - - - ;  (Pal +P12 -- 2p44)/(PI1 +P12 + 2p44) - - -  O - - - .  
(b) Stress-optical coefficients: ½n3 (qll--ql2) ~ O - - - ;  
½ n 3 q 4 4 - - - O - - - .  
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Fig. 3. Optical arrangement foI the ultrasonic method. S, horizontal slit; LI, collimator lens; C, crystal; T, transducer; D, double 
image prism; A, analyzer; Q, quartz prism; L2, camera lens; PP, photographic plate. 
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2=2800 ,~. In that region this polarizer transmits a 
significant portion of light polarized normal to its 
characteristic direction. Using the transmission curves 
supplied by the Polaroid Corporation, the extinction 
coefficients for wavelengths below 2800/k are com- 
puted and these are used in applying corrections to 
observed intensity ratios. 

Preparation of crystal specimens 

The crystals used in these investigations were grown 
from Analar material employing the Kyropoulos 
technique. The orientation of the crystal block was 

1 o Immediately after controlled to an accuracy of + ~ . 
polishing the specimen, 2 mm thick plane parallel fused 
silica plates of Spectrosil quality were pasted, with a 
drop-of castor oil, to the polished surfaces to protect 

them from moisture and to improve the optical 
quality of the light transmitting surfaces. The fused 
silica block used was of Spectrosil quality. 

Results and discussion 

The results of the static and dynamic methods are re- 
presented graphically in Fig.4 in the wavelength re- 
gion 2500-4100 A. With these data the curves of Fig. 5, 
depicting the variations of the individual coefficients 
Pn, Plz and P44, have been evaluated. All these curves 
show rapid variations of the elasto-optic and the piezo- 
optic birefringence as the absorption band is ap- 
proached. At a certain wavelength which is characteris- 
tic of each solid the stress-induced birefringence totally 
disappears. At this point the birefringence reverses in 
sign. The reversal wavelengths are given in Table 1. 
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Fig. 5. Dispersion of strain-optical constants p11, PI2 and P44 in KCI, KBr, KI and NaC1. 
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Table 1. Reversal wavelengths for the elasto-optic coef- 
ficients P11 -P12 and p44 

Crystal Reversal wavelengths in mlt Values at reversal 
Pl l  --Pt2 P44 Pl l  =PI2 

KI 338 275 0"178 
KBr 280 - 0.17 
KCI 248 - 0" 12 

(extrapolated) 

2"0 

1"8 

Bansigir &Iyengar (1961) developed a theory ofpiezo- 
birefringence for crystals of the NaC1 structure and they 
showed that Pll and Pa2 can be separately evaluated 
from a knowledge of the difference values pu-Px2. 
Their equations are: 

n3/2. (Pll--Pxz) = 3 M -  (1 + o.)A 
n3/2. (Pn + 2p12) = ( 3 L -  A) (1 - 2o-) 

where M = ( n  2 -1 )  z (n2+ 5)/45n, L = ( n  2 -1 )  (n2+ 2)/6n 

and o. is Poisson's ratio. 
The parameter A can be eliminated using the known 

values of Pn-p12 and thus Pxz/Pll can be evaluated. 
Using the values of P~I-Plz obtained in the present 
experiments, the ratios of p~z/Pu at different wave- 
lengths have been calculated. The values thus obtained 
for the crystals NaC1, KCI, KBr and KI are shown in 
Fig. 6. The agreement between the calculated and the 
observed ratios is very good in KC1, KBr and KI. 

Pockels (see Mueller, 1935) has classified all cubic 
crystals into four groups depending on the signs of 
P u - P l z  and p44. KI belongs to the + - group in the 
region above 2=3380 A. Below this wavelength KI 
changes to the - - group and at still lower wavelengths 
there is a change to the - + group. Similar changes are 
observed in the other potassium halides. The classifica- 
tion of Pockels, therefore, is no longer valid. 

Under uniaxial stress isotropic solids like glass be- 
come equally birefringent for all directions of stress. 
The alkali halides also exhibit this isotropic behaviour 
for certain wavelengths of light. The necessary condi- 
tions for the occurrence of stress-optic and strain-optic 
isotropy are given by the relations 

qll - q12 = q44 and P11 -P12 = 2p44 (11) 

respectively. The points of isotropy have been indi- 
cated in Fig.4 and the wavelengths at which these 
occur are given in Table 2. 

Equations (10) and (11) lead to the following expres- 
sion in terms of the anisotropy factors: 

(pn-P12)/2p44=(Cll - Cx2)/2C44 . (qn-q12)/q44 . (12) 

1"6 

I 1"4 

1"2 

1"0 

0"8 

Na CI 

x 

,, KBr 
K Cl 

w , , i 3 ~ 7 ~ 25 29 33 41 

----,,- ), in 10 -6 cm 

Fig.6. Dispersion of P12/P11, observed (full curve) and calcu- 
lated ( x )  from Bansigir & Iyengar's theory. 

Since the elastic anisotropy factor (Cll - C12)/2C44 is not 
generally unity for cubic crystals, the strain-optic and 
stress-optic conditions for isotropy are not fulfilled for 
the same wavelength of light. The values of the elastic 
anisotropy factor [calculated from the data of Spangen- 
berg & Haussfihl (1957)] and equation (12) are used 
together with one observed elasto-optical coefficient 
(R10o o r  SlOO) to evaluate the other coefficient ( R l l  0 o r  

$110). Rx00 is P12/Pll and Rj~0 is (pll+p12-2p44)/ 
(Pal+Pa2+2p44). The results are shown in Table 2. 
For KI and NaCI, the known value of R100 is used 
with the anisotropy factor and equation (12) to find 
Rl10. For KBr, the value of $100 is similarly used to 
evaluate Sxl0. There is general agreement between the 
calculated and observed values of Rn0 and Sn0. 

Crystal 

KI 
KBr 
NaC1 

Table 2. Wavelengths of stress-optic and strain-optic isotropy 

Wavelength (C11 - C12) Elasto-optic Calculated Observed 
of isotropy 2C44 coefficient value value 

(m~) 
302 (stress-optic) 3.04 R1 lo 1.05 1.08 
250 (strain-optic) 2.83 $I lO - 4-56 -- 5.3 
410 (stress-optic) 1.42 R1 lo 1-28 1.17 
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Simple physical models are taken to calculate thermal and electronic contributions to absorption 
coefficients in A1. N-beam systematic calculations are interpreted by means of 2-beam theory, making 
possible a comparison with the experimental values of Watanabe. The mean absorption coefficient 
agrees to within 25 per cent. Spherical aberration and thermal diffuse scattering within the objective 
aperture are shown to explain the poorer agreement for the anomalous absorption coefficient. It is con- 
cluded that weak beams are significant in the measurement of absorption coefficients. Weak systematic 
beams are shown to have a significant effect on the positions of the thickness fringe maxima. A brief com- 
parison of 2- and N-beam rocking curves is given. 

Introduction 

The theoretical interpretation of absorption coefficients 
in electron diffraction has been considered by several 
authors, but has been incomplete. Many-beam calcu- 
lations including absorption have been reported for 
example by Howie & Whelan (1960) for A1 and by 
Goodman & Lehmpfuhl (1967) for MgO. However, 
they compared experiment with arbitrary models for the 
absorbing potential V~, such as V~ oc V~. On the other 
hand, Meyer (1966) compared absorption coefficients 
for Si calculated on physical models with experimental 
values, by mean of 2-beam theory. In the present paper, 
many-beam calculations are combined with absorption 
coefficients based on physical models of the inelastic 
processes for A1. The theoretical values can then be 
compared with those measured from elastic Bragg 
beams by Watanabe (1964, 1966), and the importance 
of weak beams studied. Detailed attention is paid 
to systematic errors in the experiments which tend to 
increase the apparent values of the mean absorption 
coefficient and particularly of the anomalous absorp- 
tion coefficients. 

Calculation of absorption coefficients for AI 

The principal contributions to inelastic scattering in 
A1 come from phonon, plasmon and single electron 

excitations. The absorption coefficients due to each of 
these processes are calculated in this section, using 
approximate theories to describe each process. 

(a) Thermal diffuse scattering 
Hall & Hirsh (1965) gave expressions for the mean 

and anomalous absorption coefficients due to thermal 
diffuse scattering,/to TDs and/zg TDs respectively, using an 
Einstein model to describe the lattice vibrations. They 
found 

/-to TDs= 2--~2-~z I f2(s ) [ 1 -  exp(-2Ms)]sds  (1) 
£2 

and 
]./gTDS---- ~Z II -~- f ( s ) f ( s - g )  [ exp ( - M g ) -  

exp ( - { M  s +M~.,})]sdsd~0 (2) 

where the scattering vector s lies on the Ewald sphere, 

2 sin 0 
and s -  2 for a scattering angle 20. The usual 

Debye-Waller factor is exp ( - M s )  , and f2 is the unit- 
cell volume. 

Equations (1) and (2) were derived by treating the 
incident wave as a Bloch wave, using 2-beam theory, 
and the thermal diffuse waves as plane. However, 
Pogany (1968) has shown that the same results for 
/z0 TDs, and/to TDs for all reflexions g, are obtained if the 


