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Abstract. From thermodynamic considerations, we derivecontributions may formally be expressed in terms of quadratic
a consistent set of equations coupling the steady-state phelectro-optic effect [4].
toinduced photorefractive space-charge field to mechanical Electromechanical effects may also modulate the refrac-
deformations, dc permittivity, and refractive index changestive index, through the elasto-optic effect. This was at the
For the first time to our knowledge, these equations includerigin of the “clamped”, “unclamped” dilemma for the values
piezoelectricity, electrostriction, the elasto-optic effect, theof the electro-optic coefficients in photorefractive inorganic
linear and quadratic electro-optic effects, as well as the influerystals. This has been clarified in crystals of infinite exten-
ence of the volume forces and electric torques. We determingon [5—7]: the sinusoidally modulated photorefractive space-
the conditions on the material parameters, for which volumeharge field stresses and strains the material by piezoelectric-
forces and torques are of some importance on the opticéty whereas the resulting elasto-optic effect modifies the in-
properties. duced variation of refractive index. These electromechanical
These equations resulting from a macroscopic approacdtffects could also be at the origin of surface reliefs observed
are valid whatever the physical microscopic origins of the varin some materials.
ious effects. Non centrosymmetrical and centrosymmetrical In this paper, we intend to provide a consistent macro-
materials are considered. The order of approximation is thecopic description of the interactions between the space-
lowest possible able to describe the mentioned effects in bottharge field induced in photorefractive materials and the me-

types of materials. chanical properties of these materials. Our purpose here is
to avoid the usual phenomenological introduction of the var-
PACS: 77.84.-s; 42.70.Nq ious effects. The microscopic characteristics of the forma-

tion of the space-charge field are beyond the scope of this
paper. The optical effects include elasto-optic, linear, and
guadratic electro-optic effects. The static effects relate to the

The photorefractive effect is usually understood as the opticoupling between the mechanical deformations, the electric
cally generated variation of the refractive index caused by afield, and the dc permittivity. This description simultaneously
induced space-charge field through the Pockels or the Kefkes into account, for the first time to our knowledge, elec-
effect [1], which are electro-optic effects originating from trostriction, volume forces, and the equilibrium between me-
purely electronic processes. This definition was extendeghanical and electrical torques. Electrostriction is the main
to include photorefractive polymers. In these materials, th€lectromechanical effect in centrosymmetrical materials, that
chromophores have to be oriented under an applied electr@fe basically non piezoelectric. Volume forces describe the
field to break the inversion symmetry, thus allowing the lin-action of the electric field on charges and dipoles. More-
ear electro-optic effect. The large diffraction efficiency andover, when a static electric field and a static polarization are
two-beam coupling gain observed in some of these organigresent, a field of electrical torques is balanced by mechan-
materials were explained [2] by an orientational contributiorical torques. These torques and volume forces are usually
caused by the birefringence of the chromophores, combingteglected. However, torques have been considered in liquid
with the electro-optic effect. In organic glasses [3], the modcrystals [8] and their importance has been described in the
ulation of birefringence is the major mechanism giving rise tocase of photorefractive liquid crystals [9] where the induced

the spatial variation of the refractive index. In fact, these twdPirefringence results mostly from molecular orientation under
these torques. They are to be considered as soon as the plas-

We dedicate this paper to Prof. Eckard Kratzig on the occasion of his GOtHC”y of the material does not allow the Complete orientation

birthday and in acknowledgement for his pioneering contributions to thEPf the diF?Oles (permanent or induced) in the direction Qf the
physics of photorefractive materials. internal field. Therefore, volume forces and torques will be
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considered in the model to establish in which type of mateThis relation is a Taylor expansion ¢T]° in E; and uj,

rials they are finally negligible or not. We will discuss herelimited to its first non-zero terms. The first term never van-

non-centrosymmetrical and centrosymmetrical materials. ishes so that the second-order ternujnis neglected. How-
ever, in centrosymmetrical materials, the second term is can-
celled and the first non-zero electric term is a second-order

1 Mechanical, electrical, and optical responses effect in E;, i.e. electrostriction. This is why it has been in-

) ) ] cluded in relation (3). For the same reason, in the case of
field and polarization vectors to the displacement gradierdecond-order crossed termsknuy . However, we will show
tensor and to the stress tensor [10]. Once the mechanical apflthe discussion of relation (6) that it must be neglected at
eIeptncaI responses of the.materlal have been obtame'd f@his order of the Taylor expansion. Equation (3) applies to
a given electric field, the optical response may be determinegd. number of materials, but not to some liquid crystals where

It originates in the different susceptibilities associated withy major effect, flexoelectricity, depends on the derivatives of
the static electric field (electro-optic effects) but also to thgne strain [12].

stress or the deformations (elasto-optic effect). We do not

analyze here absorption effects. _ __ 1.1.2 Electric polarizations ;, or equivalentlyD;, may be

~ Inthe text, the symbol associated with a tensor is writtefjeyeloped with respect t&; and uy. In the acousto-optic
in square brackets if it does not indicate a tensor element. Ifyerature [13], this expansion is usually limited to the first-
this section, all the equations are written using uncontractegrder terms ir; andu, i.. to the contributions of the linear
tensors and whenever necessary, the Einstein implicit sSummgjelectric polarization, proportional to the relative static di-

tion is used. electric constant[”, and to the direct piezoelectric effect,
proportional togj. However, this expansion would only be

1.1 Electromechanical effects consistent with a linear development of the stresg&jirand
uij. To determine the correct expansion fbr we use the

1.1.1 Equilibrium conditionsThe material is in a thermo- thermodynamic approach, well known in the piezoelectric
dynamic equilibrium resulting from the effects coupling thejiterature [14].

electric fields and electric displacements to the mechanical | et 9 be temperatureS the entropy, andJ the inter-

deformations and stresses. The thermal effects (thermoelaga| energy. Using the differential of the new state function

tic effect and pyroelectricity [11]) coupling those quantitiesyy — y — E.D:

to temperature and entropy are neglected.We describe the me-

chanical response, using the electric fi@ldas usual in the  dV = Tj; dujj — DxdEx+6dS, (4)

description of the photorefractive effect) and the displace-

ment gradientu] as independent variables. The stre43ds we get the thermodynamic relation,

will be expressed in terms ¢fi], and the dc electric displace-

mentD, in terms ofE. ﬂ _ _3_Dk (5)
The static mechanical equilibrium condition [10] accountsdEy aujj

for the balance between the surface foréggstresses) and ] ] ]

the volume forces. These forces are the actions of the electridierefore, to be coherent with the expansionTpi(relation

field E on the charges (density) and on the dc polariza- (3)), the expansion fob; must include terms proportional

tion £. Using the dipolar approximation for the latter contri- to Ejux and additional terms proportional tg., besides the

bution, the equilibrium condition is written as: usual linear orders ifg; andujx. Other terms in the expansion

of D; are not needed. In particular, the second-order terms in
Ty s +?E _0. (1) Ui are only a small correction to the dielectric polarization
0X; OXi that exists even in centrosymmetrical materials. We thus neg-

) lect it in the expansion dD;. That is why, as a consequence of
These volume forces were usually not taken into accourigation (5), the term iffEju,y has been neglected in (3). Com-

in this equation as we will justify in many materials (seepting the derivative ob; with the definitions (2) and (3), we
Sects. 1.4 and 1.5). The stress teri§dwhich appearsin (1) - get the consistent equation bx:

is the sum of a symmetric pdft ]° and an antisymmetric part
[T]® which is also usually not taken into account. Howeverp. — . g + 2 . = P + g0e P E; + €., Uy +al Eiu 6
[T ]2 defines the mechanical torques which balance the field 0= = Piteosy By + &+ 8 Bua - (6)
&P x E of electric torques appearing inside any materid if \where
is not parallel ta® (with x denoting the vectorial product).
The equilibrium of torques thus fully defines the antisymmet<j;, = e +efff with €' = —0.5 (Pjsik — Pkdji) - (7)
rical stress components such that [10]:

and
Tij—Tji=2-|-i?$=fPiEj—ijEi. (2)

i = i +alst  with

[TI® is expressed by Hooke's law [10] as a function of i — il + 8
the rigidity [c], the converse piezoelectrje], and the elec-  ag! = —0.5eq (srk(il)&,- +ej Vo — e Vo _8{;1)8“) . (8
trostrictive[a] tensors:
In (6), P accounts for the permanent polarization as in fer-

Tif = Cij U — & Ex — 0.58i ExE; () roelectric materials, high glass transition temperat(ig
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polymers or ferroelectric liquid crystals. The following term Electro-optic and elasto-optic effects are more often de-
is the usual first-order expansion in the electric field. The lastcribed as a chandén] in the impermeability tensam] =
two terms are a consequence of equality (5). They represeft ()]~ under the form:
the direct piezoelectric effect and electrostriction modified by
the torques as follows: 8mij = rijk Ex + i ExE1 + pija Uy + p{jﬂ’(}uﬁi (13)
&jk Is symmetrical in the last two indices so thegtu, =
ejk U3, it describes the usual direct piezoelectric eff¢at] The clamped Pockels tengoi, the Kerr tensofg], the usual
being the strain tensor, symmetrical par{of. elasto-optic tensdp], and the roto-optic tensgp™] are re-
€% is antisymmetrical in the last two indices so thatlated, in the principal axes of the material, to the definitions

ety = eguds, it describes the additional polarization result- (10) and (11) by:

ing from a rotation of the permanent polarizati®y [u?9 r) r) @
being the antisymmetrical part fi]. gi (@) ()i = — Xjj (—; 0, 0),
aj is symmetrical in the first two indices so that | & (@)e}” ()G = —xfj (—@; @, 0,0),
awij Eju = awij Ejuy, it represents the direct electrostrictive e0e'™® (@)e'® () pig = —ai (@) (14)
effect [10] (polarization induced by electrostriction); r. .t ot o
agt is antisymmetrical in the first two indices so that L€0¢i” (@) (@) Pyg = =g (@)

aii Ejun = aifi Ejugs, it represents an additional polariza-

tioh The expression ai{® was previously obtained [15] by con-

S li - . S .
As the charge density may be calculated from Poisson’s sidering the effect of a rotation on the index ellipsoid. It is
equation, these equations (1), (2), (3), and (6), combined witﬂe,[i'vetd:erf gomgher?ordynagmi% iﬁns'dr?rﬁt'orlls' The rfottr?—
the conditions on the surfaces, form a set of electromechafP ¢ (€NSOr May be expressed in e principal axes ot e

aterial. The obtained expression is identical to the one given

ical equations that completely determines the deformationy

and stresses everywhere in the material, taking into accoum[l:;]:

the existence of volume forces, electrical and mechanical

torques. rot __ 1 1 1 S St — 818 15
pijkl—é n_12 - ”_|2 (ikdji — il Bjk) - (15)

1.2 Optical effects

_— . ) [P has non-zero coefficients if the material is birefringent.
The definition of the electric displacemebtw) at optical

frequencies is also derived from thermodynamical considera-

tions. The energy of the optical field should be included in thel.3 The space charge field

expression olJ, thus introducing in (4) the additional term

—Dx(w) dEk(w). A thermodynamical relation similar to (5) is The permittivity at optical frequency, (12) or (13), can be de-

obtained: termined if both the displacement gradient and the electric
aT; 3Dk (w) field are known. To compute their values one should simul-

E =~ (9) taneously solve the set of mechanical equations (1), (2), (3),
k(@) Ui (6), and the set of equations of the charge transport model

This introduces in the expression Bfw) an additional term  describing the photorefractive effect. In the photorefractive

a,’(Iij (w)Ej(w)uw similar in shape to the last term of (6) and band transport model [16, 17], the space-charge electric field

given by (8). Its value at optical frequencies has no directlepends on the static dielectric tensor, through Poisson’s

connection with its static value. In terms of variation of theequation. It is also a function of the conductivity tenget

optical relative permittivity, this corresponds to: through the mobility of the charge carriers. Strictly speak-
¢ elasto ot ing, as[e"] and[o] both depend on the displacement gradient
Oej = (awj (@) + 8 ()) /0. (10)  and on the electric field, the charge transport equations are

coupled to the static electromechanical equations. This coup-
njng has been considered in liquid crystals [8] taking into
term, nor any term ini. The first non-zero electric term, pro- accounttorques only. These torques introduce two additional
portional t0e"™® (), accounts for birefringence. One should contributions to the phot_or'efractlve space—chargeflgld as usu-
add the first Inon-vr;mishing and nonlinear terms in the electriaIIy calqu!ated. They originate frpr_n_the anisotropies of the
Eonductlwty and dielectric permittivity. Although these ef-

gglrd('P'gc?(gg)r é(r) doissﬁglbigge Sggrﬁ:cn(%rgl?e;rglﬁ:&::goggl ects occur in all photorefractive materials, they have only
; P yhe qua ; een described in the case of photorefractive nematic liquid
electro-optic effect, when the optical properties of centrosym=

; . e crystals [9].
metrical materials are to be described: Here, we take into account the contribution of the di-

Sl eleero= Xi(ji)(_w; w, 0) Ek+Xi(j§|)(_w; w,0,0)ExE;. (11) electric anisotropy in (12) or (13) but ignore the effect of
the anisotropic conductivity. In general, the charge transport
x5 andy, are the nonlinear susceptibilities associated withand mechanical equations are nonlinear. However in an in-

In the expansion ob; (), this is the only term related @,
by the relation (9). At optical frequencies, there is no consta

the Pockels and Kerr effects. We thus write: finite medium the spatially periodic illumination generates
; a periodic structure. For low modulations of the sinusoidal il-
Di (@) = eosjj (w) Ej (@) lumination pattern, the equations may be linearized as usually
r1) relectro |, ¢ relasto] = done [17] for the photorefractive effect. We therefore limit
= o r g E 12 ; ) :
€0 [8” (@) + ¢ +oej ] (@), (12) our analysis to the first-order terms (spatial wave nunier
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and we develop all the space varying quantities with this firstt differs from the usual expressions [6, 7] by the teslff; ,

order Fourier expansion: which only exists in ferroelectric materials. &g' is of the
same order of magnitude a3 (see relation (7)), this term
QN = Q% +05(QY expiK.r+c.o. (16) §ionaj may be neglected iP < |ej|. This is the case for

example inBaTiOz (symmetry4 mm), where the relevant pa-
By solving the set of (1), (2), (3), and (6), one finds that therameters irelJlaj are P andess (see Table 1 for numerical
displacement gradient at wave numbéris related to the values). This is found to be still true, although less marked,

space-charge field by a linear relation: in a ferroelectric liquid crystal [18] where the polarization is
10% to 20% of the piezoelectric modulud.6 x 10~4C/m?
Uj(;? = QK E|<1) . (17) forthe latter).

This approach, similar to the method derived in photorefraci.4.2 Determination of the deformatior@®nce again, be-

tive crystals [5—7], leads to the definition of an effective di-cause electrostriction is neglected, (3) reduces to:

electric tensofe' ®"'] taking into account the dielectric, piezo-

electric, electrostriction effects and the torques: Tif A2 Gijkl Ukl — &ij Ex . (21)

D<1) r eff E_<1)
]

i = €ogj

1) =(1 (1) (1), (0) 0), (1)
=808ij El +qjkujk +a|/(|ij I:El uk| +Ej Uk| ] .

Equation (6) has already been used to detems{!ﬁ'é but it

is needed here again to compute the displacement gradient. In

that case, different approximations for the electric displace-
(18)  ment may be stated. Because fiei}, is of the order ofP and

second, we deal in this paper with small values of deforma-
Therefore, the effective dielectric tensor to be used to detetions in the limit of elasticitygly uj is only a small correction

mine the fundamental frequency of the space-charge field isig p,. q—'j?(t can thus be neglected in the expression (6). Sim-

ilarly, al®! being of the order ofoe] ™, one should neglect
a%tuy compared taeoef V. The remaining terms in (6), the
o . _ piezoelectric terms proportional &, can also be neglected.
For an |r_1f|n|te nzgdmm,(gne should flr_st IlteraILy calculzlaue thelndeed, this expression (6) is now used to solve (1) by insert-
expression fouy’ (or uy’) as a function ofE® (or EW),  jng the value of? in (1) and (2). The piezoelectric terms
from the electromechanical (1), (2), (3), (6) and condltlon%.kujk from (6) thus introduce, in (1), terms proportional to
on stresses or strains (for example clamped or unclamp }.u E; which can be neglected compared to the tespEy

samples). Next, the value of the electric fi@id can be com-  qriginating from (3). Therefore, the electric displacement can
puted using the effective dielectric tensor (19), in the chargge approximated by:

transport equations. Once this electric field has been deter-

mined, one finds the numerical values tcff fromtheliteral p, ~ P 4 gpe’@ E;. (22)

expression (17) previously calculated. Finally, the optical ef- !

fects are computed reporting these values in (12) or (13).  From the same reasons, the expressions (2) for the stress ten-
In the following, we discuss the relative importance of thesors can be simplified as:

different effects. For specific materials, some terms may be

neglected in (1), (2), (3), (6), and (19). We separate the casgras__ ( ra _ ) ‘

of non-centrosymmetrical materials from that of centrosym?‘er'l = (PR +eoleic —dwE) By

metrical ones. We show that they may both be described by - (Pj +80(8;I£1) — 83 Ek) E . (23)

similar equations.

505irjmcf = 805{1'(1) + (eu(ld awj + 8 U’ + aim e Eﬁ?) . (19

Using these simplified expressions (21) to (23), one may
compute the displacement gradients with (1). However, in
most previous analyses, volume forces and torques are neg-
In these materials, such as highpolymers and some crys- lected in (1). Let us ex_amine the relative co_ntributions of
tals, one may usually neglect the effects of electrostrictiof €€ terrgs fortthe spdatlatlhwave ntjmlalrerFofr tht'ﬁ’ compar- .
([a], second-order effect) compared to those of piezoelectric'—son’ We do not consider the exact values Tor e parameters
ity ([e], first-order effect). and we noteX for the average values of the non-zero coef-
ficients of any tensofrX]. The volume forces induced by the
electric field on the polarization and the influencél8f have
1.4.1 Determination of the space-charge fidtdom (8) one the same order of magnitude in (1):
sees thatl®! is of the order ofoe] so that in relation (6), -
then in the definitions (18) or equivalently (19), one should, 9E 9T " —n) (P +eo(e" — HEO) (24)
neglect the terms proportional a{g‘l’i} compared to the terms X X 0 '

proportional t0808ir-(1). Therefore, because we have also dis
regarded electrostriction, the expression of the effective p
mittivity may be expressed as:

1.4 Non-centrosymmetrical materials

“These values should be compared to the two contributions
eF)'riginating fromT?, for example the piezoelectric part:

oE
~ L
sosirj eff sosirj(l) + el(kl Oklj - (20) e X ~ KEe. (25)



1003

Table 1. Numerical values used for tensors in

BaTiO; andBi1,TiO Tensor Value Reference
BaTiOs
Clamped dielectric constant &) =2180,67 =56 [22]
Rigidity tensor (0 N/m?) C11=222,¢13=111, c33=151, cs5 = 6.1 [22]
Piezoelectric tensotC(/mZ) e5=342,e33=-07,e33=6.7 [22]
Spontaneous polarizatioC(m?) P =028 [23]
Clamped electro-optic tensoprfy/V) ri3=10.2, r33=40.6, r5; = 730 at633 nm [22]
Bi12TiO20
Clamped dielectric constant g'1<11) =47 [24]
Rigidity tensor ﬂ.OlO N/m2) C11=137,C12=2.8,c33=14.8,C44 =26 [5]
Piezoelectric tensoiQ/m?) ey=11 [5]
Clamped electro-optic tensopr(y/V) ra; =4.75 at633 nm [5]

Therefore, both torques and the volume for@E /ax may  eoe" @ E(© « |e|. Condition (26) is matched in this material

be neglected in (1), as soon as: as well.
These values therefore fully justify the omission of vol-
P« el andspe'VE? « €. (26)  ume forces and torques for these materials as done in previous

analyses [5—-7]. One should recall [7] that the effect of ro-
Similarly we estimate the magnitude of the volume forgEs  tations, [u®]], were omitted in [6]. However, this complete

from Poisson’s equation as: analysis had to be performed and the order of magnitude of
the effects given in order to lawfully neglect volume forces

Ex KEQEOg e e with ¢ e — E ‘ [ reff] 5 and torques in the materials known up to now. We have no in-

pE™ £o¢ £=\k) e K- dication of the existence of non-centrosymmetrical materials

(27)  where torques and volume forces would have to be taken into
account.
Comparing this force to the main contribution given by (25),
we thus find thapE is negligible if the following condition is
satisfied: 1.5 Centrosymmetrical materials

coe EQ « || (28)  For centrosymmetrical materials such as [Gyvpolymers,

the Pockels effect, the piezoelectric tengef and tensor
Therefore, we can neglect volume forces and torques in (1), 48™'], the permanent polarization vanish in all equations.
usually done, if conditions (26) and (28) are simultaneously

. . . ﬁ .
satisfied. As a matter of fact, given thelt™ is usually of = petermination of the space charge fieimilarly to non cen-

the order ofs"™, condition (28) is often included in condi- : -

: ' X " trosymmetrical materials, one should neglect the terms pro-
tion (26). Eventually, if conditions (26) and (28) do not hold, ignal toa®t in the expression of the effective dielectric
volume forces and torques have to be taken into account, U'B'ermittivity (19) so that:

less the piezoelectric effect may be neglected for both static
and optical quantities. This is the case if the clamped and un-
clamped values of the dielectric tensor (or the electro-opti€ii
tensor) are very close to each other.

BaTiOs is an example of ferroelectric material matching
these conditions (26) and (28) for the usual values of the ele@etermination of the deformationas the piezoelectric ten-
tric field (a fewkV/cm) (see the tensor elements of Table 1).sor vanishes, (2) is:

In the non-ferroelectric crystaBii»TiOzo (BTO), volume
forces and torques are also negligible (see Table 1). Surfaq? ~ Gijk Ut — 0.5ay1 EXE . (30)
gratings induced by piezoelectricity were recently observed

in BTO [19]. We performed numerical simulations neglectingin the expression of the electric displacement (6) we once
volume forces and torques in the configuration used for thaggain neglect the contribution eff; for the same reason as
experiment. The calculation is complicated by the cut of thghe one discussed above. The contributioaafmust also be
crystal in that experiment. We computed the first harmonieglected. Indeed, it introduces in the expressiond@fand

Ah of the surface relief after simulating the deformationsthys in (1), a term proportional #ikij E; s Em Which is much

using the numerical values of the material parameters givegmajler than the contribution®ay; Ej Eq introduced in (1)
in [5] and the electric field and grating spacing given in [19].py Ts. Therefore one should write:

Our simulation gives\h = 0.33 nm The agreement with the
experimental resulhh = 0.26 nmobtained from [19] is bet-
ter than the rough approximatiakh = 2.2 nm given in the
same paper.

In the ferroelectric liquid crystal mentioned above [18],
we have already seen th&< |e|. Assumings'® ~ 3 and
consideringe® ~ a few10°V/m as in [18], we also have

ff r1

~eog; T + (aklij Uﬁ» ~+ 8klim 0kl Eﬁ,?’) . (29)

Di ~ eoeff U Ej . (31)
so that the antisymmetrical part of the stress is,

2Ti?S = Eo(sirlgl) — i) Ex Ej — 80(8;&1) —dik) ExE; . (32)
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These equations demonstrate that if the applied electric field Conclusion

is much stronger than the space-charge field, then the cen-

trosymmetrical materials may be treated in the same waye analyzed the electromechanical (stress, strain, polariza-
as non-centrosymmetrical materials, wih= 0 and pro- tion) and optical responses (electro-optic and elasto-optic ef-
vided that one introduces the following equivalent tene@}s fects) to a possibly modulated electric field, in photorefractive

Xi(?eq, andr3Jin place ofgj, Xi('i)’ andrij: materials. It applies to many materials such as crystals, sol-
! ! ! gel films, low- or high-glass-transition-temperature polymers,
QTE = ayq EI<0> ’ multiple quantum wells, or photorefractive liquid crystals, as

@eq 01— 2,® 0.0)E® (33) far as absorption effects are not concerned.
Xije (@i 0,0) = 2x (—0, 0, 0,0 F, The electromechanical effects and their consequences on

or fﬁf = 20iju E|<O> . optical properties are formalized including electrostriction in
, . . . centrosymmetrical materials. This had not been done before.
With these equivalent tensors, we may discuss the importangée equations are shown to be formally the same as for non-
of taking into account the volume forces and torques in (L}enirosymmetrical materials. However the data available at
exactly as donein Sect. 1.4. Condition (26) simply reduces G gate do not allow us to draw reliable conclusions on the
0@ < |a. (34) relevant electromechanical effects in these materials. Numer-
ical data about both elasticity and electrostriction, and pos-
Although we do not have exact parameters for photorefractiveibly the elasto-optic effect, in a given photorefractive poly-
materials, we suspect this condition is not always fulfilled.mer are needed to estimate the influence of electromechanical
Indeed, an estimate using Lorenz—Lorentz relation indicategffects on the optical effects observed in these materials.
that in an isotropic materiatgs'® =~ |a| [20]. The conditions when the volume forces and torques are
Moreover, in case an electric field is applied to the mategffectively negligible are discussed here for the first time to
rial, the boundary conditions depend on the electrode attra@ur knowledge. It seems that in many materials, their contri-
tion T®'* ¢ for a centrosymmetrical material. Its knowledge is bution is negligible compared to that of the symmetrical stress
required to calculata’® (see Sect. 1.3). It is also negligible, T;. The equilibrium condition on forces (1) may then be sim-

as soon as: plified as:
| Teeq ~ |0.560¢" P (E9)?| « [a(E)?], (35) Ty
% = (38)
]

which is the same condition as (34).

isot?osp%nmz):ginaﬁ)le’ we give the equivalent tensors for anl'if given by Hooke’s law (20) or by (29) depending if the ma-
(€] is a third-rank tensor, symmetrical with respect toterial is centrosymmetrical or not. From a theoretical point

its two last indices, as a piezoelectric tensor. From (33) an f view, this justifies previous works about inorganic crys-

choosing the direction oE © for the z axis we obtain in als [5-7]. _— . .
contracted notations: However, the equilibrium condition on torques (2):

0 0 0 0€20 €ia = 0.5(ags— az) E© 2T=2E - P |E (39)
0 0 0€7 00| with {€]=a;zE® o
LI 0 g 0 S0 _ 4g,E© always has to be kept to account for the molecular orientation
€a1 €31 &3 €33 = dsE (36) at steady state, as done for example in liquid crystals [9].
Using (33) and Kleinmann symmetry, the equivalent Pockels
tensor{r®9] is found to be: References
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