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SUMMARY 

This thesis deals with the electrastriction of simple cubic 
crystals. 
A new measurement set up, consisting of two Michelson inter
ferometers, one measuring the displacements of the upper side, 
the other measuring the lower side of a sample, bas been deve
loped to carry out reliable electrastriction measurements. It is 
shown that Coulomb forces arising from the charge on the elec
trades of the sample can lead to displacements of its support. 
Wi th the new maasurement setup i t is possible to reduce the 
influence of these spurious displacements to an acceptable level. 
The. electrastriction coefficients have been determined of 
crystals belonging to three different lattice structures. 
First we have performed measurements on eight alkali halide 
crystals. The results of our measurements differ significantly 
from measurements reported earlier in literature. our results 
show a positive sign of the electrastriction coefficient y,1 and 
negative signs for y12 and y .... The results are in reasonable 
agreement· wi th va lues calculated from theories reported in 
literature. we measured a relatively strong anisotropic behaviour 
of the eleètrostriction, which is also predicted by the reported 
theories. 
Secondly, we measured the electrastriction of three alkaline 
earth fluorides. We measured positive values for all three 
independent electrastriction coefficients y11 , y12 and Yu• Also 
bere a strong anisotropic behaviour is found. The magnitude of 
the electrastriction coefficients of the alkaline earth fluorides 
are found to be about a factor of three smaller than those of the 
alkali balides. 
Thirdly, we investigated the electrastriction of two elements 
with the diamond structure, namely silicon and diamond. 
To be certain of the reliabili ty of the measurements special 
attention has been paid to the following three aspects: 
i) the frequency independenee of the measured expansion of the 
samples in the frequency range from 40 Hz to 10 kHz, ii) the 
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reproducibility of the measurements and iii) the agreement 
between the measured anisotropy and tensor matbematics of it. 
The three demands are well fulfilled in all measurements, which 
indicates a satisfactory reliability. 

A theory is developed to calculate the magnitude of the three 
electrastriction coefficients. In this theory electrastriction 
is described in terms of the energy changes in a polarised 
crystal. The shift of charges in the crystal causes a change in 
the Coulomb energy and in the repulsive potential. The electro
strictive strain is calculated from the elastic compliance and 
the third derivatives of the lattice energy. The theory relates 
electrastriction withother electrio and elastic material proper
ties. With the help of the theory, the electrastriction coeffi
cients of the alkali halides, alkaline earth fluorides and the 
crystals with the diamond structure are calculated. The calaula
tions are in fair agreement with our measured results. 
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1. IR'l'RODUCTIOR 

Electrostrictron is .a material property which describes the 
strain of an unstressed material caused by an electrio fieJ.d and 
having a quadratic dependenee on it. 
Interest,in electrostriction is nowadays inc~eased mainly by the 
development of new ceramic materials with very large electro
striction coefficients, very suitable for applications such as 
actuators. The advantage of electrostrictive actuators compared 
to the traditional piezoelectric actuators is their negligible 
hysteresis, more precise transfer ratio between the applied 
voltage and the dilatation and their capability to exert high 
pressures [1,2]. Electrostriction can be a useful property for 
optica! applications and micro-electronics. 
Electrostriction of most simple cubic crystals is much less and 
i ts interest is directed more towards better onderstanding of the 
general theory of the dieleetrio and elastic material properties. 
In 1958 Zheludev and Fotchenkov [3] were the first to measure the 
electrostricti ve expansion of a simple cubic crystal ( sodium 
chloride). In the following years, little by little, more elec
trostriction measurements on simple cubic crystals were reported, 
especially for the alkali balides and alkaline earth fluorides. 
The agreement; however, between experimental data of different 
workers was very poor. It is not possible to obtain unambiguously 
from literature the exact magnitude or even the sign of the 
electrostriction coefficients of simple cubic crystals, such as 
the alkali halides. The problems, apparently involved in messu
ring small electrostrictive coefficients, might be the reason why 
not much new measured data are reported anymore nowadays. 
Concerning the theory of the electrostriction of simple cubic 
crystals, several models have been proposed, among others by 
Grindlay and Wong (1969} [4), Srinivasan et al. (1972) [5) and 
Goyal et al.(1978) [6]. But the lack of reliable experimental 
data made a good comparison between the theories impossible. This 
retarded a further development of the theory of electrostriction. 
In the present thesiswork a new effort is made to perform relia
ble measurements on some simple cubic crystals. A new messurement 
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setup is developed which measures the displacements of both upper 
and lower side of the sample. It is by this means possible to 
eliminate a spurious effect which might be a cause of maasurement 
errors made in the past. 
A detailed description of the improved maasurement setup is gi ven 
in Chapter 3. With it we measured the electrastriction of eight 
alkali balides (Chapter 4), three alkaline earth fluorides 
( Chapter 5) and two mater i als wi th the diamond structure ( Chapter 
6). In all the above measurements the frequency independenee of 
the measured expansion in the frequency range from 40 Hz to 10 

kHz, the reproducibility of the measurements and a mathematically 
well-defined anisotropic behaviour of the crystals are quaran
teed. We therefore trust that our measurements are reliable. 
A theory .about the origin and magnitude of electrastriction is 
discussed in Chapter 7. We used a model based on classica! 
mechanics. A relation is shown between the electrostriction, on 
the one hand, and dielectric and elastic material properties on 
the other. From this model a physical insight_can be obtained as 
to the internal forces in a lattice in a polarised state, leading 
to an electrostrictive strain. 
We hope that the present work will lead to a breakthrough in the 
impasse of research into electrastriction of simple cubic 
crystals. 

LITERATURE 
[1] J. Calvagni, Opt. Eng. Vol 29 (11), 1389 (1990). 

[2] N.A. Ealey and P.A. Davis, Opt.Eng. Vol 29 (11), 1373 

(1990). 

[3] I.S Zheludev and A.A Fotchenkov, sov. Phys. Crystallogr. 
31, 312 (1958). 

[4] J. Grindlay and H.C Wong, can. J.of Phys. 47, 1563 (1969). 

[5] R. Srinivasan and K. Srinivasan, J.of Phys. Chem. Sol 33, 

1079 (1972). 

[6] s.c. Goyal, R. Prakash and S.P. Tripathi, Phys. Stat. Sol. 
(b) 85, 477 (1978). 
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2. GERBRAL ASPEC'l'S OF ELBCTROSTRIC'l'IOH. 

2.1 strain and Electrastriction 
In general, the strain in materials is related to the deformation 
of a body caused by external farces (such as pressure or tempera
ture changes) • In Figure 1 a two-dimensional· body is shown in the 
original unstrained shape and in a strained shape. 

----~----------, 
I 
I 
I 
I 

l 
!!1 

Figure 1. Two-dimensional body in tbe unstrained shape ( left) 

and a strained shape (right). 

The deformation of the body is described by two features, namely 
the increases in length of the body axes and the changes of the 
angles between the body axes. 
These two strain farms are defined in tensor form as (see Figurè 
1) 

iix1 
eii = -

xi 

e ij = tan .ij • +.tj (i • j) 

(1.1) 

(1.2) 

where the stain e~:~ is assumed to be much smaller than 1. 
The first strain form (equation 1.1) is related to the volume 
increase of the body and is referred to as principal strain. The 
second strain form ( equation 1. 2) is referred to as shear strain. 
The strain tensor e 11 is aften split into a symmetrical and 
asymmetrical farm as 
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e1i = r. ij + 6.l1i wi th 

1 e1i = 2 (ei.i + ei1 ) (1.3) 

1 
6.li.J = 2 (e1J - eJ1 ) (1.4) 

It can be shown that the symmetrical strain tensor e 1 , desribes 
the true body deformations, whereas the asymmetrical strain 
tensor 6l1 , is associated with the rotation of the body (see 

Figure 2). 

Figure 2. Two-dimensional body in unstrained shape (left) and 
strained shape (right). The dotted line in the right hand figure 
is the body shape if only the symmetrical strain is considered. 
The full line is the ~y shape when the total strain is 
considered. Bote that the dotted and full lines coincide if we 
rotate the dotted lines around an angle of 611p 

:rn almost all physical cases the symmetrical strain tensor is the 
most interesting form of bodystrain (such as strain caused by 
pressure, piezoelectricity, electrostriction etc). From now on 
therefore, only the symmetrical bodystrain e 1 , is considered. 
A shortened matrix notation is often used for the strain tensor 
and is defined as 

(1. 5) 

When the strain in a material is caused by an electrio field one 
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speaks of electromechanical or electro-elastic deformation. The 
strain tensor e11 can then be written as a function of the 
electrio field E ( E =(El, E2, E3) ) as 

(1. 6) 

wherè the Einstein convention is used (when the Einstein 
convention is used, one has to summarise with respect to the 
suffix which occurs twice in the same term). 
The first term of the Taylor expansion in equation (1.6) is 
referred to as piezoelectricity or linear electrostriction, the 
second term as quadratic electrostriction or simply as electro
striction. 
e11 (Ek) equals e 13 (-~) for material,s with an inversion centre and 
the piezoelectrical term in equation (1.6) is then zero. For 
those materials the electrostricti ve strain is the most important 
form of electromechanical deformation. The electrostrictive 
tensor Yku.j is def ined as 

y kli.j (1.7) 

From equation ( 1. 7) we see that electrostriction can be described 
by a fourth-rank tensor. Often the shortened matrix notation is 
used. If we define ~i as 

Et = E1 • E1 

E:=E2 ·E3 

we can write for e 1 

ei = Yji' EJ 

with y ij = y iijj 

(i= 1,2,3 

(1. 8) 

(1. 9) 

i,j = (1,2,3) 

Y11.i = 2 Y23H = 2 Y23H ' Ys1 = 2 Y13H = 2 Yllii etc. 

Yu = 4 Y2323 = 4 l3232 , Y,s = 4 Y2313 = 4 Y1323 etc. 

A material can have 36 independent electrostriatlon coefficients 
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in all. The crystals which have been investigated in this thesis 
are highly symmetrical and have only three independent nonzero 
electrostriction coefficients, namely 

Y12 = Y21 = Y13 = Y31 = Ya3 = Y3a 

Y., = Yss = Y66 

(1.10) 

The size and magnitude of the electrietion coefficients y 1 j are 
strongly dependent on the material. They can be positive or nega
tive and have a magnitude in the order of 10-a3 m2 jVZ for diamond 
to 10-15 ma /Va for certain ceramics, such as lead magnesium 
niobate. 

2.2 The~aaical relations 
Wi th the aid of thermodynamics i t is possible to re late the 
electrastriction with the pressure dependenee of the dielectric 
constant. Consider the full Gibbs function G, defined as 

(1.11) 

where u is the internal energy, o11 the stress, P1 the polari
sation, T the temperature and s the entropy per unit volume of 
the material. For the internal energy U we can write 

(1.12) 

For dG it then holds that 

(1.13) 

From this equation we then find for the strain and the polari
sation that 

and iJG I p. = --
~ iJE. 

. ~ ai.1 ~T 
(1.14) 

Combining equation (1.7) and (1.14) we find for the electro-
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1 éPG 
-2 êJo iJêJEkêJE1 

(1.15) 

Using equation (1.14) the pressure dependenee of the electrical 
susceptibili ty xkl. is found to be 

where Eo is the permittivity of free space. 
From equation (1.15) and (1.16) we derive 

_ 1 . axkl 
Y kliJ - -eo --

2 aoij 

(1.16) 

(1.17) 

From equation (1.17) we see that the electrastriction equals 
the stress dependenee of the dieleetrio constant multiplied by 

~Eo• 

2.3 Measureaent methods 
Electrostriction coefficients can be measured by two different 
methods. With the first, the direct maasurement method, the coef
ficients are determined by measuring the electrostrictive dilata
tion. For simple cubic crystals with electrostrictive coeffi
cients in the order of 10-21 m2 /V2 the dilatation of a 1 mm. thick 
sample to which a voltage of 1000 V is applied is given by 

{1.18) 

where L is the thickness of the sample. 
To measure these tiny displacements two different maasurement 
setups are in use, namely the capacitive dilatometer and a 
Michelson (or a closely related) interferometer. 
In a capacitive dilatometer the sample is mechanically connected 
to one plate of a plate capacitor (see Figure 3). When the sample 
shows a dilatation, the distance between the two plates of the 
plate capacitor will change and with it the capacitance. The 
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change in capacitance can be measured by means of a capacitance 
bridge, from which the displacement can be determined. A more 
extensive description of the capacitive dilatometer is given in 
ref. [1,2]. 

reference capacitor 

plate capacitor 

mechanica! conneetion 
bar 
V 

Figure 3. Scheme diagramof a capacitive dilatometer 

A schematic drawing of a Micheleon interfarometer is given in 
Figure 4. This maasurement setup makes use of the interterenee 
of coherent light. The dynamic part of the optica! path-length 
difference between beams 1 and 2 (see Figure 4) is dependent on 
the dynamic dilatation of the sample. 

laser 

I 
~d. 

0 1111 0 

Figure 4. Scheme diagram of a Michelson interferometer. 
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The intensity of the interterenee pattern, being dependent on the 
optica! path-length difference is measured by a photodiode so 
that the displacement of the sample can be determined. Measure
ments discussed in the present work are performed with a double 
Michelsen interferometer, described more detailed in Chapters J 

and 4. 

The second metbod for determining the eledtrostriction coeffi
èients is the indirect maasurement method. Here the pressure 
dependenee of the dieleetrio constant is measured from which the 
electrastriction coefficients can be calculated according to 
equation {1.17). Till now,.the electrostrictioncoefficients of 
simple cuhic crystals are. determ;ined. mostly by the indirect 
maasurement method. 

The electrostrictive coefficients Y11 and Y12 can, in principle, 
be measured directly wi th bath measurements methods. The electre
striction coefficient Yu is usually measured indirectly. A 
sample is cut out, for instanee in a <111> lattice direction. The 
strain in the <111> direction with the electric field applied in 
the same direction, can then be calculated by means of tensor 
matbematics [3] and is given by 

(1.19) 

Once Y11 and y12 have been measured, y •• ·can be determined from the 
maasurement of the strain in the <111> direction. 

LITERATURE 

[1] L. Bohaty, Ph.D. thesis, Universität zu Köln, 1975. 
[2] K.M. Rittenmeyer, Ph.D. thesis, The Pennsylvania State 

University, 1984. 
[3] J.F. Nye, Physical Properties of Crystals, Oxford Univar

sity Press, (1957). 
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3. MBASU:REIIBliT SE'l'OP 

This chapter consists of two parts. The first part deals with the 
new maasurement setup and is publisbed in the Review of Scienti
fic Instruments of september 1990. 
The second part deals with noise sourees in the setup and is 
presented on the lOth International Conference on Noise during 
21-25 august 1989 in Budapest and is included in its proceedings 
"NOISE IN PHYSICAL SYSTEMS". 
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A double Mlchelson lnterferometer for accurate measurements 
of electrostrlctlve conatants 

S. W. P. v. Sterkenburg, Th. Kwaaitaal, and W. M. M.M. van den Eljnden 
Departmetlt of Ekctrkal Englnem.." Eilldlwven Ullivenily ofTe.clutoiDgy. Den Dolech 2. 
Eindlwvett. The Netherlands 

(Received 27 February 1990; accepted for publication17 May 1990) 

The limitations of a Michelson He-Ne laser interlewmeter used to measure electrostrictive 
strains is analyzed. It is found that Coulomb forces from the electric leakage field lead to 
mechanical vibrations of the sample and sample holder to such an extent as to disturb the 
measurement. A new double He-Ne laser interferometer to measure the upper ànd the lower 
sides of the sample bas been developed to eliminate the inlluence of mechanical vibrations of 
the sample bolder. Experiments show that the error in electrostrictive expansion measurements 
carried out with a double interferometer can be more than a factor of 10 smaller than those 
resulting from measurements with a single Michelson interferometer. Noiae characteristics of 
the double interferometer are minimized by the use of optical isolators, which leads to a 
decrease of the shot-noise contribution of the photodiode. 

L INTRODUeTION 

Electrastriction is the quadratic field..dependent strain 
in materials. For most simple ionic crystals, like NaCI2, 

CaF2, etc., this strain is very slight (about to-a fora field 
strength of 1 rY' V /m) and difficult to measure. Three dilfer
ent methods are in use for measuring the electrostrictive con
stsnts. Two of them, the Michelson interlerometer and the 
capacitive dilatometer, measure tbe strain directly. In the 
third, the indirect method, the electrostrictive constsnts are 
determined by measuring the stress dependenee of the di
electric constsnts. Experimental results presenled by dilfer
ent authors on the same material often dilfer very much, in 
absolute value as wellas in sign, as can beseen in Table I. 

Sample impurities,7 electrode elfects,8 and guard-ring 
elfects3 are reported as factors infiuencing the electrostric
tive expansion. We analyzed the existence of possible spur
ious elfects in electrostriction measurements using a Michel
son interlerometer. 

In Secs. 11 and lil we will describe and analyze the mea
surement principle of a Micbelson interlerometer applied to 
tbe measurement of electrostriction. In Sec. IV we present a 
double interlerometer, which measures the sample at both 
surfaces to eliminate the infiuence of displacements of the 
sample bolder. In Secs. V and VI we will describe tbe noise 
properties and systematic error mapitude of the double in
terlerometer. 

11. PRINCIPLE OF MEASUREIIENT OF A MICHELBON 
INTERFEROMEl"ER 

An interterenee pattem, wbose intensity is dependent 
on the optica! path-length dilferenee ( OPD) of the two 
beams I and 2 (see Fig. 1) is produced in a Michelson He-Ne 
laser interferometer. By detecting the intensity of the inter
ference pattem by means of a pbotodiode, the strain of a 
sample, whicb delermines the optical path length ofbeam 2, 
can be measured. 

The dependenee of the pbotodiade current 14 and the 
optical path lengtbs ofbeams 1 and 2 is given as9 ' 

(l) 

where a is the light-power-Joss factor,v is the quanturn efti
ciency of the photodiode, P0 is the laser power, A is the èon
trast factor accounting for the inequality of the two beams. v 
is the frequency of laser light, and ; iS the phase dilfereÎii::e of 
beams I and 2 interlering at mirror d. ; is given by 

; = (41TIA)(L1 - ~), (2) 

where A is the wavelength of laser light and L1 and ~ the 
optical path lengtbs of beams 1 and 2, respectively. . . 

L 1 and L1 can be divided into a static part (L10and l.,o) 
and a dynamic part (/1 and /2) containing the (dynamic) 
expansion of the sample, yielding 

(3) 

In a stabilized Micbelson interlerometer, the static OPD 
(i.e., L 10 - L20) is retained as a multiple of! A by means of a 
feedback system, consisting of a piezoelectric transducerand 

T ABLE I. Meuund valua ot !he electroalrictive COIIIIallt Tu ot NaCI, 
dofiDed u r .. = l(i12E!BE2 ), wilh Eaalheslrain auc1 E lheeleclric field in 
!he ( 100) dinclionota NaCI c:ryahL 

+0.3 
-0.26 
+3.4 
-1.2 
-0.51 
+0.68 

lnl«fcromelet 
tndireet 
Caplwilive dilalomeier 
lndin:cl 
Capoeilive dilatometer 
Indirect 

Y ear ll.efcrence No. 

1938 
1971 
1981 
1982 
1983 

. 1983 

I 
2 
J 
4 
5 . 
6 
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laser 

FIG. I. Diapul of a stal>iliml Micbdson inlèrferometer. The abbrevia
lions used in the lipre llland tor m = mitror, p.e.t. = ~ric trans
~r. P.D. = pbotodiode. The output voltap is cletected by means of a 
lock-in amplillcr. 

an integrator (see Fig, 1). Fora stabilized interferometer, 
the phase düference ~ is given by 

~ = (411'/Ä)(/1 -/2 ) + n211'. (4) 

And for the photodiode current Itl, when 1111 -1211<1, we 
lind 

with 

Io= aqqPg. 
2/w 

For the output voltage 170 we find 

(S) 

(6) 

V0 =R(ltl -10 ) = (411'..4I(,R/1)(/, -/2 ) == s(l1 -/2 }, 

(7) 

where sis the sensitivity equal to 411'.4/oR I A. 
In Eq. (7), / 1 depends only on a displacement of mirror 

a(l.), ifthe position ofthe laser beam is assumed to besta
bie. Mirror a is fixed directly on the sample holder, so that 
only a displacement of the sample holder at the point where 
mirror a is fixed can canse a change in /1• The causes of 
displacements of the sample holder will be discussed later. 

Since a positive dilatation of mirror a deercases the opti
ca! path lengthof beam I we find 

(8) 

12 consists of three different dilatations: (i) the electrostric
tive expansion of the sample, IJ.d; (ii) the dilatation of the 
underside of the sample, caused by possible farces acting on 
tbcsample or by the displacement ofthe sample holder at the 
position of the sample. We call this dilatatiun /6 ; and (iii) 
dilatations of minors c and d, bere represented together as 
led. 

For the total dynamic optical path length ofbeam 2 we 
find 

/ 2 = - (IJ.d + lb + 1.- ). (9) 

CombiDing (6), (8), and (9) we lind 

Y0 = s(IJ.d + 16 -I. +led). (10) 

If displacements ofthe sample holderand mirrorsc andd are 
negligible çompared to IJ.d, the output voltage r. is a mea
sure for the expansion of the sample. We found, however, 
that for materials with very low electrostrictive constauts 
( lrl < 10-:- 20 m2/V2

) mechanical vibrations of sample and 
sampleholder [i.e.,/b -I. informula (10)] causedbyCou
lomb forces from electric leakage fields can be of the same 
order of magnitude as the electrostrictive expansion. The 
field-coherent displal:ements of the relatively remote mir
rors c and d are mnch smaller than /• - 1. and can be ne
glected. For 170 we linally obtain 

(tI) 

liL COULOMB FORCES 
Hitherto, in literature, Coulomb farces alfecting the 

electrostriction measurement have only been taken into ac
count conceming the compresaive forces on the sample, 
caused by the charge at the electrades ( see Fig. 2). The 
strain caused by this force is easy to calculate and, for most 
materials, is a fraction ofthe electrostrictive strain. Coulomb 
forces acting on the sample holder originate from the electri
calleakage fields, coming from the upper electrode and the 
voltagesupply wires (see Fig. 2). Though the magnitude of 
these leakage fields and the corresponding forces on the sam
ple holder are much smaller than field and forces over the 
sample itself, the mechanical response can be relatively 
large. Thedisplacement ofthesample holdercaused by these 
Coulomb farces depends strongly on the constroction ofthe 
sample holder and the exact geometry of the leakage field. 
We found that this response I lb 1. in Eq. (ll)] to tbe 
Coulombfarces in our measurement setup is often frequency 
dependentand eau be either positive or negative. Frequency
dependent measurements of electrostrictive expansions have 
also been reported by Bohaty and Rittenmeijer in their the
sis. •o. 11 Since bath electrostriction and the displacement of 
the sample holder have a quadratic field dependence, this 
measurement setup is not suitable for distinguishing 
between the two elfects. 

FIG. 2. Electric field pattcm wh<ó a voltage is applied to the 1ample. a\x is 
the displacement of the sample holder caused by Coulomb foroes actma on 
it. 
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FIG. 3. Construction ofsampleanclsampleholder. Thesample bas a ihick
neuof1.25 mm ancladiameterof7 mm. Elec:lrodesare madeofsilverpainL 
Theaample is flxed on the sample holderby a thin layerof- to ensure it 
can expancl freely (see Rer. 12). AD sample hoklen with which the mea
surements were performeel are cylinclrical. Dimensions ancl material dift'er. 
Theaample bolders areatuedon to the underpouDd (i.e., a vibration-isolat
ed table system). 

measurement setup is not suitable for distinguishing be
tween the two eft"ects. 

To show the disturbing elfeet a sample holder can have 
on an electrostriction measurement, we have performed 
thrée measurements on a CaF2 sample, mounted on three 
dift"el'ent sample bolders ( see Fig. 3). From the results pre
senled in Fig. 4 we conclude that the inftuence of displape
ments ofthe sample holder cannot be neglected. We there
fore developed a new double interferometer to measure the 
upper and lower sides of the sample and so be able to mea
sure the real electrostrictive expansion. 

IV. DOUBLE INTERFEROMETER 

The first setup for measuring the displacemeÎtts of both 
sides of a sample was a modilied Mach-Zehnder interferom
eter." This setup is not very suitable for measuring.small 

c 
t àL (lo- 13 m) 

12 

~~----~--------==~1 
-4 

-8 
-12 
-16 

70 100 200 400 

-+ f(Hz) 

800 IK 

FIG. 4. Measuml displacement vs frequency for three dift'erent sample 
bolders. The graphs show: ( I) x -brass sample bolder, beight 8 mm, di
ameter 52 mm; (2) t.-glass sample bolder, beight 20 mm, diameter 25 
mm; (3) 0-pvc sample bolder, beight IS mm, diameter40 mmi ( 4) -, tbe 
straight line represents the theoretical value of tbe expansion, using 
y11 = -1.3XIO-" m2/V2 (seeRefs. 13and 14). 
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FIG. S. Schematic diagram of <loubk interferometer. The abbreviations 
used in the figure stand for m = mirror, p.e.t. = piezoelectric transducer, 
P.O. = pbotodiode, and P.B.S. = po1arizil!g heam spHtter. The output vol
tage is detected by means of a lock-in amplifier. 

electrostrictive expansions because of its relatively low reso
lution (I0-'2 m). 16 Anewlow-noisedoubleinterferometer 
bas been developed as shown in Fig. 5. The double interfer
ometer consists of two identical Michelson interferometers, 
one measuring the upper side ofthe sample and mirror a, the 
other measuring the lower side of the sample and m1rror a. 
Both interferometers are provided with an optical isolator, 
consisting of a polarizing bearn splitter and a À I 4 retarda
tion plate, for improving the noise characteristics ( see Sec. 
V). The principle ofmeasurement ofboth interferometers in 
Fig. S is roughly the same as that of the single Miche18on 
interferometer described in Sec. 11. 

For the current through diode I, Eqs. (I)-( 6 ), ( 8 ), and 
( 9) are still valid; thus 

1,=10 (1+..4sint,6). (12) 

The sum of currents I, and I2 is independent ofthe OPDof 
beams I and 2, assuming that no laser power is lost by the 
opticl!l isolator. The small power Ioss by the optical isolator 
in practice can be easily compensated by current amplifica
tion of current / 2• So 

/ 1 +12 =const-+12 =/0 (1-Asint,6). (13) 

Stabilization of both interferometers is achieved by supply
ing the integrated value of the current dift"erence / 2 -1, to 
the piezoelectric transdoeers as shown in Fig. S. The static 
OPD ofbearns I and 2 is set at the value where / 2 -/1 = 0 
and this is for; = n211'. The values; = (2n + 1)11' lead to 
instability of the feedback system. In the stabie situation, 
Eqs. (12) and (13) can be written as 

/ 1 =10 [1 + (411'..4/l)(/1 -/2 )] (5) 

and 



/ 2 •I0[1- (411'..4 /A.)(/1 - ~)), (14) 

with /1 and ~ delneelas in (8) and (9). 
SimiJar equadona are valid for die currcnts through die 

photodiodes 3 and 4. Por I3 and I.., when die lower interfer-
OIIlder is stabillzed we find · -', 

/ 3 •Ie[ I+ (411'..4 /..t)(/3 /4)) (15) 

and 

I 4 •/0 [1-4li'A/A.)(/3 -/4 )], (16) 

with /3 and /4 die dynamic optical path leqths ofbeams 3 
and 4, respectively, 
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~in formulas (15) and (16) is only dependent on die 
displacemeDt of mirror 11 (1. ) : A posiiive displacement of 
IDÏrrol" 11 increases. die optical path lengtil ofbeam 3, so thst 
wetind 

,, ... +1.. (17) 

/4 is dependent on die displaeemeÓt of the sample holder at 
die point where the wnple is fixed < + /6 ) and displace
mentsof milTOrs e andf a.), from wbich we find 

(18) 

The output voltage Y0 is pven by 

Y4 • R(/1 -12 +13 -14 ) = 2s(l, -12 + 13 -/4 ). 

(19) 

Together with (8), (9), (17), and (18) we find 

v. = 2s(Ad +led +let>= 2sAd, (20) 

if die inftuence of die nmote IDÏrrol"s c, d, e, and I are 
neglected. These results show that, in die new measurement 
setup, the displacementsof the sample holder are eliminated 
and the pore electrostrictive expansion is measured. 

V. NOISE CHARACTERISTICS OF THE DOUBLE 
INTERFEROMETER 

The resolution of die double interf erometer is restricted 
by noise. Three ditferent lioise sourees alfecting the resàlu
tion have been found. They are shot noise of die photo
diodes, acoustic noise from the sUITOUildings, and frequency 
noise of the laser. 

The shot noise sets die lower limit to the noise of the 
interfei'O!lleter.9 The shot noise leads to a noise spectrum in 
the output voltage Y. of 

s". = 2q(J, + /2 + /3 + I.>R 2 = SqloR 2• (21) 

The ~uivalent displacement noise is defined as S 64 
=8" !(iJP'JiJAd)2

• Using Eqs. (6), (7), and (20) we ob
tain• 

(aY.)- 2 
_ SqloR 1 

_ hÀC 
(Sul .. =S". all.d -~- 2tra11Á2p0' 

(22) 

where :m stands for shot noise and c is the light velocity in 
vacuum. 

Equstion (22) bringsoutdleadvantageofusinganopti
cal isolator technique. An increase in die sensitivity by a 
factor of 2 is achieved by measoring each interferometer 
with two diodes. This leads to a decrease in die shot-noise 
contribution to die noise spectrum of Adby a factor of2. For 

acoustic noise shot noise and 
dominated regtontlaser frequency 

. : dominated 

10 

: region 
I 
I 
I 
I 

1~----~----~~----L-----~ 
10 100 IK lOK lOOK 

+ f(Hz) 
FIG. 6, Noise..,....... of double Mk:belson intcrferometef. 

oor interferometer we have A= 632.8 om, v = 1.0, P0 = 5 
mW,a=!-andA-0.9. Thuswefind 

<S..,>!.?== t.3x1o-"mtvHz. 
All noise signs1s measored by die interferometer thst oriai· 
nate from mechanical environmental vibrations are referred 
to as acoustic noise. This noise contribution dominates all 
other noise contnllutions (shot noise and laser noise) in the 
low·frequency range below about 1 kHz. Por frequencies 
above 1 kHz die inftuence of acoustic noise deercases rapidly 
to values below the shot-noise leveL 

The third noise souree of importance sterns from the 
frequency ftuetuations ofdle laser light spectrum. Frequen
cy ftuctuations of die laser contribute to the interferometer 
noiseas 

(av. )-z(av. )2(~)2 
(S.w )ftw9 = a~ ai iJv Sv 

=(L·:~rsv. 
with Sv die frequency-noise spectrum of the laser. 

FIG. 7. Experimental setup for error estimation of double interferometer. 
The LiF sample bas a thickness of 1.25 mm and is fixed on liresample holder 
with grcase. Electrades on the sample are made of silver painl. 
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FIG. 8. ~af......,... af double interferonloter {0) lllld single 
~~ (X). Tbestraigbtlineshowsthecalculated value 
otllle~i>ttheLiF~. 

In formula (23), both Sv as the staticOPDof each in
terferometer are assumed to be equal. In our interferometer 
L 1 - L2 is I cm and Sv = 2 kHz. Thus we llnd 

(SM>...,. = l.OX 10-" mh/Hz. 
Power luctuatioos of the lasers do nothave any inluence on 
the noise spectrum of v. because of the use of the optical 
isolator. The messured noise spectrum of our double inter
Cerometer is shown in F'J8. 6. 

Vl. ESTIMATION OF EXPERIMENT AL ERROR IN 
ELECTROSTRICTIVE STAAlN MEASUREMEfffS 

The following messurement is performeel with the dou
ble interferometer to estimate the error one can expect in an 
electrostrictive strain measurement. Two mirrors are 
moonted, respectively, on the upper and lower sides of a LiF 
sample, so that all beams I, 2, 3, and 4 are reftected from the 
sample ( see Fig. 7). A voltage of V= 1414 sin tóof is applied 
tothesample. We measured the second harmonie termofthe 
output voltage Jl' 00 since we are only interesteel in dispJace. 
ments ha ving a quadratic dependenee on the applied electric 
field. These displacements alone are indistinguisbable from 
the electrostrictive expansion, thus causing errors in the de
termination of the last named. 

Because all beams are relecteel from the sample, expan
sion of the sample bas no inluence on the OPDs of both 
interferometers. All signals messured are thus disturbing ef. 
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fects, which aiso occur in real electrostrictive strain mea· 
surements. Two messurements are performeel with thesetop 
ofF1.1- 7 in the frequency range offrom 35Hz to 10kHz. In 
the fitst we measured the modulus of error as described ear
lier. During the second measurement, photodiodes 3 and 4 
were covered. This measurement provides an estimation of 
the modulus of error of a single Michelsoa interferometer, 
where the displacements of the sample holder are not elimi
nateel. 

In F'J8. 8 the results ofboth messurements are shown u 
welt u the modulus of expansion of the LiF sample. So a 
COIDpllrison can bemadebetween the moduli oftheerrorand 
the expansion. For the calculation of the electrostrictive ex
pansion of LiF, the value of the electrostrictive constant 
rn= -7.2XI0- 21 m2/V2 isused.17

•
18 

From this we conclude thatdisplacementsofthe sample 
holder cannot be neglected. In this case the changes in the 
OPD ofthe upperinterferometer caused by displacementsof 
the sample holder are about a factor of 3 higher than the 
expansinn of the sample. When the displacements of the 
sample holder are eliminateel by messuring both sides of the 
samples by meaus of a double interferometer, the error de
cceases sign.ificantly. By using a double interferometer, 
much more reliable measurements can be achieved in roea
suring electrostrictive expansiOOS:. 
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NOISE LIMITED RESOLUTION OF A MICHELSON INTERFEROMETER 

S. van STERKENBURG 

Department of Electrical Engineering, 
Eindhoven University of Technology 
Eindhoven, The Netherlands 

In a Michelson interfarometer an interterenee pattem is produced, its 

intensity beina dependent on the optic:al pathlenath difference (O.P.D.) of 

the two beiiiiiS A and B (see fipre 1). By detectina the intensity of the 

interterenee pattem by means of a photodiode the strain of a sample which 

is situated in the optica! path of beam B een be measured. 

t wphoto 
I .1. diode 

beUlSplitter 

sample 

piëzoelectric 
transducer 

Pipre 1: Schematic diagram of a Michelson interfarometer 

A Michelson interfarometer een be used as a dilatometer to maasure electro

strictive strains [1]. 

For certain ionic crystals with very small electrostrictive stra1ns, dif

ferent values of eleètrostrictive constants have been measured, which might 

be explained by a limited resolution end accuracy of the measuring equip

.ment [2],[3]. 

We analysed the limitations of the resolution of a Hichelson interfarometer 

and changed the set-up to obtain an optimum performance. 

We found five contributions that deteriorate the resolution. 

1. The shot noise in the photodiode used to detect the light intensity of 

the interterenee pattern sets the lower resolution limit. 
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The current I throuab tbe photodiode is 

aqP (1 + A sin +) 
0 

I • 2hv (1) 

witb a • light power loss factor, P
0 

• laser-li&ht power, v • frequency 

of tbe laser-light, A • contrast factor accountins for the inequality of 

the. pow~r in the two arms, + • 4w(X + x)/À with À • wavelength of laser 

li&ht, X • static O .• P.D. and x • dynamic dilatatioh of sample. 

The sensitivity defined as (&I/ax) bas a maximum for t • t nw. 

Por these values of + the shot noise of the photodiode contributes to 

the notse-spectrum of x with 

S 2qi hcÀ 
x • (ai/ax)2 • 4aw2p A2 

0 

with c the light velocity. 

Por a He-Ne-laser with A • 0.9 and P • 5 mw and a • 0.5 we find 
0 

<Sx>j ~ 1.3 .• lo-15 m/IHz. 

(2) 

2. The noise caused by intensity· fluctuations of the laset' light sets ·a 

second limit to the resolution. Prom equation (1) for tbe contributton 

of the laser noise to the nolse-spectrum of I we find 
2 

8I~laser) • (~) • 5P
0 

( 3) 

where SP is the spectrum of laser-power fluctuations. 
0 

At maximum sensitivity, the ~oise contributton to I caused by intensity 

fluctuation of our laser (i.e. NBC GLG 5360 5 mW He-Ne-laser) is several 

times hiaher tban tbe shot noise of the photodiode. 

To minimize the influence of laser-intensity fluctuations we introduce 

the use of an optical isolator technique (O.I.T.) in our interferoaeter 

as bas been shown in figure 2. 

laser 

photo 
diode 2 t W photo 

I ..L diode 2 
1 

Piaure 2: New set-up of Hichelson interfarometer with O.I.T. to minimize 

laser-noise influences 
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By usina this 0. I. T. one can measure the other half of tba interierred 

beu comina from the be-pUtter. If the currents throuah the diodes are 
given by 

aqP (1 - A sin t) 
I - _ __,:0~-=-----

2 2hv 

aqP
0

(1 + A sin t) 
11 • 2hv 

then the current difference AI defined as AI • I 1 • I 2 is 

aqP A sin f 
AI • --~0~-----hv 

The influence of the laser noise on AI is nov 

(4) 

( 
qu )2 

S • -A AI(laser) hv • sin2 t . SP • 0 for maxt.um sensitivity. 
0 

Another important advantage of this O~I.T. is an increase of the measured 

li&ht power by a factor of two, which leads to a decreasein the shot noise 

contributton to the noise spectrum of x by a factor of two. 

3. Frequency fluctuations of the laser light also contribute to noise in the 

current d~fference AI. In fact.. Michelson Interfarometers are very 

suitable for maasurine laser frequency fluctuations [4].Fromequation (4) 

for the.noise ~ontribution of the frequency fluctuations we find 

f 4waqP AX )
2 

s - 0 s AI,v hvc • v (5) 

with Sv • frequency-noise spectrum. 

For our laser S AI • v equals the shot noise of the photodiode when X is 
1 Clll. 

4. All noise sianals maasured by the interfarometer tbat oriainate from 

machanical environmental vibrations are referred to as açouatical noise. 

This can be minimized by riaid construction of the interfarometer and the 

uae of acoustic.isolating techniques.Carefuldesian of ourinterferometer 

leads to a more or leas white noise spectrum owing to acouatic noise in 

the frequency ranae between 100 Hz and 1 kHz dominatin& all other noise 

sourees mentioned. lor frequencies above 1 kHz the influence of the acous

tic noise decreasas rapidly to values below the shot noise level. 

S. Beside the four noise sourees mentioned there is an important systematic 

error. In the maasurement of electrostrictive strains we found that 

Coulomb forces from the applied electric field lead to a vibration of the 

sample holder at the same frequency as the electrostriction sianal. The 

vibration depends stronaly on the confiauration of the sample holder and 
-13 electrodes. The amplitude of these dilatations is in the orderof 10 m 

at a field strength of 106 V/m over the sample (which is a usual field 
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strenath for elect.rostriction measur~ts). We developed a new double 

interfarometer that measures both the dilatation of the sample and bolder, 

thus. making it possible to elûainate the influence of Coulomb forces (see 

fisure 3). The noise of a double interfarometer is twice that of a single 

inter(erometer, assumina that noise sianals of both interfarometers are 

uncorrelated. 

laser 

laser 

f 
photo 

r2 :f diode 2 
photo 

r1 f ~diode 1 

r4 f W photo· 13 t Wphoto 
~ diode 4 ~diode 3 

piëzoelectric 
transducer 

Fisure 3: Schematic diasraa of a double Michelson interferaaeter 

In condusion we can state that, in the f_reqwmcy rànse between 100 Hz and 

1 kHz, acoustic noise is the most important noise source. lor frequencies 

above 1 kHz the . shot noise in the photodiodes detenllines the ultiMte 

resolution. We expect that all measures made to ainimize the noise and 

systeaatic errors will lead to reliable deterainations of the electrostric

tive constants of tonic crystals. 
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4. IIBASUR.EIIEIIT OF TBB ELEC'J.'ROS'I'RC'l'IVE TBKSOR OF EIGH'l' ALKALI 

BALIDES 

Abstract. 
we present the results of the measurements of the three inde
pendent electrostriction coefficients of LiP, NaP, NaCl, KCl, 
KBr, RbCl, RbBr and Rbi. Measurements have been carried out with 
a double Michelson interfarometer to ensure a hiqh reliability. 
The values of the electrostriction coefficients presented here 
differ siqnificantly from values reported earlier. The measured 
differences could be due to the use of an improved maasurement 
setup. 

(Accepted for publication in the Journal of Physics D: Applied 
physics) 
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I Introduetion 
When an electrio field is applied over a crystal, the strain 
caused by the field can be written in the most general form as 

& = & (E) = dE + y 1E 2 + •••• (1) 

where & is the strain, E is the electrio field and d and y' are 
parameters depending on thè material and on the directionsof the 
strain and the applied field. 
The first term of equation (1), which gives a linear relation 
between the strain and field is referred to as the converse 
piezoelectrical effect. Cubic crystals having a centre of 
symmetry cannot be piezoelectric [1] and for those crystals the 
second term of equation ( 1) is the most important form of 
electrical-mechanical deformation. 
The second term of equation ( 1) can be split up in two parts. one 
part originates from mechanica! stresses.·caused by. the electrio 
field. The second part is an intrinsic property of the material 
in the unstressed state and is referred to as the electrostric
tion. For a nonpiezoelectrical plate capacitor we have [2] 

(2) 

where EoEr is the permittivity of the material and s and y are 
the elastic constant and electrostriction coefficient, respec
tively, of the material in the given directions of the strain and 
the field. 
Electrostriction is an anisotropic property, described by a 
fourth rank tensor. For cubic crystals we can write equation (2) 

in tensor form as 

For the alkali halldes there are three independent electre
striction coefficients namely y11 , y12 and Yu (the shortened 
matrix notatien of y 11k 1 will be used from now on). 

The interest in electrastriction nowadays is strongly increasing 
mainly by the development of new ceramic materials with very 
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large electrostrictive coefficients y 1,, well suitable for 
applications as actuators [3]. 
The electrostriction of most simple cubic crystals such as the 
alkali balides however are much smaller. lts research is used for 
a better understanding of the general theory of the elastic 
dielectric. The electrostrictive behaviour of these materials is 
closely related to the anharmonici ty of i ts lattice enerqy. 
Different models have been proposed to compute the electrostric
tive constants ([4], [5], [6]) but the laak of reliable maasure
ment resul ts has retarded a further progress in the theory of the 
electrostriction. 
In Table I a review is given of some measured values of Y11 of 
NaCl reported in literature. 

Table I. Measured values of the electrostrictive constant Yn of NaCl, defined 
as Yn = l/2(c1è/OE2

), with e the strain and E the electrit field in the <100> 
direction. When measured by the indirect method, Yu is determined from the 
dependenee of the dielectric constant on uniaxial stress, applied in the <100> 
lattice direction. · · 

Yn oo·Zimz;vz) Measured method Year Ref. 

+3.0 Interoferometer 1958 [7] 
-2.6 Indirect 1972 [8] 
+34 Capacitive dilatometer 1981 [2] 
-12 Indirect 1983 [9] 
-5.1 Capacitive dilatometer 1983 [fO] 
+6.8 Indirect 1983 [11] 

From this Table, we conclude that the order of magnitude of Yn 
of NaCl is 10-:u m2 /V2

, but the exact magnitude and even the sign 
cannot be obtained unambiguously from literature. Sample impuri~ 
ties [ 12], electrode effects [ 13], crystal dislocations [ 9], and 
guard-ring effects [2] are reported as factors influencing the 
electrostrictive expansion. It has recently been discovered that 
the maasurement setup can also be a souree of errors. It is shown 
[ 14] that in a Michelsen interf erometer the substrata of the 
sample can exhibit a displacement under influence of electrical 
leakage fields. This displacement can. be of the same order of 
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magnitude as the expansion of the sample and therefore lead to 
serious errors. This ef~ect is of course very dependent on the 
geometry of the sample holderand other environmental conditions. 
However, whatever was undertaken to minimize it, it could never 
be made entirely negligible. 
In order to be able to perfarm reliable measurements, we designed 
a double Michelson interferometer, which measures bothupper and 
lower faces of the sample, which allows the displacement of the 
sample holder to be eliminated. With this new measurement setup 
we measured the three independent electrastriction coefficients 
of the eight alkali halldes LiF, HaF, NaCl, KCl, KBr, RbCl, RbBr 
and Rbi. 

II . lleasura.ent set up 
Ha Working principle 
In Figure 1 a schematic diagram of a double Michelson interfera
meter is shown. A double Michelson interfarometer consistsof two 
identical single interferonieters, one measuring thedisp:iacements 
of the upper faces of the sample and the raferenee mirror b, the 
other measuring their lower faces. 
The output voltage Vu is given in [14], so that 

(4) 

were R is the resistance of the. 1/V-transducer, 210 the sum of 
the diode currents I~ and 12 (which mainly depends on the laser 
power reaching the photodiodes), A is a contrast factor accoun
ting for the inequali ty of the beams 1 and 2, Ato is the statica! 
phase shift (mainly caused by the static optica!· path-length 
difference (O.P.D.) between beams 1 and 2) and Ax .. is here 
defined as the dynamic O.P.D. and can be split up into the 
expansion of the sample (x.) and displacementsof mirror b (xb), 
mirror c (Xe), mirror d (xd) and the substrate of the sample (x.). 
We thus find that 

The factor 2 in equation ( 5) is introduced by the fact that beams 
1 and 2 travel back and forth. 



31 

AV 

Figure 1. Schematic diagram of a double Hichelson interf erometer. 
The abbre~iations used in the figure are •· = mirror, p.e.t. = 
piezo-electric transducer, P.D. = photodiode and P.B.S 
polarising beam-splitter. 

In a stabilised interfarometer the static phase shift 6to is kept 
at a multiple of w to obtain maximum sensitivity. Since 6Xu << l, 
we find for Vu that 

(6) 

where t is plus or minus one (depending on whether 6f0 /W is even 
or odd} and s is the sensitivity and equals 

s = 8 I 0 AR t1rc/ l (7) 

Similar equations hold for the output voltage V1 of the lower 
interferometer. we thus find that 

(8) 

with x. and xf the displacements of mirror e and f, respectively. 
The voltage difference 6V defined as Vu - V1 equals 
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(9) 

we see that Av doesn't depend on the displacements of mirror b 
or the substrate of the sample, whereas Vu does. By measuring 
with two interferometers, possible disturbances of the sample 
holder are thus eliminated. Possible field-coherent displacements 
of the mirrors c, d, e and f are not eliminated, but since these 
mirrors are much more rèmote from the sample to which the voltage 
is applied, we assume their displacements to be negligible. If 
they are neglected equation (9) becomes 

(10) 

IIb Sign of measured expansion 
The sign of the sensitivity s is determined by the feedback sy
stem, which consists of an integrator and a piezoelectric trans
ducer (p.e.t•). The p.e.t. in our maasurement setup is a Physik 
Instrument P830-10 with a transfer ratio of ~ = + 0.15 ~m;v. 
The Fourier transform of the displacement Xe in formula (6) is 

(11) 

wi th .,. i the time constant of the integrator ( .,. i > 0) and x 1 c are 
displacements of other origins. Combination of equations (6) and 
(11) gives 

V = u (12) 

with .,. = 'fddp.ts. The solution of equation (12) is only then 
stabie if .,. is positive. This means that s is positive and t in 
equation (7) is therefore +1. It can likewise be shown that the 
sensitivity of the lower interfarometer is positive too. 
The sign of s is experimentally verified by means of a piezoelec
tric caramie (PXE-5) with well known sign of its piezoelectric 
constant. The measured sign is found to be in agreement with the 
calculated one. 
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XXX sa.ple preparation 
Samples were cut out of optical windows made of alkali halides. 
We used optical infrared windows for this purpose, since optical 
quality ensures a very low impurity level. Samples are prepared 
in the three lattice directions <100>, <110> and <111>. Only in 
the case of RbX we didn't prepare a sample in the <111> direction 
(here, after cleavinq and sawinq samples for the <100> and <110> 
directions not enouqh material was left to saw another sample in 
the <111> direction). 
The coefficients Yu and Y12 are measured directly by measurinq 
the respective lonqitudinal and transversal expansion of the 
<100> samples. The coefficients y •• are subsequently determined 
by y 11

110 measurements. For y 11
110 , defined as the electrastriction 

coefficient of the lonqitudinal electrostrictive strain in the 
<110> lattice direction, yields 

(13) 

samples in the <111> direction were only used to check the tensor 
behaviour of the electrostriction. The electrostrictive coeffient 
Y"m is qiven by 

(14) 

The <100> samples are cleaved out of the windows to obtain the 
exact <100> plane. The samples for measurinq y 11

110 and y 11
111 were 

sawed out of the windows to an accuracy of 1" and 2",'respecti
vely. 
several samples in the <100> and the <110> directions were 
prepared so as to be able to check the reproducibility of the 
measurements. Of the <111> samples only one of each crystal was 
sawn. 
Samples used to measure v.1, Y"uo and Y"u• were about 5 x 8 mm2 

and about 1. 5 mm thick. Those used to measure y 12 we re about 
twice as thick. These sizes appeared to cause the slightest 
displacements of the sample holder. Figure 2 shows the sample and 
its position on the sample bolder. 
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Figure 2. Top and side views o:t the sample holder and tabla. 
Figures a and b show the tabla on which the sample holder is 
situated. Figures c and e show the top and side view o:t . the 
sample holder with a sample and re:terence mirror on it tomaasure 
the longitudinal expansion o:t the sample. Figures d.and f show 
the sample holder with a sample situated on it to maasure its 
transversal expansion. In Figures c and :t the crossed lines drawn 
on the sample are the electrodes. The sample is :tixed on the 
sample holder by a thin layer o:t grease to ensure i ts :tree 
expansion (see Ref. [10]). 

Electrodes on the samples were of silver paint. In the case of 
NaCl exclusively we also prepared samples with evaporated 
electrodes, because the silver paint perceptibly affected the 
surface of the sample. It was found later that this had no 
influence on the measured expansion. 
Electrades were connected to the high voltage cable by means of 
a 50 1-'m thick gold wire to prevent the transfer of machanical 
vibrations of the cable to the sample. 
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rv Experimental results 
To measure the electrostrictive expansion an A.C. voltage with 
frequency f 0 is applied over the sample, which is situated in the 
measurement setup (see Figures 1 and 2). If the lengthof the 
sample in the direction of the measured expansion is 1. and the 
length in the direction of the field is lE, the electrostrictive 
expansion is given by 

y (15) 

where Verr is the effective voltage over the sample and AV.rr is 
the (effective value of the) measured voltage difference AV. The 
most right-hand term of equation ( 15) can be seen as the 
correction for the influence of the coulomb forces caused by the 
charge on the electrodés (see equation 2). 
The voltage difference AV.u is measured by means of a lock-in 
amplifier at the double frequency 2f0 • 

We paid special attention to the following three points during 

the measurement. 
(i) Frequency independenee 
The measured electrostrictive expansion should be frequency inde
pendent for frequencies below the mechanica! resonance frequenèy 
of the sample (for the size of our sample the resonance frequency 
is in the order of lMHz). Frequency dependences often indicate 
the presence of spurious mechanica! vibrations which can lead to 
unreliable measurement results. We have performed measurements 
in the frequency range of f 0 from 40 Hz to 10 kHz. In Figure 3 
the results of a measurement of a KCL sample are shown. In this 
tigure the response is also shown as measured by a single Michel
son interferometer under the same conditions. This response could 
easily be measured by covering the two diodes of the lower inter
ferometer. The differences between measuring with a single and 
double interferometer are obvious from this figure. Whereas the 
response measured with a single interferometer is strongly fre
quency dependent and even changes sign when fo is 500 Hz, the 
response measured with the double interferometer is much more 

stable. In all other measurements similar effects were present. 
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Figure 3. Results oL an electrostrictive expansion maasurement 

oL a 2. 55 BIBI.-tbick KCl sample. Tbe grapbs show tbe expansion oL 
tbe sample (x.) versus tbe Lrequency oL the applied voltage (1) 
measured with a double llicbelson interLerometer and (2) measured 

witb a single lfichelson interLerometer. 

(ii) Reproducibility 
The reproducibility of our measurements has been checked by 
measuring the electrostrictive. constants y11 , Y12 and Y"u.o at 
least three times on different samples. The deviations between 
the measured values of y11 of the different samples of the same 
material were about 5%. 
For Y1a the deviations were about 15%. Those higher deviations 
can be explained from the relatively great displacement of the 
sample holder, due to the less rigid fastening of the sample on 
the sample holder (see Figure 2). In most cases the displacement 
of the sample holder was a factor of 3 to 5 greater than the 
expansion of the sample. This means that, since the expansion of 
the sample is determined by a subtraction of two relatively large 
signals, its relativa error is quite large. To reduce the error 
in the finally reported value of y12 , we measured y12 of one 
sample often more than once. 
The deviations of the measured values y 11

110 were about 10%. Here 
the displacement of the sample holder had the same magnitude as 
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with y11 , but the expansion ltself was smaller. 

The measured values of y11 , y12 and the from Y"uo calculated 
values of Yu are given in the first three columns of Table II to 
an accuracy of 5%, 10.% and 10% respectively. 
The values are corrected for the strain caused by the attractive 
farces of the charge on the electredes. These corrected terms are 

+~EoE .. Su, +~EoE .. Su and +\t:ot:"(Su+Su+~s •• ) for respectively Yur y12 

and Y••• where e .. is the dielectric constant and S1j are elastic 
tensor coefficients. 

Table II. Measured values of y11 , y12 and y44 • Our data are shown in the three 
left-hand columns and those from Bohaty [11] in the three right hand ones (all 
in 10-n m~/V2 ). According to Preu and Haussühl [6] the results obtained by 
Bohaty have to be multiplied by a factor of -1. We have taken this correction 
into account. 

Material Our data Data from Bohaty 
Yn Yu y .. Yn YIZ y .. 

Lif +6.0 -1.7 -0.83 +7.2 -2.5 +16.0 
Naf +2.8 -0.56 -2.1 +6.6 -2.5 +11.2 
NaCl +5.0 -1.0 -1.3 +6.7 -2.4 +15.2 
KCl +4.0 -0.68 -6.3 +5.6 -1.8 +22.0 
KBr +4.9 -0.69 -5.3 +8.4 -3.2 +26.0 
RbCl +4.6 -0.89 -4.1 +8.1 -2.6 +20.4 
RbBr +5.1 -0.89 -7.3 +10.0 -4.0 +23.6 
Rb I +6.1 -0.82 -9.0 +14.2 -5.0 +41.2 

(iii) Tensor behaviour 
The tensor behaviour of the electrastriction has been checked by 
measuring all crystals except Rbi in the additional <111> 
direction. The measured values of Y".u.1 . and values calculated 
from equation (14) are given in Table III. In the most right hand 
column of Table III the maximum error in the calculated value of 
y"111 is shown, calculated from the inaccuracy of the values of 

Yu• Yu and Yu• 

All measured values of y 11
111 are in agreement with these calcu

lated within the given tolerance. Measured values in this table 
are corrected for the attractive Coulomb farces of the electrades 
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Table 111. Measured values and values calculated from equation (14) of 
T"m· In the third column the maximum deviation between the measured and 
calculated values are given (in 10'21 m2/V2

). 

Maximum 
Material y"m (measured) T"m (calculated) deviation 

lif 
Naf 
NaCl 
KCl 
KBr 
RbCl 
RbBr 

+0.65 
-0.09 
+0.52 
-1.39 
-0.62 
-0.60 
-1.20 

V COnclusions 

+0.59 
-0.14 
+0.57 
-1.22 
-0.59 
-0.43 
-1.33 

0.24 
0.15 
0.19 
0.32 
0.30 
0.27 
0.38 

From Table II a comparison can be made between our new repor
ted va lues and those obtained by Bohaty, who bas carried out 
measurements on the same materials. From this Table we see 
that only the signs of Yu and y 12 aqree but that the siqn of Y44 

and the magnitudes of the coefficients differ siqnificantly. 
An explanation for these differences miqht be the measurement 
setup. 
In literature hitherto, the displacement of the sample holder 
bas not been reqarded as a serious problem in tiny electros
trictive expansion measurements. It is shawn, however that 
these displacements can disturb a measurement. The frequency 
dependenee of measurements, which bas been reported by several 
authors (incl. [ 17] ) , indicates the presence of mechanica! 
displacements of the sample holder durinq the measurements and 
these can be a souree of errors. 
The presented values of the electrostrictive constants in this 
paper are derived from measurements at which the displacement 
of the sample holder is corrected. Measurements are well re
producible and electrostricti ve properties such as frequency 
independenee and the correct tensor behaviour are measured. 
Therefore we trust our measurements to be reliable. 
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5. IIBASURBIIERT OF THE ELEC'l'ROSTRIC'l'IOB COEFFICIEM'l'S OF THE 

.AL'KALIHE EAR'l'H FWORIDES CaF a, SrF :z ARD BaF :a 

Ab§tract. 

We present new experimental values of the three independent 
electrastriction coefficients of the alkaline earth fluorides 

CaF2 , SrFa and BaF2 • Measurements are performed with an impro
ved measuring equipment. With this equipment the electrostrio

ti ve expansion of a sample is measured whereby the influence 
of spurious displacements of the sample holder is eliminated 

so that more reliable results are obtained. 
our experimental data of the electrastriction coefficients 

differ from experimental data reported hitherto. The differen

ce might be due to the improved maasurement setup. 

We observed relatively low positive values for the electra
striction coefficients Yu and Yu and a much higher positive 

value for Yu. our experimental data are in reasonable agree
ment with results based on theories on the electrastriction of 

the alkaline earth fluorides. 
The frequency independenee of the expansion in the frequency 

range from 40 Hz to 10 kHz, the reproducibUity of the measu
rements and the correct behaviour of the measured anisotropy 

of the electrostriction, indicate a good reliability of the 
measurements. 
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I Introduetion 
Electrastriction is an intrinsic material property which des
cribes the strain in an unstressed body, caused by an electrio 
field and havinq a quadratic dependenee on it. 
The development of new materials with very large electrastric
tion coefficients, hiqhly appropriate for practical applica
tion~ such as transduoers, makes electrastriction an increa
sinqly interestinq object "of research [1,2]. 
The importance of electrastriction of simple cubic crystals, 
such as the alkaline earth. fluorides, is directed towards a 
better understanding of the general theory of the elastic and 
dieleetrio material properties [3,4,5,6]. 
Measurements of the electrostrictive coefficients of the alka
line earth ·fluorides have been reported several times [7,8,9]. 
However, the agreement between the experimental data obtained 
by different workers is very poor as can be seen from Table I. 

Table I. Reported values of the three electrostriction coefficients y11 , y12 

and y.,. of CaF, (in 1o·n m'/V'). 

Yn Yu 

-7.2 4.1 
-1.4 1.1 
-1.3 1.2 

-1.6 
-5.5 
+5.1 

Measurement method 

Capacitive dilatometer 
Indirect method· 
Michelson Interferometer 

Ref. 

[7] 
[8] 
[9] 

• In the indirect method the e leetrostriet ión coefficients are determined 
from measurements of the pressure dependenee of the dielectric constant. 

From Table I it is clear that it is impossible to obtain the 
true values of the electrastriction coefficients unambigously. 
Only values of Yu and Yu reported by Meng, who performed a 
series of measurements in Pennsylvania [8] and one series in 
Eindhoven [9] are in fair agreement with each other. The dif
ference in sign of Menq's reported values of y •• on the other 
hand has not been explained and it indicates errors during the 
measurinq. 

The differences in the reported values of the electrostriction 
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coefficients are not unique for the alkaline earth fluorides. 
In [10] it is shown that a similar situation obtains for the 
alkali halides. 
one reason for the di vergent experimental resul ts might be a 
spurious effect in the setups used to measure the electro
strictive expansions. In [10] it is shown that Coulomb forces 
caused by the electrical leakage field from the sample to the 
sample holder can cause displacements of the sample holder. 
This might lead to incorrect interpretation of the measured 
displacement. To perfarm reliable measurements we developed a 
new measurement setup, which measures the displacements of 
both upper and lower side of the sample and so reduces the 
influence of the displacements of the sample holder. 
In this paper we present the measuring results of the electra
striction coefficients of the alkaline earth fluorides CaF21 

SrF2 and BaF2 performed with the improved measurement setup. 

II Measura.ent setup 
Measurements are performed with a double Michelson interfera
meter of which a detailed description is given in ref.[10,11]. 
Here we give a summary,of its working principle and its advan
tages compared to a single Michelson interferometer and a 
capacitive dilatometer. 
A double Michelson interferometer consiste of two identical 
single .Michelson interferometers, one measuring the displace
ments of the upper sides of the sample and the reference mir
ror, the other measuring their under sides (see Figure 1). 
It can be shown [10] that, if the optica! path-length differ
ences (OPD) between beam 1 and beam 2, and between beam 3 and 
beam 4, equal a multiple of "' the sensitivities of the inter
ferometers are at a maximum. The output voltages of the upper 
and lower interferometer Vu and V1 are then given by 
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vu Va ·sin 
21táXu 

• 2Va1táxu 
(áxu < À.) (la) 

À. À. 

Vl = Va ·sin 
21táX1 • 

2Va1táx1 (áx1 < À.) (lb) 
À. À. 

where V0 ,is a constant mainly determined by the resistor Rand 
the power of the laser light, À. is the wavelength of the laser 
light and Axu and Ax1 are the dynamic displacements of the 
OPD's of the upper and lower interferometer, respectively. 

äV 

Figure 1. Schematic diagram of a double Michelson interferome
ter. The abbreviations used stand for: m.= mirror, P.B.S.= po
larising beamsplitter, P.D.= photodiode and p.e.t.= piezo
electric transducer. 

The dynamica! OPD xu is determined by the dilatation of the 
sample and an eventual displacement of the sample holder at 
the pos i ti on of the sample andjor the raferenee mirror. The 

dynamica! OPD X1 of the lower interfarometer is determined by 
displacements of the sample bolder. Displacements of the sam
ple holder can arise from Coulomb farces caused by the elec
trical leakage field from the sample to the sample bolder. 
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Field-coherent displacements of the mirrors c, d, e and f 

relatively far remote from the sample are assumed to be negli

gible. For Ax.. and Axl. we then find 

where xb and x.. are the displacement of the sample holder at 

the position of the reference mirror and the sample, respec

tively and x.. is the dilstation of the sample. 

The factor 2 is introduced because the light has to travel 

back and forth. Combining equation (1) and (2) we find 

4KV0 Vu • -1- (xb - Xa - xs> and 

4KV0 - 4 V = Vu - Vl = - - 1-xs (3) 

From equation (3) it can be seen that the output voltage AV 

only depends on the dilatation of the sample, whereas the 

output voltage of the upper interf erometer a lso depends on 

displacements of the sample holder. For materials with relati

vely slight electrostrictive strains such as the alkaline 

earth fluorides, the displacement of the sample holder can be 

in the same order of magnitude as the dilstation of the 

sample. Therefore a measurement setup which measures both 
faces of the sample is necessary to obtain reliable results. 

III Saaple preparatien 

Samples were cut from optical infrared windows made of CaF 21 

SrF2 and BaF2. Windows were used for this purpose because the 

optica! quality ensures a low impurity level of the crystals. 

Samples were cut out in a relatively large number of different 

lattice directions, thus making it possible to check whether 

the anisotropy of measured strain is in agreement with the 

tensor matbematics. We have cut samples in the following 

lattice directions 

i) <100> direction. The electrastriction coefficient Yu can be 

determined directly from. the longitudinal dilstation (strain 

measured parallel to the applied field) in this crystal 
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direction. From the transversal measurememt ( strain measured 
perpendicular to the field) y12 can be measured directly. 
ii) <111> direction. The dependenee of the strain on y._ is 
greatest in this direction. Samples were cleaved to obtain the 
exact <111> direction. 
iii) We also cut samples in some more arbitrary directions. By 
measuring in more than three lattice directions the anisotro
pic behaviour of the measured dilatation can be checked. 
In all, we measured each crystal in at least eight different 
lattice directions. In each direction at least two samples 
were cut in order to check the reproducibility of the measu
rements. The directions of the samples were determined by 
means of the back-reflection Laue metbod to within an accuracy 
of 2". 

Samples used for measuring long i tudinal dilatations were in 
general about 1. 5 mm thick and had an area of about 5x8 mm2

• 

Samples for measuring transversal dilatation were in general 3 

mm thick. 
Electrodes on the sample were made of silver paint. Samples 
were fastened to the sample holder by a thin layer of grease 
to ensure free expansion of the sample [12]. Measurements are 
performed at room temperature. 

IV Measure.ents 
The strain of a sample having a quadratic dependenee on the 
electric field consists of two parts. One part originates from 
the electrostrictive properties of the material, the other 
arises from mechanica! stresses caused by the attractive 
Coulomb forces between the electrodes. In order to determine 
the electrostrictive dilatation of a sample we must correct 
the measured dilatation for these mechanica! stresses. 
Here it should be emphasized that electrastriction describes 
the strain in an unstressed materiaL The magnitude of the 
correction factor of the mechanica! stresses is gi ven by the 
most right-hand term of equation (4) (see ref. [13)). 
To measure the dilatation, an A.C. voltage with frequency f 0 is 
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applied over the sample. The electrastriction coefficient can 
then be calculated from the measured expansion by 

y (4) 

where y and s are the electrastriction and elastic compliance 
coefficient respectively, 1,. and 1. are the lengtbs of the 
sample in the directions of the applied field and measured 
strain respectively, Vûr is the effective value of the voltage 
over the sample, e:0 e., is the permittivity and x. is the (er
fective) value of the measured dilatation of the sample and 
can be determined by measuring AV (see equation (3)). 
The output voltage AV is measured by means of a lock-in ampli
fier at the double frequency 2f0 • 

The coefficients y and s in equation (4) are dependent on the 
directions of the applied field and the measured strain. 
According to tensor matbematics they can be written as a 
linear expression of the electrastriction coefficients as (see 
ref [14]) 

(5) 

where the symbol X is a material property described by a 
fourth rank tensor (like elastic compliance and electrostric
tion). The coefficients x~,~ are defined in a coordinate system 
A which coordinate axes coincide wi th the directions of the 
applied field and measured strain, x-~ are the coefficients in 
the coordinate system whose axes coincide with the <100> lat
tice directions and the factors a 1• are elements of the 
orthonormal matrix which describes the unit veetors of the 
coordinate system A in terms of the <100> lattice directions. 

Electrostriction was measured for each crystal in at least 
eight directions. This leads to a set of at least eight equa
tions, from which Yu, Y12 and y .. can be calculated. In Table II 
the different directions are shown in which the strain is 
measured and the electrio field is applied. In this table the 
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magnitudes of the measured electrostrictive coeffients and 
their dependences on Yu, Y12 and y_. are also given. The data 
are obtained from equations (3), (4) and (5). 

Table 11. List of measurement data. The directions are given of the applied 
field and measured strain, the equation showing the dependenee of the mea
sured electrastriction coefficcient upon y 11 , y12 and y .. , 
value of the electrostricition coefficient (in 10·21 m2/V2

). 

and the measured 

CaF2 : 

strain dir. field dir. 
<1 0 0> <1 0 0> 
<1 0 0> <0 1 0> 
<1 1 1> <1 1 1> 
<1 1.13 0.4> <1 1.13 0.4> 
<-0.1 1 -0.68> <-0.1 1 -0.6 > 
<-0.31 0.65 1> <-0.31 0.65 1> 
<1 0.19 0.19.> <1 0.19 0.19> 
<-0.25 1 0.19> <-0.25 1 0.19> 
<1 1.13 0.4> <0.24 -0.56 1> 
<1 0.19 0.19> <-0.31 0 •. 65 1> 
<1 0.19 0.19> <-0.1 1 -0.68> 

SrF2 : 

strain dir. field dir. 11 

<1 0 0> <1 0 0> 11 

<1 0 0> <0 1 0> 11 

<l 1 1> <1 1 1> 11 

<1 o.97 -0.48> <1 o.97 -0.48> 1 1 

<0.92 -0.38 l> <0.92 -0.38 1> 11 

<0.55 -1 0.88> <0.55 -1 0.88> 11 

<1 0.45 0.29> <1 0.45 0.29> 11 

<1 0.97 -0.48> <0.92 -0.38 1> 11 

<1 0.97 -0.48> <0.55 -1 0.88> 11 

<1 0.45 0.29> <-0.37 1 -0.26> 11 

BaF2 : 

strain dir. field dir. 11 

<1 0 0> <1 0 0> 11 

<l 0 0> <0 1 0> 11 

<111> <111> 11 

<1 o.42 -0.06> <1 o.42 -0.06> I I 
<-0.24 0.71 1> <-0.24 0.71 1> 11 

<-0.5 1 -0.83> <-0.5 1 -0.83> 11 

<-0.5 1 -0.83> <1 0.42 -0.06> 11 

<-0.5 1 -0.83> <-0.24 0.71 1> 11 

equation measured y 

1 Yu + 0 Y~2 + 0 Y44 = 0.17 
0 Yu + 1 Y12 + 0 Y44 = 0.38 · 

0.33 Yn + 0.67 y12 + 0.33 T44 = 1.44 
0.45 Yu + 0.55 Y12 + 0.28 Y44 = 1.23 
0.56 Yu + 0.44 Y12 + 0.22 Y44 = 1.08 
0.51 Yn + 0.48 Y12 + 0.24 Y44 = 1.05 
0.87 Yu + 1>.13 Y12 + 0.06 Y44 = 0.37 
0.83 Yu + 0.17 Y12 + 0.08 Y44 = 0.56 
0.18 Y11 + 0.82 Y12 - 0.09 Y44 = -0.01 
0.09 Yu + 0.91 y12 - 0.05 y44 = 0.18 
0.04 Yn + 0.96 y12 - 0.02 Y44 "' 0.29 

equation measured y 
1 Yu + 0 Y12 + 0 Y44 = 0.23 
0 Yu + 1 Y12 + 0 Y44 = 0.12 

0.33 Yn + 0.67 y12 + 0.33 Y44 • 1.54 
0.41 Yu + 0.59 y12 + 0.29 Y44 = 1.33 
0.44 Yu + 0.56 y12 + 0.28 Y44 = 1.30 
0.39 Yn .+ 0.61 y12 + 0.30 Y44 = 1.40 
0.63 Yn + 0.37 Y12 + 0.18 Y44 .. 1.00 
0.28 Yu + 0.72 y12 - 0.14 Y44 = -0.32 
0.31 Yn + 0.68 Y12 - 0.16 Y44 = -0.49 
0.22 Yu + 0.78 Yu - 0.11 Y44 • -0.30 

equation measured y 
1 Yu + 0 Y12 + 0 Y44 • 0. 37 
0 Yu + 1 Y12 + 0 Y44 • 0.34 

0.33 Yu + 0.67 Y12 + 0.33 Y44 = 1.41 
0. 74 Yn + 0.26 y12 + 0.13 y44 = 0.83 
0.51 Yn + 0.48 Y12 + 0.24 y .. = 1.16 
0.41 Yu + 0.59 y12 + 0.30 y44 = 1.41 
0.19 Yn + 0.81 Y12 - 0.09 Y44 = -0.05 
0.40 Yu + 0.60 y12 - 0.20 Y44 = -0.28 
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All dilatations were measured in the frequency ranqe from 40 
Hz to 10 kHz. A frequency-independent dilatation measured in 
this f+equency ranq& is ~n absolute condition for qood relia
bility of. the meásurements [10]. In fiqure 2 the measured 
dilatation is shown of a 1.13 mm thick CaF2 sample cut out in. 
the <111> lattice direction. In this figure the displacement 
of the sample holder is also shown, measured from the output 
voltage V1 of the lower interfarometer (see equation (3)). 
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Figure 2. Heasured dilatation of tbe sample (o) and displace
ment of the sample holder (x) as a function of the frequency. 
The voltage applied over the sample is 1000 Veff. 

From figure 2 we see that it is necessary to measure both fa
ces of the sample. The frequency dependent displacement of the 
sample holder and its non-neqliqible magnitude are obvious. 
When the displacementsof the sample holder.are corrected, the 
measured expansion is much more constant. 

Converted into units of electrostriction, the magnitude. of ·the 
displacement of the sample holder was found to be about 1·10-21 

m2 fV2 for the long i tudinal measurements. For the transversal 
measurements it was a factor of three qreater, due mainly to 
the less riqid fastening of these samples to the sample holder 
(see ref [11]). Expe~imentally we found that the influence of 
the displacements of the sample holder was eliminated to abotit 
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90%. Therefore the inaccuracy of an electrostriction coeffi

cient obtained from ~ maasurement is about 0 .1·10-:u m2 /V2 for 
a longitudinally meausured dilatation and 0.3·10-21rjV2 for one 

measured transversally. 

To check the reproducibili ty and improve the final accuracy, 
w.e measured the dilatation several times in each lattice 

direction on different samples. The mutual deviations between 
the measured dilatations in the same lattice directions were 

always within the inaccuracy given above. 
Each direction has been measured about four times. The value 

for the electrostriction coefficient finally obtained in each 
direction is the average value of the measurements performed 

in the same direction. 

By measuring four times in each direction the accuracy is 

improved by a factor of two, assuming that the measurement 
errors due to the inaccuracies are distributed randomly. 

The inaccuracy of the values reported in Table II is then 

o. 05 · 10-:u m2 /V2 in the case of long i tudinal coeff icients and 

0.15·10-21 m2 /V2 for the transveraal coefficients. 

The values of Tu 1 Tu and y .. of CaF2 , SrF2 and BaF2 are shown in 
Table III and were obtained by the least-squares metbod 

applied to the equations in Table II. All equations are 

satisfied within the given accuracy. of the measured electro

striction coefficient. We have measured the strain in a large 

number of different directions, so that this is an indication 

of the good reliability of the reported values of Tu 1 Yu and 

Yu• 

Table III. Values of the electrostriction coefficients y1n y12 and y44 

obtained by the least squares-~~ethod applied to the ~~easure~~ent data fr011 
table II. The inaccuracy is also given. (in 10'21 r/fV2

). 

Material Yu Y1z y .. 

Caf2 0.18 ± 0.05 0.36 ± 0.05 3.45 ± 0.1 
Srf2 0.26 ± 0.05 0.14 ± 0.05 4.01 ± 0.1 
Baf2 0.39 ± 0.05 0.33 ± 0.05 3.36 ± 0.1 
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V Conclusions 

Positive values are obtained for the three independent elec

trastriction coefficients y 11 , y12 and Yu• The magnitude of the 

electrastriction coefficients y11 and Y12 were found to be in 
the order of magnitude of 0.3·10-:u m2 /V" for all crystals. The 

electrastriction coefficient y.. is about a factor of 10 

larger, which implies a relatively strong anisotropic beha

viour of the electrastriction of these materials. 

A comparison is made in Table IV between our experimental data 

and calculated data obtained from Srinivasan [5]. Srinivasan 

computed the magnitude of the electrastriction coefficients 

from a model based upon negative-ion-polarisable shell models. 

From this Table we see a reasonable agreement between the 

experimental data and the calculated values. The sign and 

order of magnitude of all electrastriction coefficients are in 

agreement. Likewise, the anisotropic behaviour as follows from 

the theory of Srinivasan is experimentally observed. 

Table IV. List of calculated va lues of the electrostriction coefficients 
obtained from [5] and our experimental data (in 10.21 lff/V2

). 

Mate- Tu Tu y,.. 
rial Meas. Theor. Meas. Theor. Meas. Theor. 

CaFz 0.18 0.46 0.36 0.36 3.45 9.2 
SrFz 0.26 0.61 0.14 0.35 4.01 8.2 
BaF2 0.39 0.77 0.33 0.40 3.36 10.0 

For the reliability Qf the measurements we can draw the same 

conclusions as were drawn for the alkali balides .[ 11]. Here, 

too, the displacements of the sample holder are found to be 
non-negligible compared to the dilatation of the sample. These 

spurious effects can be the cause of maasurement errors made 

in the past. Experimental data presented in this paper are 

derived from measurements in which the displacements of the 

sample holder are corrected. Measurements are well reproduci

ble, the dilatation of all samples is found to be frequency 

independent over a wide frequency range and the measured 
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anisatrapie behaviour of the crystals is in good agreement 

with tensor mathematics. Therefore we trust that our measure

ments have a satisfactory reliability. 
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6. THE ELECTROSTRICTION OF SILICON AND DIAMOND. 

Abstract. 

New experimental data on the electrastriction coefficients of 

silicon and diamond are presented. 

Measurements have been performed by means of a double Michel

sen interferometer to ensure a high reliability of the measu

red dilatation. The value reported bere of the electrastricti

on coefficient of diamond differs from one reported earlier. 

The difference is due to the use of the improved measurement 

setup. 

The electrostrictive dilatation of diamond is measured on a 

0.5 mm thick diamond crystal. The electrastriction of silicon 

is determined from the measurement of the dilatation of a 

reverse-biased n•p-junction of a silicon diode. 

The measured va lues of the electrastriction coeff icients of 

silicon and diamond are found to be in fair agreememt with the 

theory presented in Chapter 7. 
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I Introduetion 

Electrastriction is a material property which is related to 
the strain of a material caused by an electric field and 
ha ving a quadratic dependenee on it. For most non-piezoelec
trical materials electrastriction is the most important form 
of mechanica! deformation of electrical origin. 
Interest in electrastriction is nowadays strongly increased, 
mainly owing to the development of new materials with such 
high electrastriction coefficients that they can be used .for 
practical applications such as transduoers [1]. 
Electrostrictive strains in crystals with relative simple 
lattice structures, such as the alkali halides, are in general 
too slight to be useful for practical applications. Their 
interest is directed more towards better understanding of the 
elastic and. dieleetrio behaviour of these materials [2). 
The electrastriction of silicon and diamond is of special 
interest as regards the theory of the elastic dielectric. Both 
crystals have the same lattice structure, are unary and their 
chemica! bond is purely covalent. Knowledge of .the magnitude 
of the electrastriction of these materials can give insight 
into the behaviour of the covalent bond in an applied electric 
field. 
Hitherto, only two papers have been reported on the electra
striction of crystals having the diamond structure. 
In 1965, Gundjian [3) reported the measurement of the electra
striction of germanium. It will be shown in this Chapter that 
the measured dilatation must be caused by thermal expansion 
due to joule heating instead of by electrostriction. In 1982, 
Luymes [ 4] reported the electrastriction coefficient Yu of 
diamond, measured by means of a single Michelson interterome
ter. In [ 5) i t is shown that the use of a single Michelson 
interferometer can lead to errors, so the correctness of his 
reported value is not sure. In brief, no reliable experimental 
data are available of the electrastriction of these materials. 
In this Chapter we present new measured values of the electra
striction coefficients of diamond and silicon measured with a 
double Michelson interf erometer. This maasurement setup is 
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very suitable for obtaining reliable measurements of slight 
electrostrictive dilatations. 

In sectien II the influence of joule heating on the dilatation 
of a sample is calculated. It is shown that it is impossible 
to determine the electrostrictive dilatation of intrinsic 
silicon. In sectien III the influence is calculated of meeha
nical stresses induced by the electrio field on the dilatation 
of the sample. The measuring principle is discussed in sectien 
IV. The experimental resul ts àre presented in sèction V and 
sectien VI compares the experimental data wi th theoretica! 
values. Sectien VII deals with the conclusions. 

II Ther:.al expansion 
Electrostricti ve strains are very slight for most non-ferró
electric crystals • Therefore thermal expansion, due to ohmic 
losses in the material can easily disturb the maasurement of 
the electrostrictive dilatation. 
To calculate the thermal expansion, consider a sample provided 
wi th electredes at i ts upper and lower si des. The average 
temperature T of the sample is given by T = T0 + 4T, where T0 

is the temperature of the surroundings of the sample and 4T is 
the average temperature increase of the sample due to the 
joule heating (see Figure 1). 

Figure 1. A sample to wh1ch a voltage is applied. 

The average thermal strain of the sample et is given by 

(1) 

where at is the thermal expansion coefficient. 
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The temperature change AT can be calculated from the thermal 

enerqy put into the material, that is the difference of the 
dissipated enerqy P1,. and the thermal enerqy which flows from 

the sample to its surroundings Poutc• We find 

aAT 2 AT 
C -:re- = Pin - P t = Q o E - -

ot ~ R~ 
(2) 

where C is the heat capacity of the sample, o the A.C. elec

trical conducti vi ty, n the volume of the sample and Rtb the 
thermal resistance of the sample. 

Combining (1) and (2) we find for et 

at o Q E2 

1 + jfi)C 
Rtb 

= 
a o E 2 

t (3) 

where p. is the specific density and c. the heat capacity per 

unit mass. The lines above the physical quantities in equation 
( 3) are used to indicate that their Fourier transforms are 

considered. 
The cut-off frequency. fc, defined as the frequency at which 

wp.c. equals (~)-1 is given by fc = (2rp.~)-1 • The thermal 
resistance ~ is dependent on several factors, such as the 

thickness of the sample, the thermal conductivity of the mate-
rial comprising the sample and the thermal contact resistance 

between the sample and its surroundings. The ma)!:imal cut-off 
frequency for samples with a thicknes·s of about 1 mm is about 

40 Hz (that is when the thermal contact resistance is zero). 
Electrostriction measurements are usually performed at highter 

frequencies. Therefore we can neglect the term (0~)-1 in the 

denominator of equation ( 3) • The . thermal strain can then be 

written as 

u o E 2 
t «t e0 e ... tan 6 E2 

PmCm 
(4) 

where tan 6 is the loss angle and E0 Er the permittivity of the 

materiaL 
Reliable measurements of the electrostrictive dilatation are 
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possible only if the absolute value of the electrostrictive 
strain e., given by e. = yE2 is greater than the absolute value 
of the thermal strain. We then require 

IYII > 4Xt «o er tan 6 
Pm Cm 

(5) 

The condition given in equation (5) applies to all crystals. 
For good insulating crystals, such as NaCl and diamond tan 6 

is usually less than lo-• and equation (5) is then thoroughly 
satisfied. For intrinsic semiconductors, however, tan 6 can be 
much greater and is given by 

g ni <P.n + f.Lp) 

6U!i0er 
(6) 

where q is the elementary charge, n1 is the intrinsic carrier 
concentration and #n and ~ are the mobilities of the electrons 
and holes, respectively. 
The magnitude of tan 6 of pure intrinsic silicon is, according 
to equation (6) and to the data given in Table 1, given by 
tan 6 l':l 5·10..,./6l. 

Table I. Properties of intrinsic silicon and diamond at room temperature. 

Properties 

lattice Constant {Ä) 
Dielectric Constant 
Elastic Constant S11 (in 10-u m1/N) 

S12 {in 10-12 m2/N) 
Poisson's Ratio 
Thermal Expansion Coef.(l0-'1<-1) 
Mass Density (kg/m') 
Thermal Heat Capacity (10'Jfkg•c) 
Intrins ie Carrier Concentrat ion (m-3

) 

Mob11ity of holes 11, (m2/Vs) 
e lectrons p." {m2/Vs) 

1 obtained from [6] 
2 obtained from ref. [7] 
3 obtained from ref. [8] 

Silicon 

5.43 I 

11.8 I 

7.68 2 

-2.14 2 

0.28 2 

2.6 I 

2328 I 

0. 7 I 

1.6·1016 I 

0.06 I 

0.15 I 

Diamond 

3.58 2 

5.86 z 

0.955 z 

-0.099 2 

0.104 z 

1.0' 
3515 I 

5.12 3 
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According to the condition given in equation (5), the elec
trastriction coefficient y should then be larger than 10-15 /lil 
m2/V2

• In section 5 it is shown that this condition is far from 
satisfied. For intrinsic germanium (for which tan 6 is about 
103 times greater than for silicon) the same conclusion can be 

drawn. Therefore the relatively very high values of the elec
trastriction coefficients, reported in [3] are incorrect. The 
measured dilatation is caused by thermal expansion instead of 
by electrostrictive dilatation. 

To avoid the large thermal expansion of intrinsic silicon we 
measured the dilatation of a reverse-biased junction of a 
silicon diode. The electric field in a reverse-biased diode is 
entirely within the junction. The concentration of free 
charges in the junction is much lower than the intrinsic 
carrier concentrat ion, which leads to a much decreaeed value 
of tan 6. 

Here, we assume that the electrostrictive strain in the 
junction of a low-doped silicon diode equals the electrostric
tive strain of intrinsic silicon. This assumption can be made 
since the concentratien of impuri ties in the junction is so 
low (about 0.01 ppm for the diodes we have used) that their 
influence on the electrostrictive strain can be neglected. 
The value of tan 6 of a reverse-biased silicon diode has never 
been reported as far as we know. Du:r;-ing the measuring of the 
electrostricti ve dilatation of the diode the current through 
it was measured by means of a simple bridge. We found tan 6 to 
be below the dateetion limit of the bridge, which is 10-2

• This 
value of tan ó is suffiêiently low to satisfy the condition 
given in equation (5). 

The thermal dilatation caused by the leakage current Io of the 
reverse-biased diode can be calculated as follows. If the 
thermal resistance of the sample to i ts surroundings is ne
glected, the average temperature increase caused by the laaka
ge current is given by 
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where A is the cross-section of the diode, W is the width of 
the junction and Vr is the applied reverse voltage. 
For the thermal dilatation ALt we then find 

ct I V 
AL = w u b. T = . t; 0 

I 
t t J6> A Pm cm 

(8) 

where J 0 is the leakage current density. 
In section 5 it will be shown that the thermal expansion is 
much less than the electrostricti ve dilatation. The electra
striction coéfficients of silicon can thus be measured from 
the dilatation of a reverse biased diode. 

III Internal stresses 
Besides the thermal expansion internal mechanica! stresses in
duced by the electrical field give also rise to an additional 
dilatation. The influence of this dilatation on the total 
material strain can not be neglècted. 
For the total longitudinal strain 8 1 (defined as the strain 
directed in the same direction as the electrio field) of the 
diamond sample, we find 

(9) 

where s. is the electrostrictive strain and e. is the strain 
caused by the mechanica! stress. 
The stress in the diamond sample is caused by the attracting 
charges on the electrades of the sample and can be most easily 
calculated from the Coulomb energy of the sample. We have 

1 au 
A éJL 

{10) 

where a1 is the stress in the field direction, c is the capaai
tanee of the sample, V is the voltage across the sample and A 
and L are its cross-section and its thickness, respectively. 
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The strain t 1 of the sample can be calulated from equation (9) 
and ( 10) • We find for the strain in the <100> orientated 
diamond sample 

with 

..!. S e e ) · E 2 = y1 E 2 
2 11 0 r (11a) 

(llb) 

where S11 is the longitudinal elastic compliance coefficient. 

The stress in the junction of the diode is caused by two 
different effects. One part of the stress is caused by the 
charge density in the junction. For the stress a1 in the 
direction of the field it holds that 

aal - = -pE(x) ox 
where p is the charge density in the junction. 

(12) 

The charge density p can be calculated from the divergence of 
the electrio field. We find 

(13) 

The second part of the internal stress is caus.ed by the fact 
that the junction cannot expand entirely freely. 
The field in the diode is present ç>nly in the junction and 
therefore only this part of the diode will exhibit an electro
strictive · strain. Since it is embedded in the rest of .the 
diode (which is not inclined to expand), internal stresses 
will arise which oppose the electrQstrictive strain. 
This is especially the case for the transveraal electrostric
tive strain (the . strain perpendicular to the field). The 
transveraal strain of the junction is counteracted over its 
whole cross-section by the silicon outside the junction. Since 
the junction width is much less than the total thickness of 
the diode, we assume that a transveraal stress will arise, so 
that the transversal strain is zero. 
The longitudinal strain, on the other hand, is only counterac-
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ted at the edges of the junction, which area is relative small 
compared to the cross-section of the junction. Therefore the 
longitudinal counteraction occurs only in the neighbourhood of 
the edges of the junction and quickly vanishes towards the 
middle of the junction ( see Figure 3) • The embedding of the 
junction has thus no influence on the longitidunal stress 
towards the middle of the diode. 

n-do~ 11Uicon 

AL>..!--- ,I 
....,~ • Ç-r 

p-doped substrata 

\:: junetion l ( 100)-direcUon 

Figure 2. The expansion ot the junction. 

The substrate of the diode is oriented in the <100> lattice 
direction. For the long i tudinal strain e 1 and transveraal 
strain 8 2 we then find 

el = Yu Ea + sll ol + 2 s12o2 

e2 = y 12 E 2 + S12 o1 + (S11 + S12 )o2 = 0 

(14a) 

(14b) 

where 0 2 is the transveraal stress and S12 the transveraal 
elastic compliance coefficient. 
From equations (13) and (14) we obtain 

(15a) 

with (lSb) 

where v is Poisson' s Ratio ( v = -S12/Su) • 

rv Measuring principles 
To measure the dilatation of the diamond sample an A.C voltage 
is applied across the sample so that a dynamic dilatation of 
the sample occurs. 
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The relation between the dilatation and applied voltage of the 
diamond sample is given by 

L 

f y-2 :;; .", • .2 
AL = y1E 2 dx == y 1- ...1- Veu (1 - cos 4xf0 t) 

0 
L L 

(16) 

where AL' is the dilatation of the sample, v.u is the effective 
value of the applied voltage and fo its frequency. The constant 
y' is gi ven by equation ( llb) and consists of the electro
strictive part and the part determined by the mechanica! 
stresses in the sample. 

The electrostrictive dilatation of the junction of a n+p-diode 
is given by 

where E...x is the maximum field strength in the junction. The 
constant y" is given by equation (15b). 
The junction width W and the maximum field strength E .. x are 
given by (see [6]) 

W:: and (18) 

where V0 is the buil t-in potentlal of the diode and N.. is the 
acceptor concentration. 
combining (17) and (18), we find for the dilatation AL that 

(19) 

To keep the diode in the reversed state, a biased sinusoidal 
voltage is applied across the diode, given by 

with v .. > vb (20) 

where v .. is the D.C. voltage and vb is the amplitude of the 
A.C. voltage. 
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The nonlinear relation between AL and Vr ( see equation ( 19)) 

leads to the presence of harmonie terms in the Fourier series 
of AL. The exact magnitudes of the fundamental and second 

harmonie term of AL are rather complicated functions of the 
voltage V0 , v. and Vb but can be · approximated by 

(AL) fo (21a) 

(AL) :Uo = (21b) 

where the built-in potentlal Vo is neglected compared to the 
o.c. voltage v ... 

V Bxperi.antal results 
Measurements have been performed by means of a double Michel

son interferometer. A detailed description of it is given in 
Chapters 3 and 4. 

The ma in advantage of this measurement setup is that i t is 
able to reduce the influence of the displacement of the sample 

bolder. In [5] it is shown that the sample holder can exhibit 
displacements so as to disturb the measuring of th~a dilatation 

of the sample. Experimental data of Luymes who measured the 
electrostrictive coefficient Yu of diamond by means of a 

single Michelson Interferometer are not reliable, since the 
influence of the displacement of the sample holder has not 

been taken into account. 

Another advantage of the double Michelsen interferometer is 

lts high resolution. For frequencies roughly 1 kHz above the 
noise level is about 10-1

" m;J Hz. This noise level is suffi

ciently low to measure the electrostrictive dilatations of 
diamond and silicon. 

The expansion of diamond has been measured on a 0. 5 mm thick 

sample. It is the same sample as is used by Luymes. The sample 
has been fixed to the sample holder with grease, to ensure the 
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free expansion of the sample. 
The dilatation of the sample is measured in the frequency 
range of 1 kHz to 10 kHz. A voltage of 1000 v.fcr is applied 
across the sample. In Figure 3 the measured dilatation is 
shown as a tunetion of the frequency. In this Figure the dis
placement of the sample holder is also shown. 

7 7 

(o) 6 6 (lt) 

(lo" 14m) oo"13m> 

r 4 4 r 
3 3 

2 2 

f(l<Hz) ---
-I d 

·2 -2 

-3 ·3 

-4 -4 

Figure 3. Graphs o~ the measured dilatation o~ the sample (o) 
and the displacement o~ the sample holder (X) as a ~unction o~ 
the ~requency. The scale o~ t:he displacement o~ t:he sample 
holder is a ~actor o~ 10 larger than that o~ the dilat:ation o~ 
t:he sample. 

In Figure 3 we see a dependenee of the measured dilatation on 
the frequency. This can be explained by the relatively large 
displacement of the sample bolder. 
The displacement of the sample holder is eliminated correctly 
to about 90-95% by the measurement setup. Since the displace
ment of the the sample holder is about a factor of 20 larger 
than the dilatation of the sample (see Fiqure 3), the inaccur
acy of the measurements is relatively large. 
To decrease the inaccuracy, we measured the dilatation of the 
sample three times. The measured values of y' of the three 
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measurements are (in m2fV2
): 

1) +3. 10-24 2) -1 · 10_2
• and 3) +8. 10-24

• 

The final value y' is obtained by taking the average of the 
three measurements. We then have y' = +3. 10-24 ± 3 ·10-24 m2 fV2

• 

According to equation (11b) and the data given in Table 1, we 
find for the electrostriction coefficient Y11: 
Yn = (0. 28 ± 0.03) ·10-22 m2 fV2

• 

The silicon diodes used for the measurements were diffused 
into high-ohmie p-doped wafers, as is shown in Figure 4. 

0.5-
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0.3 ... p· doped substrate 

Figure 4. p:...silicon wa.Ler witb diodes on it. n•-doped silicon 
is present under tbe batebed areas of the waL er, which forliS 
an abrupt junction wi th tbe substrata. Tbe diameters of the 
diodes are given in .mm. In tbe right-hand Figure the cross
section of one diode is sbown. 

on one wafer saveral diodes were made with different diame
ters. We have used wafers of two different acceptor concentra
tions, namely N.. = 3. 8 · 1020 m-• and Na = 4. 2 · 1021 m-". The accep
tor concentration has been determined by measuring the dynamic 
capacitance as a funetion of the reverse-blas voltage. The I-V 
characteristics of the diodes have been measured and found to 
be in agreement with the theoretica! characteristies. We 
observed a square-root dependenee of the dynamica! junetion 
capaeitanee as a tunetion of the reverse-blas voltage, which 
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indicates an abrupt junction. 

The break-down voltaqe is found to be about 200 V for the 

diodes of the wafer with N.= 3.8 ·1020 m-" and about 50 V for the 

diodes of the wafer with N .. = 4. 2 ·1021 m-3
• The leakaqe current 

density is found to be J 0= 50 p.A/m2 for both wafers. 

The diodes are made by the EFFIC at Eindhoven University of 

Technoloqy. 

We measured the dilatation of the diodes as a function of the 

frequency, the diameter of the diode, the acceptor concentra

tien in the substrate and as a function of the reverse-blas 

voltaqe. The dilatation of the diode is measured in the 

frequency ranqe of fo (see equation (20)) of 100 Hz to 10 kHz. 

We found an almest frequency-independent dilatation, which is 

an indication of the absence of spurious displacements. 

We didn't cbserve a dependenee of the dilatation on the accep

tor concentration. This confirms the assumption that the low 

impurity concent,ration bas no influence on the electrostricti

ve strain. 

In Table II the measured values of y" are shown for eiqht dif

ferent diodes, obtained from the measur8d dilatation AL and 
equation (21). 

Table II. Measured values of y" · (defined in equation 15b) of 
eiqht silicon diodes .(in . 10-22m2 jV") • 

Diameter diode acceptor concentration~ y" measured at 
(in mm) (in m-3 ) I fo I 2f0 I 

1 10 3.8·1020 I -1.4 I 
2 12 4.2·1021 I. -1.4 -1.3 I 
3 14 3.8 ·1020 I -1.0 -0.9 I 
4 14 3.8·1020 . I -1.6 -1.6 I 
5 14 4.2·1021 I -1.3 I 
6 16 3.8·1020 I -1.4 -1.4 I 
7 18 4.2·1021 I -1.4 I 
8 23 3.8·1020 I -1.1 I 

For some samples the dilatation is measured at both the funda

mental frequency f 0 and the double frequency 2f0 by means of 
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lock-in techniques. From Table II we see a good reproducibili
ty of the measurements and a good consistency between the mea
surements performed at the fundamental frequency f 0 and the 
double frequency 2f0 • 

In Figure 5 the dilatation of a diode is shown as a f~ction 
of the bias voltage v. and the A.C. voltage Vb, measured at the 
ground harmonie frequency f 0 • The graphs in this Figure are in 
good agreement with equation (21), which gives a linear depen
denee between the dilatation AL and vb and a square-root depen
denee between the dilatation and v •• 
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Figure 5. The measuied dilatation of a diode as a function of 
the voltages v. and vb. The acceptor concentration of the diode 
is 3. 8 · 1.020 m-3

• 

The value of y11+y12 ·2v/(1-v) of silicon can be calculated from 
the measured values of y" and equation (15b). Using the data 
given in Table 1 we find 
'Y11 + Y1":~.·0.77 = (1.8 ± 0.2) ·10-22 m2 JV2

• 

With this value of the electrostriction condition (5) is 
satisfied if we take the value 10-2 for tan 6. The absolute 
value of the thermal dilatation caused by the leakage current 
density J 0 is according to equation (8) and the data given in 
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Table 1: AL = 2.6·10-17 m, where we have taken for V., the 
maximum voltage of 200 V, J 0 = 50 ,U./m2 and for 6) the minimum 
value of 2~·100 Hz (this is the lowest frequency at which we 
have measured). 
This is much less than the electrostrictive dilatation, so 
that the,thérmal expansion can be truly neglected. 

VI Comparison of experiaental data with the theory 
In this section we will make a comparison between the experi
mental data and calculated data obtained from the theory 
described in Chapter 7 and calculated data of Luymes (see ref. 
[4]). 

To obtain the theoretica! values of the electrastriction coef
ficients Yu and y12 , the theory in Chapter 7 is applied to 
crystals of the the diamond structure as follows. 
Since the materials are covalent there is no shift of anions 
relative to cations. The electrastriction is determined only 
by the electron polarization. If p is the field induced dipole 
moment of one atom, we find for the electrastriction coeffi
cient y 1 , 

(22) 

where the same nomenclature is used as in Chapter 7. 

The left-hand term of equation (22) is derived from the energy 
of one central atom rel a ti ve to all atoms outs i de the sphere 
of radius Ra· lts contribution to the electrastriction is given 
by this relation for all materials. The constants T1 are given 
by T1 = 0.4~ and T2 = T3 = T1 /3. 

The last term of equation (22) stands for the influence of the 
atoms within the sphere of radius Ro· For this term a similar 
relation can be derived as that for the alkali balides and 
alkaline earth fluorides. For the diamond structure the 
contribution of this term to the electrastriction is found to 
be 



69 

(23) 

where s~ is given by 

where O(x) equals one when x is odd and zero when x is even 
and F(x) is x modulo 4. 

Combing equations (22), (23) and (24), we find for the elec

trastriction coeffients Yu and Yrz that 

(25) 

In Table III the calculated values obtained from equation (25) 

and the calculated value y 11 of diamond computed by Luymes are 

shown together with the experimental data. 

Table 111. Measured and calculated values of the electrostricton of diamond 
and silicon {in 10.22 m2/V2

). 

Material 

Diamond 

Silicon 

Electrostriet ion 
coefficient 

Yn 
Yu 

Yn 
Yl2 

Yu+0.77·h 

Measured 

0.28 

1.8 

Calculated 
from eq. (25) 

0.22 
-0.50 

16.2 
-16.9 
3.2 

Calculated 
by Luymes 

0.95 

Luymes computed the electrastriction coefficient Yu from the 

mutual forces between the electric-field-induced dipoles. In 

so doing, he has taken only nearest neighbour interactions 
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into account and only the mutual forces between the atoms in 
the direction of the electrical field are considered. 
From Table III, we see that there is a fair agreement between 
the calculated values of our theory and the experimental data, 
both for the sign and the order of magnitude. The calculated 
value of· Yu+O. 77y12 of silicon is a factor of 1. 7 larger than 
the measured value. This is no serious objection. Since the 
calculated value of y11+0. 77y12 of silicon follows from the 
subtraction of two large contributions, the absolute differen
ce is relatively smal!. 
The difference between the electrostriction coefficient y 11 of 
diamond calculated by Luymes wi th the experimental value is 
ratlier large. This can be explained . mainly by the fact that 
Luymes didn't take into account· the contribution of the ions 
outside the sphere of radius Ro· They give a negative contribu
tton to y11 which cannot be neglected. His calculated value is 
therefore too large. 

VII Conclusions 
Since the measurements are performed by means of a double 
Micheleon interf erometer 1 . we trust the presented values to 
have the satisfactory reliability. The measured dilatations of 
the silicon diodes are reproducible and measurements were 
independent of frequency in the range of 100 Hz to 10 kHz. 
The value of the electrostriction of silicon is found to be 
Yu + 0.77·y1 2 = 1.8·10-22 rjv-'. 

The electrostrictive coefficient of diamond is observed to be 
extremely low compared to other materials 1 namely 
Y1l = 2. 8 ·10-23 m2 /V2. 
The calculated data 1 obtained from the theory are in fair 
agreement with the experimental data. 
Therefore we conclude that the experimental data confirm the 
theory. 
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7. Relation between electrastriction and elastic and 
dieleetrio properties of alkali balides and alka
kaline earth fluorides. 

Abstract. 
Relations between electrastriction and elastic and dieleetrio 
properties of the alkali balides and the alkaline earth 
fluorides have been.derived. 
A linear relation is found between the electrostrictive coef
ficients, on the one hand, and. the elastic compliance tensor 
and third derivatives of the lattice energy on the other. 
To calculate the lattice energy we have considered thè crystal 
in a polarized state. The polarizations alter·. the distances 
between the ions and induce di pol es, ,' both of which influence 
the latt;ice energy. The energy of the crystal is split into 
the Coulomb energy and the repuls i ve potent i al. The Coulomb 
energy of one molecule· is considered relatively to all the 
other molecules in the . crystal. The repuls i ve potent i al is 
assumed to extend only over nearest-neighbour ions. By split
ting up the lattice energy, .the influence of the Coulomb 
energy and the repulsive potential on the electrastriction can 
be calculated separately. 
The derived equations show a relationship of the e1ectrostric
tion coefficients to ether elastic and dieleetrio properties, 
such as . the dieleetrio constant, the refractive index, the 
elastic compliance tensor, the thermal expansion coefficient 
and the lattice constant. 
Results of our calculations show fair agreement with new 
measured values of the electrastriction coefficients. 
Our theory could lead to a better understanding of the origin 
of electrastriction and be a support in the development of new 
materials suitable for practical applications. 
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I Introduetion 
Electrastriction is an intrinsic material property which is 
related to the strain in a material caused by an electric 
field and having a quadratic dependenee on it. 
The interest in electrastriction is nowadays strongly increa
sed in particular by the development of new ceramic materials 
with very high electrostrictive coafficients, suitable for 
applications such as actuators [1]. 
The electrostrictive strain of most simple cubic crystals, 
such as thë alkali halides, however, is much slighter. Inte
rest in it is directed more towards the general theory of the 
elastic and dielectric material properties. 
Different models have been proposed. to compute the electro
strictive coefficients, by among others Grindlay and Wong in 
1969 [2], R.Srinivasan and K.Srinivasan in 1972 [3] and Goyal 
et al. in 1978 [4]. We present here a model which relates the 
electrastriction to other elastic and dielectric material 
properties. The main difference between our model and the 
models reported earlier is the direct relation which we make 
between the electrastriction coefficients and other material 
properties. From our model, a physical insight can be obtained 
into the internal forces in a polarised crystal which lead to 
electrostrictive strains. we have explicitly related the mag
nitUdê of the electrostriction coefficients to other elastic 
and dielectric· properties, such as the elastic compliance 
tensor, the dielectric constant, the thermal expansion coeffi
cient, the r.efracti ve index and the lattice constant. The 
basis of our theory can, in principle, be applied to a large 
number of crystal structures. 
In section II we· derive a general equation from which the 
electrostrictive coefficients Yu and Yu can be calculated. 
The electrostrictive coefficients of the alkali halldes are 
calculated in the sections III to V. The influence of the 
Coulomb energy on the electrostriction is calculated in 
section III, that of the repulsive potentlal on the electro
striction is calculated in section IV and the electrastriction 
coefficient y .. is calculated in section V. In section VI the 
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electrostrictive constants of the alkaline earth fluorides are 

calculated. Some numerical results of the deduced equations 
are discussed in section VII. In section VIII we compare 

expertmental results with the numerical values obtained from 
our model and models proposed earlier. 

II General theory 

consider an alkali halide or alkaline earth fluoride crystal 

in an electric field E, applied in the <100> lattice direc
tion. The strain caused by the field is called e 1 ( i = 1,2,3). 

Two polarizations are induced by the electric field, namely 
the atomie polarization (the shift of the anion and cation 

sublattices relative to each other) and the eleètron polariza
tion (the shift of the electron orbits relativa to their nu

clei) • In Figure 1 this is shown for some ions in an alkali 
halide crystal. 

rE 
$Pc ipa $ • c$ • xl 

L., • c$ • c$ • c$ 

i i i • i ·--1 AL f=::i"--~ • i • ($ 2ro(l+€1} 

i i en • $ ·-- . 
I 
I I 
I I 
IE-----* 
ro(l+E:2) 

Figure 1. Schematical arrangement o:t some ions in an alkali 
halide crystal in the presence o:t an electric field. The 
cations are indicated by open circles, the anions by coloured 
ones. The induced electron dipoles are presented by arrows at 
the ions • . 
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The energy u of one molecule* in the crystal can be written as 
a function of AL, p.., Per e1 and E, where AL is the shift of 
the sublattices relati ve to each other and Pa and Po are the 
dipole moments of the anions and cations, respect i vely ( see 
Figure 1) • The energy u can be developed in a Taylor series 
around AL == Pa == p., = e 1 = E = 0. Because of the symmetry of 
the crystal, U and e1 are even functions of E and AL, Pa and Po 

are odd functions of E. Terms like d"U/dEde.~.lo· Ee 1 do not occur 
in the Taylor series of U since the product of E and e 1 is an 
odd function of E. For the Taylor expansion we then find 

u = u. + ..! iPU 14L2 + ..! iJl u I pa + ..! aau I p2 + ..! iJl u 18 .e + 0 2 o4L2 2 o!.P2 a 2 op2 c 2 08 08 ." z j 
. o •o co .t :Jo 

For the notatien we use the Einstein convention (this means 
that one has to summon with respect to the suffix which occurs 
twice in the same term). 
Taylor series terms of higher order than E4 are not important 
for the calculation of the electrastriction and not consider
ed. The strain which the crystal exhibita under the influence 
of the electric field, is that at which the energy of the 
crystal is at a minimum, thus where au;ae1 is zero (i= 1,2,3). 

• Officially, each ion in a lattice structure each ion is part 
of the lattice and not of one particular molecule. Still we 
use the word "molecule". By that we mean those ions which form 
one molecule of the material in the noncrystalline form. 
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If we apply this to equation (1) we find 

(i,j = 1,2,3) (2) 

where S.t.:t is the inverse tensor of a2u;aec~.ae, I o• 

The electrastriction coefficients Y1 :t are given by 

iPU I éJAL I àpc I + iPu I àAL I + iPu · I àp., àpc: ,. + 
aaLapQai1 o oB o oB o aa:taäi o ---:JE o ap.apQa81 o CfE o CfE o 

éJp~ikJO ~; lo + éJp~~~1 lo 1; 10 ) (i,j = 1 • 2 • 3 ) (J) 

In order to calculate y11 we have to obtain relations for s 1 ,, 

aAL/èEio, èp..jèEio, èp"jèEio and the third derivatives of U. 

The . tensor s.~., can be determine,d from the elastic compliance 
tensor S11 (indicated with a capital S). In order to do so, we 

consider a crystal under uniaxial stress a.~. (i = 1, 2, 3) • The 

energy per molecule can then be written as a function of the 

strain e1 and the stress a 1 • The Taylor series of u is then 

(4) 

In equation (4) the term à 2Ujàe 1aa,lo equals -0·6 13 , where nis 

the volume of one molecule and &.~. 1 the Kronecker delta func

tion. The resulting strain is that strain for which èU/èe 1 is 

zero, thus 
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From equation (5) we obtain 

(6) 

The factors oAL/oEio, op./àEio and op..,/àEio in equation (3) can 
be estimated as follows. If the atomie polarizability of one 
molecule is given by a. and the electron polarizability of the 
anions and ca ti ons by a,. and ao respecti vely, we have the 
following relations: 

Pa = «a • Eloc - op .. I = 
az o 

Pc = «., · Eloc - i!Jpc I = 
i!JE o 

-
«,.(er + 2) 

3 

«c(Cr + 2) 
3 

«m(Cr + 2) 
3q 

(7a) 

(7b) 

(7c) 

where E1~ is the local field and er the dieleetrio constant. 
If we assume that the polarizabilities a. and ac are proportio
nal to the volume of the ion, the polarizabilities a., a. and 
ac are gi ven by . 

«m :: 3Q • el) • (er - 1 - n 2 - 1) (Sa) 
er + 2 n 2 + 2 

«4 = 30 • e0 • 
n2 - 1) v3 

(Sb) ( 2 + v3 n + 2 1 

2 - 1) 1 «a 30 . €() • ( n (Sc) 
n2 + 2 1 + vl 

where n is the refractive index and V the ratio between the 
radii of the cation and anion. 
In the following sections the energy derivatives in equation 
(3) are calculated from the Coulomb interactions in the crys
tal and the changes in the repulsive potentlal caused by the 
shift of the anions in relatition to the cations. 
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III COulo.b enerqy 

To calculate the Coulomb energy of one molecule we split the 
environment of the molecule into two parts. First we consider 

the Coulomb energy of one central molecule relative to all the 
ethers si tuated wi thin a sphere of radius R., of the molecule 

concerned. second, we consider the mutual energy of the 
central molecule relatively to the ions outside the sphere of 

radius Ro· This treatment is analogous to how the local field 
is calculated in crystals (see ref.[5]) • 

. The coulomb energy of the ions within the sphere of radius Ro 

.consists of three parts (see Figure 1), namely 

i) the energy of the charge of the i ons rel a ti ve to each 
other, given by the first line of equation (9). 

ii) the energy of the charge of the i ons rel a ti ve to the 

electron dipoles given by the secend line of equation (9). 

iii) the mutual energy of the electron dipoles given by the 
third and fourth lines of equation (9). 

If Uf1 is defined as the total energy per molecule relativa to 
all the ions within a sphere with radius R.,, we find 

U cl = ..!. . _1. _ 'r' ( ..JI:.. + + _::.!i: + _::.!i: + 
2 4n;E: .LJ H CC 4C C4 o x,y,z. Ix:y" Ix:yz. Ix:yz. .Ix:yz. 

cr•c ) 2 - 3 (xac ) 2 
PaP XYII XYII + p_p_-.=.:.=-----:-:-~:...._ 

c er;.~> 5 
+ 

P! (r~) 2 - 3 (x~) 2 + P! (r~) 2 - 3 (x~) 2 

(r~)s (r~)s 
(9) 

where q is the elementary charge, Eo the permittivity of free 

space, r•",.y• are the distances from the anion to the cations, 

x""',.Y• the components of r'"'xy• in the direction of the field, 
r"" xya the di stances from the cations to the anions, xca xyz the 

field direction components of r"•,.Y., r••,.Y• the distances between 

the anions, x••,.Y• the field direction components of r···Y•, r=•Y• 
the distances between the cations and x=,.v• the field direction 
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components of r-"Y". 

The indices x, y and z indicate the number of ions seperating 
the ions from the central ion in the <100>, <010> and <001> 
directions, respectively. 
Note the factor\ before 1/4~Eo in equation (9). It is introdu
ced because u~ is defined as the mutual energy of the central 
molecule and the other !ons. Only one half should be assigned 
to the central molecule, the other half to the other ions. In 
this way a uniform energy density in the crystal is obtained. 
To calculate the third derivatives of ~, the distances r"•,.,y,• 

etc. must be expreseed as a function of AL and ~ 1 • We then find 

x;; = - x:'. • (1 + ~) (2x + 'Kyz.) r 0 - AL 

r..:,~ = r~ = r 0 ·JU + c1 ) 2 (2x + 1y") 2 + (1 + 8z)2y2 + (1 + c1 )2z2 

x~ • x;;:. "' r 0 • (1 + c1 ) (2x + 1Y2') 

(lOb) 

(lOc) 

(10d) 

where Ky• equals one when y + z is even and zero when y + z is 
odd, ly. equals zero when y + z is even and one when y + z is 
od.d and ro is the radius between two nearest !ons. 
The volume of one molecule of the alkali balides is given by 
n = 2ro3

• Combining equations (3), (6), (7), (8), (9) and (10), 
for y"11 :~ defined as the contribution of the Coulomb energy of 
the ions within a sphere of radius Ro to Y:tj we then find 

Y~1 "' -3 siJ • [ qa • s} • < 8AL I l 2 + Ri • ( < èp,. I >a + < ap.,. I > 2 ) + 
16xc0r: CfE o 7fif o oB o 

2q • st . 8/iL I . ( apa I + op.,. I ) + 28; • Opa I . i}pc I 
8E o 7fif o oE o ~ 7fif o êJB o 

(11) 

where S\ and 52
1 are given by 
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2 (Ky,. + 2x) 2 - 3y2 - 3z2 st • E ( ~ty,. + 2x) 2 ....,.,....;.._.z=.. _ ___.;,,....----;;_---"-:--: 
x,y,,. [ (Ky,. + 2x) 2 + y2 + z2] 3.5 

4 (K + 2x) 2 - y 2 - z 2 

si = si • E y• -~Y!=---=--.,:-__,:-::--=-
x.y... [ hi:zy + 2x) 2 + y2 + z2]1.5 

s1- 't"' (1 +2x)2 2(1y,.+2x)2-3y2-3z2 
l L Y! [ ( • 2 ) a 2 2J 1 .s r,y.• Ayz + X + y + Z 

= 3.54 (12a) 

.. -1.77 (12b) 

st =-3.97 (12a) 

1. 98 (12d) 

The summation factors 8\ and S2
1 have been determined numer.i

cally for all x, y and z-values within the sphere X2 + y2 + 
(Kxy + 2Z) 2 = R.,2 

, with Ro sufficièntly large. The summation 

factors are quickly convergent for Ro ~ ~. It is found numeri
cally that S1 :a = 8 1

3 = -\81
1 and 8 2

2 = 8 2
3 = -\82

1 • These equall

ties can be proved algebraically. 

To calculate the influence of the ions outside the sphere of 

radius R.,, we assume that (if Ro is taken sufficiently ~ilrge) 

the area outside the sphere can be considered as a continuous 
medium with an electrio polarization P. Now, imagine that all 

ions inside the sphere, except the central molecule, are taken 
out of the crystal. on- the surface of the cavity a charge 

density then arises (see Figure 2 and Ref [5]). 

!!1 

+ L. -p + 

Figure 2. Central molecule in the field of a charge density at 
the surface of the cavity caused by the polarization. 
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The energy ~~ defined as the energy of the dipole moment of 
the central molecule rel a ti ve to the charge densi ty at the 
surface of the cavity, is given by 

(13) 

where ~ is the dipale moment of the central molecule, dQ is 
the charge on an area dA of the cavi ty, r. is the di stance 
between the central molecule and the surface of the cavity. 
Here, too, the factor ; is introduced because only half of the 
energy is assigned to the central molecule. 
When the crystal exhibi ts a strain, both the shape of the 
cavity and the magnitude of the polarization change. In egua
tion (.13) ~, dQ and r. are given below as function of the 
strain: 

D. = ( Pa + Pc + q AL ) .!J.. (14a) 

d() = (f ·n) dA = (Pa +Pc + qA.L) (e ll) dA 
Q (1 + e1 ) (1 + ePP .:::J. 

(14b) 

r, = Ro(1 + t 1 )cos8 .!J.. + R0 (1 + eP)sin8 ~ (14c) 

where ih is the unit vector along the polarization direction, 
a. is the unit vector perpendicular to the polarization 
direction, e, is the strain in the plane perpendicular to the 
polarization direction and n is the unit vector perpendicular 
to the surface of the cavity. The unit vector n and the area 
dA can be written as 

(1 + eP) cosO .!J_ + (1 + e1 ) sinO ~ 
ll = (15a) 

J (1 + ep) 2cos2 e + (1 + el) 2sin2 8 

dA = 2TC~ (1 + eP) J (1 + e1 )Îsin2 8 + (1 + ep) 2cos2 8 sin8 d6 (15b) 

Combining equations (7), (8), (13), (14) and (15) we find 

r, 
From equations (3) and (16) we find for y"\,, defined as the 
contribution of the Coulomb energy of the ions outside the 
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sphere to Y1:1, that 

3e (e - 1) 2 
o r S . T 

- !j 1 411: 
(17a) 

" 
witb Tl 1t a I cos2 8 sin 8 d8 = 211: (l7b) 

-3~0 [(1 + e1 ) 2cos2 8 : sin2 8 1 1.s 5 

" 
and T2 T3 1t a I cos2 e sin8 d8 ~ 211: (17c) -6 oeP 0 [cos2 8 + (l + e ) 2sin2 8]1. 5 15 

p 

The total contributton of the Coulomb energy to y11 is the sum 

of equations (11) and (17). We find 

(18) 

rv Repulsive potential 

The total lattice energy of a crystal consiste of the coulomb 

energy and the repuls i ve potential. In Figure 3 the lattice 
energy is graphically shown as a function of the distance 

between two nearest ions. 

r -

Figure 3. Tbe lattice energy as a function of the distance 
between the ions. 
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The repuls i ve potent i al causes a short-range repuls i ve force 

between the ions. In equilibriUlll, this force equals the at
tracti ve Coulomb force between the i ons. It is assUllled that 

the repulsive potentlal extends only between two nearest 
neighbour ions and that it is a function only of the distance 

between the electron shells of two nearest ions. In Figure 4 a 
cation is shown and its six neighbouring anions. 

' ' I \ 

Figure 4. A cation between its six nearest neighbours in an 
electric :field whlch induces the shl:tt .dX and the strain e10 

The ion position in the :field are indicated by closed circles, 
the original positions (no :field applied) are indicated by 

dotted circles. 

The shift AX of the electron shells is not necessarily equal 

to AL introduced in the previous sections. The shift AL must 

be seen as th~ shift between the corès of the anions and 
cations. The ~lectron polarization 1 however 1 a lso causes a 

change in the orbits of the electrens and therefore AX can be 
different from AL [ 6]. Taking into account the shift AX and 

the strain e 1 , we find for the distances r. between the six 

anions and the cation that 
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rl = Io (1 + el) - liX (19a) 

r2 = Io (1 + el) + liX (19b) 

r3 = r, = Jr~ (1+ e2) 2 + AX2 (19c) 

Is = r6 = Jr~ (1 +e3)2+AX2 (19d) 

If ur is defined as the repulsive potential of one molecule, 
for ur we can write 

(20) 

Combining equations {3) and (20), it is found for yr11 , defined 
as the influence of the repulsive potential on y11 , that 

r _ -sij • iflur I 
Ylj - 20 àE2àe. 

~ 0 

-S1j ( éJAxl )2
• ~ ( I OI111 1 ( àr111 I )2 

I àr111 I éJ2rlll I 
24r~ oE 0 f::f. u3 & 1 0 

àllx 0 + 
2u2 àllx 0 àllXàe1 0 

+ 

u{ ~; lo ~~; lo + U/ a::~äei 1
0 

) 
(21) 

where urn is defined as the n-th derivative of ur to r around 

r = ro, thus ur1 = aur;arlr-ro etc. 
Combining equations (19) and (21) we find for yr11 , defined as 

the contribution of the repulsive potential to y11 , that 

(22) 

Though the exact origin and form of the repulsive potential 
are not known, its derivatives ur11 ur2 and ur3 can be determined 
from the lattice constant, the elastic compressibility and the 
thermal expansion coefficient, respectively. If U1 is the total 
lattice energy of one molecule having a uniform strain e 1 , we 
obtain 
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(23) 

where uc is the Coulomb energy and A is the Madelung constant, 
which is 1. 75 for the alkali halides. With the help of the 
theory of elasticity and thermal expansion as outlined in 
reference [7] we obtain 

(24a) 

(24b) 

éf3ul I -l.2r~at 
é)rl r•ro ,. k(S1l + 2812) 2 

(24C) 

where at is the thermal expansion coefficient and k. the 
Boltzmann factor. 
The factor aAx;aEio in equation (22) can be estimated from the 
lattice energy as fellows. Consider a crystal in an electrio 
field E exhibiting a polarization P and shift AX. For the 
lattice energy of one molecule then holds in first approxi
mation, that 

1 ()2ur I ,. 2 AJx = ..!. ()2ur I "'X2 U=2--2 u.X- qElocdX ... 
àlJ.X 0 0 2 àtJ.X2 

0 

"' 

er + 2 E lJ.X q-3-

In equilibrium, the first derivative of u to AL is zero, thus 

Sr+ 2 E 0 q--- = . . 3 . - lJ.X= 
q <er + 2) E 

f1lur I 3--
otJ.x2 o 

(26) 

The denominator of equation ( 26) · can be worked out further 
with equation (19) and (24) to 

Combining equations (22), (24), (26) and (27) we find for y"11 

that 
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(28) 

V calculation of y,.. 

To calculate the electrostriction coefficient y._, consider a 
crystal where an electric field is applied in the <111> 
lattice direction. We now define a new orthonormal coordinate 
system A as 

al= ~.fj" ·<.el+ .e2 + .e3) 

.a 2 = ~ y'2 • (.e 1 - .e 2) 

.a 3 = ! .f6 · <.e 1 + .e 2 - 2.e 3> 

(29a) 

(29b) 

(29c) 

where ~ 1 a.. and ib correspond to the <100>, <010> and <001> 
lattice direction, respectively. 
It can be shown that the elastic and electrostricti ve tensor 
coefficients of the crystal in the coordinate system A are 
given by [8]: 

S1~ = ; (S11 + 2S12 + S44 } 

SJ.~ = i (Sll + 2Sl2 - ~ Su) 

S1~ = ; (S11 + 2S12 - ~ S44 ) 

(30a) 

(30b) 

(30c) 

The suprascript a above the tensor coefficients is used to 
indicate them as being considered in the coordinate system A· 
Without suprascript the normal coordinate system is being 
regarded (along the <100> lattice directions). 
From equation (30a) we find for y44l that 
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(:ll) 

where Y11 and y12 have been calculated in the previous sections. 

The electrastriction coefficient y'"11 can be calculated in the 

sam.e way as Yu· Equations (3), (5), (7) 1 (8), (9), (20), (21), 

(23), (24) and (27) are independent of the ohosen coordinate 

system. In equation (6) s 11 is now given by 

(32) 

The most important difference between the new coordinate sys

tem and the previous system is the change in the inter-ion 

di stances. ~ereas in the previous system the di stances be

tween the i ons were gi ven by equation ( 10) , for the distences 

within a sphere of radius Ro we now have 

(33a) 

(33b) 

r.:;::, = [ 2
3
a./3(1 + t:1 )r0 - AL]

2 
+ "Îb2 (1 + e1 ) 2r~ + f<t + t:3 ) 2 (6c + vab) 2r: 

(33c) 

(33d) 

where a 1 b and c are indices which indicate how many ions the 
central molecule is remoted from the ions within the sphere of 

radius R0 and ~ë and vé are defined as (3b - 4a - 2) modulo 6 

and (3b - 4a) modulo 6 1 respectively. 

Combining equations (3) 1 (7) 1 (8), (9) and (33), we find for 

y""'\u defined as the Coulomb contribution of the ions to y"11 

within the sphere of radius R0 , that 

(34) 

where S\ and S\ are given by 
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st = 'Ç' 
a~c 

(2a + 1)2 
3 

( 
(2a + l)a + ba + (6c + l'at>)a ) 3.s 

3 2 6 

4 (2a + 1)2 - b2 - (6c + l'at.>a 
3 2 6 

st= -si+ E 
a,b#a 

' s' 3 ·~ ba S2 • 3 = -Sa + 2 
... • c (4: 2 b 2 

+- + 
2 

) 3.5 

= -2.36 

l.i8 

2.64 

= -1.32 

(35) 

The contribution of the ions to Yu" outside the sphere of 

radius Ro is given by (17), with the difference that s11 must 

be substituted by s".~.,. The total coulomb contribution to y•11 , 

defined as y""u., is the sum of (34) and (17a) (with s1j sub

sti tuted by s•11 ) • We then f ind that 

(36) 

Combining equations (18), (30), (31) and (36) we find for yc_., 

defined as the coulomb contribution to y •• , that 

st ] (37) 

To calculate the contribut ion of the repuls i ve potentlal we 

consider the distances of the six nearest neighbours of a 

cation in the coordinate system A· They are given by 
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r 1 • ~ [t.J3(1 + e1)r0 - l:t.X ]
2 

+ t (1 + e3 ) 2rl (38a) 

I c 1 p;< > .. 1a 2 2 2 r 2 = ~ 3 "." 1 + e1 r 0 + u.X + 3 (1 + e3 ) r 0 (38b) 

(38c) 

[ 
3
1 .;3 (1 + e1 ) r0 + l:t.X ] 

2 
+ ..! (1 + e2 ) 2rl + ..! (1 + e3 ) 2rl 2 6 

(38d) 

Combining equations (21) and (38) we find for y-11 , defined as 
the repulsive potential contribution to y•11 , that 

Combining equations (22), (24), (26), (27), (30), (31), (32) 
and (39) we find for y"',., defined as the repulsive potential 
contribution to y ••, that 

(40) 

VI Calculation of the electrostriction coefficients of the 
alkaline earth fluorides 
The electrostriction coefficients of the alkaline earth fluo
ridescan be calculated in the.same way as those of the alkali 
halides. First the electrostriction coefficients y11 and Y12 

will be calculated. 
Consider an alkali earth fluoride crystal in an electric 
field. One molecule consists of two fluoride ions, each having 
a charge -q and one cation having a charge of +2q. The Coulomb 
energy of one molecule relativa to the ions within a radius Ra 
of the molecule under consideration can be written as 
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X cc aa { ca)2 ( ca)a 

( 
xyz Xxyz ) I xyz - 3 Xxyz 

q P -Pa + P P + 
c <x;~> 3 (r~) 3 c a (r;':r> s 

.!p~ Ixyz - Xxyz + P!--'-c='----=--'....,;;;:..;;_ ( cc) 2 3 ( cc) 2 (r::z) 2 _ 3 (x.!_az) 2) 
2 (r~) s <r..:Z> s 

(41) 

In equation (41) we have taken into account: 

The factor ~ because only half of the enerqy is assigned to 
the central molecule, the fact that one molecule consists of 

two anions and one' cation and that the distances from the 
a,nions to the cations equal the distances of the cations to 

the anions, but that the number of distances from the cations 
to the anions is double that of the anions to the cations. 

The distances r••xy• etc. are given by 

(42a) 

xJ;z =x,.;'."' 1 x (1 + e1) (42b) 

r,.;'". = ~ • Jx2(1 + e 1 P + y 2 (1 + e2 ) 2 + zi(l + e 3 )2 (42C) 

where a is the lattice constant. 

Combining equations ( 3) 1 ( 6) 1 ( 41) and ( 42) we find for y"\11 

defined as the contribution of U"" to y,:) 
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-3Co S1.t • [· (c - l) 2 Ss + ( «r + 2 ) 2 ( n2 - l) 2 ( s1v6 + s1) (43) 
4"R r. i. v 3 + 2 n 2 + 2 

where S'\ , S6
1 and S"' 1 are gi ven by 

l 2 l 2 l 2 
2 2 (x + - ) - 3 (y + - ) - 3 ( z + -) 

_! ~ (X + _!) 2 2 2 
2 L-1 2 ( l 2 1 2 l 2 ) 3.5 

x,y,., (x~ 2) + (y + 2) + (z + 2) 

S· 5 l 5 s2 "'s3 = .,..2 sl 

2x2 
- 3y2 

- 3 (2z + A"'..) 2 

S: • ei - si = E x 2 ---:---:------?'""-'-:--= 
x,y,z [ x 2 + y 2 + (2z + lzy) 2 ] 

3
•
5 

s: "' s: = _ _! s: = 
2 

= -2.52 (44a) 

1.26 (44b) 

. 2.10 (44c) 

"' -1.05 (44d) 

= 16.3 (44e) 

= -8.15 (44f) 

The influence of the ions outside the sphere of radius Ro from 

the central molecule is gi ven by equation ( 17) • The total 

coulomb contribution to y11 is the sum of equation (17) and 

(43) and is 

To calculate the influence of the repulsive potential to y11 we 

consider the repulsive potential of the eight nearest 

fluorides relative to the cation. Taking into account the 

shift of the electron shells AX and the strain e 1 , we find for 

the eight nearest distances between two ions ( see Figure 5) 

that 
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I 5 =I5 =I7 =r8 = [..!.(l + e 1 ) + 4X]
2 

+ ~(l+ e ) 2 + ~{l + e 3 ) 2 (46b) 
4 H 2 H 

Figure s. Tbe position of an cation relativa to its eigbt 
neigbbouring anions in a polarised crystal. 

Combining equations ( 3) and ( 46) we find for the repulsive 
potential contribution to Y11 , tha~ 

r - -sáj . iP u r I - -s ij ( o4.X I) 2 • ~ iP u r 
Yt:J- 2 oE2éJe

1 0
- 160 aE o !:t a4.x2&

1
l
0 

- ..!..iJ_ ( a4.x I ) 2 ( u. r I + 6 ( u. r - Utr ) a ) 
180 oE o 3 o 2 Zo 1,1 

(47) 

where ro is the radius between two nearest cations and anions 
and equals V 3a. 
For the alkaline earth fluorides the relations between the 
energy derivatives ur1 and the lattice constant, elastic 
compressibility and thermal expansion are given by 



uf= -Aq2 
2 4•eoro 

Uao = . . l6r0 _ 2U1° 
.fJ (811 + 2812 ) I 0 
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(48a) 

(48b) 

(48c) 

where the Madelung constant A is 5.04 for the alkaline earth 
fluorides. To obtain equation (48) the same calculation method 
is used as is outlined in ref [7]. 
Equation (26) can be used to calculate the factor c14L/c1Eior 
wi th the difference that we have to use 2q for the charge 
instead of q. Then, tagether with equations (46) and (48) we 
have 

aA.xl 
oE o 

= .fJ q <er + 2) (811 + 2 812 ) 

8r0 

(49) 

Combining equations (47), (48) and (49) we find for the con
tributon of the repulsive potenttal to y11 , that 

The electrastriction coefficient Yu will be calculated from 
y•11 , where y•u is defined as the electrastriction coefficient 
with both the strain and field regarded in the <111>-lattice 
direction. 
The coulomb contributton of the alkaline earth fluorides to y •• 

is given by a relation similar to equation (37) which was de
duced for the alkali halides. For the alkaline earth fluorides 
we have 



S 1 = - -(a + -l a 1 ~ 1 1 a 
2 •• ,c: 3 2 

where a. is a modulo 3. 
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+ 2 la ( n2 -1la ( s~V' + si:o}] (51) 
+2 n 2 +2 

(52a) 

. (52b) 

(52ç) 

To calculate the contribution of the repuls i ve potential to 

y•11 we consider the distances of the eiqht neighbours of a 

cation in the coordinate system A· They are given by 

r 1 = r 0 (1 + e1 ) - Ax (53a) 

r 2 = r 0 (1 + e1 ) + AX (53b) 

( Io (1 
2 

+ l..rl(1 + e 2) 2 + l.riU r3,, + el) - AX] 
3 . 3 9 

[ Io (1 
2 

+ l.r~ (1 l.r; (1 rs,6 = + el) + AX] + tala + 
3 3 9 

r., = ~ l!fU + e1 )- AX]
2 

+ trl(l + e3 )
2 

r 8 = ~ [ ~0 (1 + t 1 ) + AX]
2 

+ :rt(l + e3 )
2 

+ el)2 (53C) 

+ e,)2 (53d) 

(53e) 

(53.f) 

Combining equations (21) and (53) we find for the repulsive 

potential contribution yar11 , that 

(54) 

The relation between y •• and y""11 is given by equation (31). 

Combining equations (31), (47), (48), (49) and (54) we have 
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VII lluaerical resu1ts 
In the previous sections we deduced relations where the elec
trastriction coefficients are gi ven as functions of elastic 
and dielectric material properties. In Table I a list of 
material properties of eight alkali balides and three alkaline 
earth fluorides is given. We have restricted ourselves to 
these eleven crystals since reliable measurements of electro
strictive coefficients are available only for these crystals. 

Table I. Ltst of elastic and dielectric material properties of eight alkali 
halides and three alkaline earth fluorides. The elastic compliance coeffi
cients are given in· 10"12 •;N, r0 in A and Bt in lo-s K''· · The elastic 
compliance, 8,, r 0 and n are óbtained from [9], Bt is obtained ·from [10]. 
The ratio of the radii of the anions and cations is calculated from the 
well-known ion radii (rL1.= 0.6sA, r~~a.• 0.9sA, r~+• 1.33A, rllb+• 1.48A, rc.2+"' 
0.94A, rSrz•= 1.1A, r11a2.• 1.34A, rf.= 1.33A, re~-= 1.81A, rar-= 1.96A and r 1_ = 
2.19A). 

Sn Su s .. 8, ro at n V 

lif 11.6 -3.35 15.5 9.0 2.05 3.39 1.38 0.51 
Naf 11.5 -2.3 . 34.9 6.0 2.3 3.3 1.32 0.74 
NaCl 22.9 -4.8 76.8 5.9 2.81 4.0 1.53 0.54 
KCl 25.9 -3.8 55.8 4.68 3.14 3.65 1.40 0.73 
KBr 30.3 -4.2 191 4.90 3.29 3.83 1.54 0.68 
RbCl 29.3 -4.3 213 4.95 3.29 3.62 1.5 0.82 
RbBr 33.1 -4.4 256 4.87 3.29 3.75 1.5 0.76 
Rb I 40.5 -5.1 349 5.58 3.67 3.91 1.5 0.68 
Caf2 6.95 -1.53 29.5 6.81 2.37 1.9 1.46 0.71 
Srf2 9.68 -2.5' 31.4 6.48 2.51 1.84 1.5 0.83 
BaF 2 15.1 -4.7 38.8 7.37 2.68 1.9 1.5 1.01 

Equations (18) and (37) are found for the coulomb contribution 
to Y11 and y .. , respectively, for the alkali halides. For the 
central overlap contribution we found equations (28) and (40). 
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The resul ts obtained from these equations are gi ven in Table 
II. 

Table 11. Calculated electrastriction coefficients of the alkali halides 
described by equations (18), (37), (28) and (40). The calculated values are 
given in Io-n m:/V1

• 

v"u !'u Yn y•lt Yr12 Yu I y<44 Tr44 y.,. 

LiF -8.0 14.6 6.5 3.3 -5.4 -2.0 I 5.0 -5.7 -0.7 
NaF -3.0 6.3 3.3 1.1 -1.9 -0.8 I 4.5 -5.6 -1.1 
NaCl -5.1 11.8 6.7 1.8 -3.5 -1.7 I 7.6 -10.3 -2.7 
KCl -3.4 7.7 4.3 1.2 -1.9 -0.8 I 3.6 -4.6 -1.0 
KBr -4.1 9.5 5.4 1.3 -2.4 -1.0 I 11.8 -16.2 -4.4 
RbCl -4.2 8.6 4.4 1.4 -2.2 -0.8 I 14.9 -16.7 -1.7 
RbBr -4.5 10.1 5.6 1.5 -2.6 -1.1 I 16.8 -24.0 -7.2 
Rb I -7.8 13.8 6.0 2.5 -3.2 -0.7 I 32.5 -31.1 +1.4 

The contributions of the coulomb energy and repulsive 
potent i al are opposite in sign, as can be se en from table II. 

The total electrostriction, which is the sum of both contri-
butions, is in general a factor of two or three smaller than 
the absolute value of the separate contributions. The contri
bution of the repuls i ve potentlal is somewhat larger for Yu 

and Yu than the coulomb contribution and therefore determines 
the sign of the electro-strîctive strain in the <100> lattice 
direction. 
For y u the Coulomb contribution is, fór most crystals, some
what larger, which leads to a negative value of y ••• The calcu
lated electrastriction coefficients Y11 are positive for all 
crystals, whereas the coefficients y12 are negative for all 
crystals. This indicates that the electrostrictive strain 
regarded in the <100> directions is positive in the field 
direction and negative in the direction perpendicular to it 
for alkali halides. 
The negative sign of y .. , opposite compared to that of Yu, for 
all crystals but Rbi, indicates a relatively strong anisotro
pic electrostrictive behaviour. This anisotropic behaviour is 
present both in the Coulomb contribution and in the repulsive 
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potentlal contribution. 

The results of the calculations for the alkaline earth 
fluorides, obtained · from equations ( 45) , ( 50) , ( 51) and ( 55) 

are shown in Table III. 

Table 111.' Calculated electrastriction coefficients of the a lka 1 ine earth 
fluorides described by equations {45), (50), (51) and (55). The calculated 
va lues are given in 10"21 m2/V2

• 

Y\1 v"u Yn I y"l2 1"12 Yl2 y\4 1"44 Y« 

CaFz 0.68 -0.29 0.391 -0.63 1.14 0.51 -6.0 13.3 7.4 
Srfz 0.90 -0.52 0.371 -0.76 1.26 0.50 -5.6 12.0 6.4 
Baf2 2.35 -1.19 1.151 -1.68 2.04 0.36 -9.9 17.4 7.5 

For the alkaline earth fluorides the same conclusions can be 
drawn as for the alkali halides as regards the anisotropy of 

the electrastriction and the sign and magnitude of the two 
separate contributions. The signs and magnitudes of the elec

trostrictive coefficients Y12 and Yu of the alkali halides 
differ from those of the alkaline earth fluorides. From our 

theory, the different sign can be explained by the difference 

in crystal structure. For the alkali halides, an electrical 
field applied in the <100> · lattice · direction is directed 

parallel to the connecting line between two neighbouring ions. 

For the alkaline earth fluorides this is the case when the 
field is directed àlong the <111> direction. we should. there

fore campare the <1~1>-electrostriction coefficients of the 
alkaline earth fluorides with the <100>-electrostrictive 

coefficients of the alkali halides. For CaF2 e.g. we then find 
in the coordinate system A (see equation (30)) y•11 = +2.1·10-:u 

m2 fV2 and y• 12 = -o. 66 •1 o-:u m2 /V'l. These signs are the same as 

for Yu and Y12 of the alkali halides. 

The smaller magnitudes of the electrastriction coefficients of 
the alkaline earth fluorides can be explained by the somewhat 

lower values of the elastic constants and thermal expansion 
coefficients of these crystals. 
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VIII Coaparison with experiaental values 
In literature, saveral papers can be found wich give expert
mental data of the electrastriction coefficients ( including 
[11], [12] and Chapters 4 and 5 of the present thesis). 
However, the agreement between the experimental data reported 
is very poor, both in sign and in magnitude (see Chapters 4 
and 5). To make a comparison between the calculated values.and 
experimental data we use experimental data obtained from 
Chapters 4 and 5. Herè the experimental data are obtianed from 
measurements performed with a double Micheleon interferometer, 
which is designed especially for measuring small electrostric
tive expansions. 
In Table IV the measured values of the electrostrictive coèf
ficients are shown tagether wi th calculated values obtained 
from our model and models reported by R. Srinivasan et al. [3] 
and Goyal et al.(4]. 

Table IV. Measured and ca lculated va lues of the e leetrostriet ion 
coefficients. The experimental values are given in the left~hand columns of 
each electrastriction coefficient, the calculated values of the different 
mode ls in the right hand columns. The va lues are given in 10-21 m2/V2

• 

Material I Yu 
I exp. calc. 

liF I 6.0 6.5 
I 2.8 
I 6.7 

NaF 2.8 3.3 
3.2 

NaCl 5.0 6.7 
6.1 
5.9 

KCl 4.0 4.3 
4.5 
6.45 

Y1z 
exp. calc. 

~1.7 -2.0 
-0.97 
-2.4 

-0.56 ~o. n 
~0.88 

~1.0 -1.7 
-1.6 
-1.5 

-0.68 -0.79 
-1.0 
-1.2 

y .. 
exp ca lc. 

-0.83 -0.67 • 
+0.33 .. 
-1.9 

~2.1 -1.1 
-1.3 

-1.3 -2.7 • 
-0.41 .. 
+0.91 ... 

-6.3 -1.0 • 
-0.79 • 
-1.3 ... 



Materiall Yu 

KBr 

RbCl 

RbBr 

Rb I 

I exp. calc. 

4.9 

§.6 

5.1 

6.1 

5.4 
5.9 

4.4 

5.6 

6.0 

0.18 0.39 
0.46 

0.26 0.37 
0.61 

0.39 1.15 
0.77 

100 

Ya 
exp. calc. 

-0.69 -1.0 
-1.28 

-0.89 -0.75 

-0.89 -1.1 

-0.81 -0.68 

0.36 

0.14 

0.33 

0.51 
0.37 

0.50 
0.35 

0.36 
0.40 

y .. 
exp calc. 

-5.3 

-4.1 

-7.3 

-9.0 

3.5 

4.0 

3.4 

-4.4 
-3.4 

-1.7 

-7.2 • 

+1.4 

7.4 
9.2 

6.4 • 
8.2 .. 

7.5 
10.0 

• numerical results obtained from present work 
.. numerical results obtained from Srinivasan et a1.([3]) 
- numerical results obtained from Goyal et al. ([4]) 

R. Srinivasan et aL computed the strain dependenee of the 
static diélectric constant on negative-ion-polarisable shell 
models. The electrostriction coefficients can be calculated 
from the strain dependency of the dielectric constant as (see 
[ 5]) 

(56) 

where X1 :1 is the èlectrical susceptibility (in equation (56) 
the unshortened tensor notation is used). 
Goyal et al. computed the strain dependency of the dielectric 

constant based on the Lundqvist potential of ionic cohesion. 
From Table IV we see that the difference in the results of the 
different models is not very great. All models show reasonable 
agreement with the measured values. In Figure 6 we have shown 
in one graph the experimental data of y,1 of the alkali halides 
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and the calculated values from the different models. 
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Figure 6. Experimental and calculated values of the electra

striction coefficients y11 of the alkali balides. Points are 
shown for which horizontal and vertical coordinates are given 

by the experimental values of y11 and the calculated val u es, 

respectively. The points obtained from results of our theory 

are indecated by (o), the points obtained from results of the 

theory of Srinivasan et al. by (x) and points obtained from 

resul ts the · theory of Goyal et al • by ( .ll) • In the. i deal case 

(when the calculated values equal the experimental data) the 

points lie on the straight dotted line through the origin. 

From this Figure we see that the differences between the expe
rimental and calculated values are in general the smallest for 
the calculated values obtained from our theory. 
We believe that the va lidi ty of the assumptions made in this 
model is confirmed by the satisfying comparison of the numeri
cal results with experimental data. 
The basis of this theory can be applied to a great number of 
crystal structures. Therefore we hope that it can contribute 
to further developments in practical applications of electre
striction and the theoretica! work on it. 
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SAIIBIIVA'rl'IIIG 

Dit proefschrift behandelt de elektrestrictie van enkele 
eenvoudige kubische kristallen. 
Om betrouwbare metingen te kunnen uitvoeren is een nieuwe 

meetopstelling ontwikkeld. Deze. bestaat uit twee Michelsen 
interfarometers waarvan de ene de. verplaatsing meet van de 
bovenkant van het sample en de andere de onderkant van het 
sample. 

Via metingen is aangetoond dat coulomb krachten 1 veroorzaakt 
door de lading op de elektrodes van het sample, een verplaat

sing veroorzaken van de sample houder. Met de nieuwe meetop
stelling is het mogelijk de invloed van die verplaatsingen te 

reduc~ren tot een acceptabel niveau. 
Met de nieuwe meetopstelling 1 zijn de elektrostrictie coêffi

ciênten gemeten aan kristallen behorend tot drie verschillende 
kristal structuren. 

Ten eerste is gemeten aan acht alkali hal i de kristallen. De 
resultaten van onze metingen verschillen van eerder in de 

literatuur vermelde meetresultaten. Onze meetresultaten geven 
een positief teken van de elektrostrictie coêfficiênt Yu en 
negatieve tekens van y12 en y..,. De resultaten komen redelijk 
overeen met theoretisch berekende waarden die in de literatuur 

te vinden zijn. We hebben een relatief sterk anisotropisch 
gedrag van de elektrestrictie gemeten 1 wat ook volgt uit de 

theorieên. 
Ten tweede hebben we de elektrestrictie gemeten van drie aard 

alkali fluorides. We hebben positieve waarden gemeten voor 

alle drie de elektrestrictie coêfficiënten y11 , Y12 en y ••• Ook 
hierbij is een sterk anisotropisch gedrag gemeten. De 
elektrostrictie coêfficiënten van de aard alkali fluorides 

zijn ongeveer een factor drie kleiner dan die van de alkali 
halides. 

Ten derde hebben we de elektrestrictie onderzocht van twee 
elementen met de diamant structuur, namelijk silicium en 

diamant. 
De betrouwbaarheid van de metingen hebben we gestaafd aan de 
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volgende drie punten: 
i) de frequentie onafhankelijkheid van de gemeten uitzetting 
van de samples in het frequentiebereik van 40 Hz tot 10 kHz 
ii) de reproduceerbaarbeid van de metingen 
iii) de overeenkomst tussen de gemeten anisotropy en de tensor 
wiskunde ervan. 
Aan de drie voorwaarden is voldaan bij alle metingen, wat op 
een goede betrouwbaarheid wijst. 

Er is een theorie ontwikkeld om de grootte van de drie elek
trestrictie coëfficiënten te berekenen. In deze theorie wordt 
de elektrestrictie berekend uit de inwendige energie van een 
gepolariseerd kristal. Door verplaatsing van ladingen in het 
kristal verandert de Coulomb energie en de afstotende kernpo
tentiaal. De elektrestrictie coëfficiënten worden berekend met 
behulp van de elasticiteit en de derde afgeleide van de 
inwendige energie. De theorie legt een verband tussen elek
trestrictie met andere elektrische en elastische materiaal 
eigenschappen. Aan de hand van de theorie zijn de elektro-
strictie coëfficiënten van de alkali halides, 
fluorides en de kristallen met diamant structuur 
resultaten van de berekeningen zijn redelijk in 
ming met de door ons gemeten waarden. 

aard alkali 
berekend. De 
overeenstem-



STELLINGEN. 

1. Het metenvan electrostrictieve uitzettingen van materi~len 

met kleine electrostrictie coêfficiënten kan alleen betrouw

baar gebeuren als uitz~ttingen van de sample-houder in reke

ning gebracht worden. Dit geldt voor metingen uitgevoerd zowel 

met de interfarometer als met de capacitieve dilatometer. 

- Zie hoofdstuk 3 van dit proefschrift. 

2. o~ basis . van de tegenstr.i, jdigheid in gepubliceerde 

meetrasul taten die met de indirecte methode verkregen zijn, 

mag geconcludeerd worden dat;. de;!:e methode niet geschikt is 

voor het bepalen van electrostrictie coêfficiênten. 

3. Voor de overheid wegen econ~mische belangen van vervuilers 

(owa~ . industrie,. landbouw, aut;.omobilisten) zwaar~er dan een 

gezond milieu,waardoor goede milieu-wetgevingen een ,effectie

ve controle daarop niet of nauwelijks tot stand komt. Zolang 

dit niet verandert zal de milieu-problematiek alleen maar 

toenemen. 

4. Men kan verwachten dat electrostrictieve rek in een iono

geen kristal het grootst zal zijn in de richting van de ver

bindingslijn tussen twee dichtebijzijnde anionen en kationen. 

- Zie hoofdstuk 7 van dit proefschrift. 

5. De toename in rekensnelheid en geheugencapaciteit bij com

puters zou beter aangewend kunnen worden voor snellere en 

gebruikersvriendelijkere software dan voor grotere en com

plexere software. 



6. Het economisch systeem van het westen, waarvan de basis 

voor succes in een continue groei ligt, is een instabiel sy

steem en zal daarom nooit echt lang succesvol kunnen bestaan. 

1. De huidige miserabele toestand in de derde wereld wordt in 

stand gehouden door de economische en politieke situatie in de 

wereld, die zo gecreêerd is door het rijke westen. De schul

denlast van veel derde wereldlanden is daar een voorbeeld van. 

8. Het zijn de drugsdealers en de drugsmafia die het meeste 

baat hebben bij de harde aanpak van handel in verdovende mid

delen. Voor de maatschappij en de verslaafden kent deze aanpak 

alleen maar nadelen. Vrijgeving van harddrugs is daarom een 

veel rechtvaardigere en betere oplossing. 

9. OOk "low-tech" kan tot goed wetenschappelijk werk leiden. 

Een voorbeeld is de trillingstafel waarop de metingen zijn 

uitgevoerd die in dit proefschrift vermeld zijn. Deze is 

opgebouwd uit stepbanden, koekjestrommels en een steen besteld 

bij een begrafenisonderneming. 

s. van Sterkenburg 

Eindhoven, 8 oktober 1991 




