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We present a new, first-principles theory of linear elasticity and piezoelectricity in pyroelectrics, materials
including ferroelectrics, which possess a spontaneous polarization. The constitutive relations for the
polarization, the electric displacement, the magnetic intensity, and the total stress are found to contain linear
terms proportional to either the spontaneous polarization PYor the spontaneous eleciic field ES. The terms
involving BS are found to cancel from the differential equations and boundary conditions when P is
homogeneous. If PS is not homogeneous, linear terms proportional to spatial derivatives of PS remain in the
Maxwell equations. The terms involving ES lead to a new effective piezoelectric stress tensor of lower
symmetry than the normal piezoelectric stress tensor, because it can couple to rotation as well as to strain.
The terms involving ES also produce a new effective elastic stiffness tensor of lower symmetry than the usual
stiffness tensor in that it can couple to both strain and rotations. The reduced symmetry allows it to have as

many as 45 different components instead of the usual 21.

I. INTRODUCTION

In a preceding pa,per1 we presented a theory of
long-wavelength electrodynamics of elastic
pyroelectrics valid for arbitrary nonlinearities in
the constitutive relations pertaining to electromag-
netic, acoustic, and internal vibrations. In this
paper we will linearize the theory and present its
implications for linear elasticity and piezoelec-
tricity in crystalline pyroelectrics. A partial
summary? of this work has already been presented.
The results of this paper will apply to pyroelectrics
of any symmetry class, of any degree of anisot-
ropy, and having any number of particles (ions
and electrons) per unit cell. The term pyroelectric
is used here to mean any material possessing a
permanent electric dipole moment (spontaneous
polarization). As such it includes ferroelectrics,
which are reversible pyroelectrics, that is,
pyroelectrics whose spontaneous polarization can
be reversed with the application of a sufficiently
strong electric field.

Pyroelectricity was discovered long before
piezoelectricity and, in fact, motivated the dis-
covery of the latter in 1880 by the Curie brothers.?®
Early phenomenological theories of piezoelectricity
including that of Voigt* of 1890 were believed to
apply to pyroelectrics as well as to nonpyroelectric
piezoelectrics. This belief persists to the present
day as evidenced in many places in the literature.5=7

This belief is surprising since the spontaneous
polarization could be reasonably expected to create
indirect piezoelectric effects. It is easy to conceive
of two such effects. First, since the spontaneous
polarization is a dipole moment per unit volume,

a volume change from a simple compression should
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give a piezoelectriclike effect. Similarly, a rota-
tion of a volume element, such as is present in a
shear wave, should produce a piezoelectriclike
effect by rotating the spontaneous polarization.

Reasoning such as this motivated the develop-
ment of the general theory of the preceding paper!
and its linearization presented here. We have, in
fact, found the two effects just mentioned and
several more. Motion of the spontaneous polariza-
tion enters the equations explicitly as a contribu-
tion to the dielectric current and hence to the
magnetic intensity f. These effects cause the
constitutive relations of D (and also the linear
polarization P) and H to possess linear terms
depending explicitly on the spontaneous polariza-
tion PS. The constitutive equations we derive
thus differ markedly from the traditional ones of
Voigt. Further we find that the spontaneous
polarization explicitly enters the boundary condi-
tion for the normal component of the dielectric
displacement D in linear terms caused by the de-
formation of the surface area and surface normal.
The spontaneous polarization also enters the bound-
ary condition for the tangential components of the
magnetic intensity H caused by the motion of the
surface,

It is natural to expect that new constitutive
equations would necessitate a reinterpretation of
past measurements of piezoelectricity in pyroelec-
trics. It thus came as a considerable surprise to
find that the new constitutive equations are in com-
plete accord with the interpretation traditionally
given to various piezoelectric measurements when
the spontaneous electric field has been cancelled
by extrinsic surface charge. Among the latter are
the measurement of a voltage across electrodes
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on a crystal resulting from an applied stress,
measurement of a deformation resulting from an
applied voltage, measurement of resonant fre-
quencies of piezoelectric plates, and measurement
of the piezoelectric stiffening of the elastic con-
stants by ultrasonic-wave velocity observations.
Though this theory supports the traditional inter-
pretation of measurements it does not support all
aspects of the Voigt theory. We, in fact, show that
the Voigt theory has been in agreement with ex-
periments only because of two compensating errors
in the theory.

Our theory handles the spontaneous electric field
ES and spontaneous polarization as separate
quantities, leaving their relation to be determined
in the particular situation considered. This distinc-
tion is needed because, though the spontaneous
polarization of a crystal always exists, its spon-
taneous electric field may be cancelled out by
extrinsic surface charge. Such charge results
either from a small bulk or surface conductivity of
the crystal or from attraction of charge from the
surrounding atmosphere. A spontaneous electric
field can, on the other hand, exist for a time of
the order of the dielectric relaxation time of the
crystal plus ambience.

For these reasons we are led to consider two
situations: one with the spontaneous electric
field cancelled by extrinsic surface charge, and
one with the spontaneous electric field present.
The former case we have discussed in the preced-
ing paragraphs; the latter is a new extension of
the theory of piezoelectricity and elasticity of
pyroelectrics. We find interesting new contribu-
tions to the stiffness tensor and the piezoelectric
stress tensor which depend upon ES and which have
different interchange symmetries compared to the
conventional tensors representing these phenomena.
The new piezoelectric tensor contribution is anti-
symmetric upon interchange of the two tensor
indices that couple to the displacement gradient.
This means that the new contribution couples to
rotation and not to strain. The new stiffness-
tensor contribution possesses only interchange
symmetry between the two pairs of indices; it
possesses no symmetry upon interchange within
either pair. This means that the new contribution
couples to both strain and rotation. We emphasize
that the new effects are intrinsic effects since a
pyroelectric crystal in its natural state possesses
a spontaneous electric field.

The paper is organized as follows: In Sec. II
we record those results from the general treat-
ment of the preceding paper that are needed here.
Since piezoelectricity involves only frequencies
low compared to internal resonances which are
typically in the infrared, we adiabatically eliminate
the internal coordinates from the equations in Sec.
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IO. Sections IV and V then present the linearized
electromagnetic and elastic equations, respective-
ly. Section VI follows with a discussion of the
linearized stress tensor.

Section VII considers the quasielectrostatic
approximation of the dynamical equations. This
approximation, valid when the electromagnetic
wavelength is long compared to the crystal size,
is a useful simplification and is usually valid for
piezoelectric calculations. However, we will show
that first-order corrections to this approximation
which involve the magnetic intensity H have linear
terms depending on the spontaneous polarization.
This necessitates a careful consideration of H
field effects in piezoelectricity of pyroelectrics.
Section VIII considers the spontaneous electric
field caused by the spontaneous polarization and its
cancellation by extrinsic surface charge. The ex-
trinsic surface charge determined in this discus-
sion is of importance to a correct application of
boundary conditions. Section IX discusses the
various boundary conditions at the linear level.
Section X considers the implications of this work
on acoustic-wave propagation. Section XI sum-
marizes the main conclusions and compares this
work with the traditional theory of Voigt and with
the recent work of Baumhauer and Tiersten.’

II. DYNAMICAL EQUATIONS

We will record in this section the general dy-
namical equations derived in the preceding paper!
for nonconducting, nonmagnetic pyroelectrics hav-
ing arbitrary symmetry, structural complexity,
and nonlinearity. The Maxwell charge and cur-
rent equations are

IXxB  3E =+
—“0—-60 a7 S0 (2.1)
&V -E=¢q° 2.2)

where E is the electric field, B is the magnetic
induction, j? is the dielectric (bound) current,
and ¢” the dielectric (bound) charge, the latter
two quantities being given to electric dipole order
oy

> a-l:"' = - dX
D= — VX( X -—> .
j ri P ) 2.3)
q°=-V.P (2.4)
(mks units are used).
The polarization is defined by
*&, t)
P z, t ! "( ) 2.5)
E, 1= Z TED ez’ (

where y7¥ (v=1, 2,...,N—-1; N being the number
of particles per unit cell) are internal coordinates,
q" is the charge density associated with the vth
internal coordinate, X(X, ¢)=y7°(X, ¢) is the cen-
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ter-of-mass position, Z is the spatial coordinate
system coordinate vector, X the center-or-mass
designation in the material coordinate system,
J(X, t)=det(dx; /3X,) =detx,, , is the Jacobian of
the transformation, and the prime on the sum in-
dicates the exclusion of the y=0 (center-of-mass)
term. The polarization has a spontaneous part
given by

!
P§=6,, 0. q'Y%, 2.6)
v

where Y” is the spontaneous part of y7¥ given by

yV=0,,Yi+y (v=0,1,2,...,N=-1). (2.7
Here we have used the convention that tensor com-
ponents referred to the spatial coordinate system
are denoted by lower-case Latin letters and com-

ponents referred to the material coordinate system

are denoted by upper-case Latin letters. Equa-
tion (2.7) for v =0 becomes
x;= 044 Xg+ 2ty s 2.8)

since Y% =X, and y}=#;. The vector § is the con-
ventional displacement vector. The dielectric
displacement D and magnetic field H are given in
terms of the other fields by

D:_—‘E()E-FP, (2.9)
-~ B < d%

H= - - Px T (2.10)

The remaining Maxwell equations are
~ = 3B
X —_— =

VXE+ Y 0, (2.11)
v.B=0. (2.12)

The pyroelectric crystal is represented by N
dynamical vector equations, one for the center-of-
mass motion and N -1 for the internal vibrations.
They are

piy=(t3,+8; Py, ;+q° E;+ (TPxB), , (2.13)

. ap’T

mvylz{’:qvgi—sp—rﬁ (V:].,Z,...,N-l).
Vi 2.14)
Here m" is the mass associated with the pth in-
ternal coordinate, p=J"'p" is the deformed (spatial
coordinate system) mass density, p° the undeforme:
(material coordinate system) mass density, ¢}, is
the local stress tensor defined by
D>
ti=p 5%, X540 (2.15)
with the ¥ 7 held fixed during the differentiation
and the effective electric field &§ is
dax

gE-E.H———Xﬁ .

; (2.16)

The stored energy per unit mass, =, is given
as a polynomial expansion

0ss _ (0,1) 0,2)
pZ="""KypgE p+ """ 'K pcpEspEcp
! '
(1,0 e A (200) pruv AL AV
+§: ! KAAA+§: WK Ay A
1 ’24

+Zl Whge A Epote--, (2.17)
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where the measure of finite strain £, is defined
by

E 5=2(Cyp=045) (2.18)
Cap=%i,4%i,5 2.19)

and the invariant measures A% of the internal
displacements are defined by

Ay=(Ri = 0;) 0,5 Y5+ Ri4v¢ (1#0), (2.20)
R;, being the finite rotation tensor given by
Riy=x:,5(C" )5y , @.21)

and the ‘™™K coefficients are frequency-indepen-
dent material constants characterizing the crystal.
The requirement that there be no forces on the in-
ternal motions governed by Eq. (2.14) in the nat-

ural state of the crystal leads to the relation
qQ"E{ =6, "OK} (2.22)

where ES is the spontaneous electric field.
The total stress tensor® of the matter and elec-
tromagnetic fields was defined as

2.23)

where m,, is the vacuum field Maxwell stress
tensor given by

L 3y W X
=3+ 8 Pjvmyy— px %5

m;;= € E; Ey+ By B, /11y = 3(€g Ey Ep+ B, B,/ 119)0,

(2.24)
The total stress tensor satisfies the momentum
density conservation equation

ait[p&i+€0(§x§);]+5%—j (-th)=0,  (2.25)
and possesses a scalar product with the unit nor-
mal to a surface fixed in the spatial coordinate
system which is continuous across that surface.

It was also shown® that a related total stress
tensor ¢5,

tB=td+ 8, Pi+my+ (EXB) &, , (2.26)
possesses a continuous scalar product with the unit
normal to a surface, such as the body surface,

that is moving at a velocity dX/dt with respect to
the spatial coordinate system.

1II. ELIMINATION OF INTERNAL COORDINATES

Elasticity and piezoelectricity are low-fre-
quency phenomena, that is, they are significant only
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at frequencies low compared to the internal reso-
nances of the solid which are typically in the
infrared. At these low frequencies the internal
motions of the solid follow the elastic deformations
adiabatically. Thus we may ignore the inertia

of the internal motions in Eq. (2.14) and use those
equations to eliminate the internal coordinates
from the other equations. Since we are aiming at
a linear theory the expansion of p°% in Eq. (2.17)
is sufficient for use in Eq. (2.14). The latter then
becomes

’
(2,0) VAV _ 1,1 pru o
ZZ KpipAp=— KipcEpc+q"Fy,
v

(3.1)
where

Fp=8,R; - Efd;, . (3.2)

We define a low-frequency mechanical admittance
of the internal coordinates T}, by

ZEDEIT})‘fA (Z'O)K:;EGDB‘SM ()\’ v#0) . (3.3)
1
It may be used to solve Eq. (3.1) for A},
’
A==y T (WVKY (Epo—q"F,) . (3.4)
'3
This can now be used to eliminate A} from p°%.

Combining Egs. (2.7) and (2.20) and using the
orthogonality of the rotation tensor R, ,,

RigR;4=0;, (3.5)
yields
yIV=R; ,(Y5+ AY) . (3.6)

This can be used with Eq. (3.4) to eliminate y 7"
from P in Eq. (2.5). The nonlinear portions of
Egc and F, in Eq. (3.4) can be dropped at a later

stage.
IV. LINEARIZED ELECTROMAGNETIC EQUATIONS

We now linearize the equations of Sec. II, inwhich
the internal coordinates have been adiabatically
eliminated, in terms of the displacement U and the
various electromagnetic fields. The definition of
the displacement U in Eq. (2.8) specifies the rela-
tion of the material and spatial coordinates and
the fact that they are measured with respect to a
common Cartesian frame. Expansions of quanti-
ties such as R;, have been given previously.® An
alternate approach? is to approximate the La-
grangian of the previous paper! and obtain the
linearized equations directly from it (see the
Appendix).

The constitutive expression for the polarization
P that results is
P;= P} + € Xy EY + (€;50+ 2PF 0135 — € Xy Eq) Uy, 5 »

4.1)

where
’
XijEZ T a =Xy, 4.2)
wy

’
= S __ pypuv (L) v _
eim==0;¢; Py~ € Z T VK = e
ny

(4.3)
are the linear electric susceptibility and the
piezoelectric stress tensor, respectively. The
varying electric field present in Eq. (4.1) stands
for E” = E - ES but will be denoted simply by E in
the linear equations. Brackets enclosing tensor
subscripts denote the antisymmetric part of the
expression with respect to interchange of the en-
closed subscripts. Parentheses in a similar use
denote the symmetric part. We have included
some of the explicit dependence of the linear po-
larization on PS in the definition of e,,, because,
as we will see in later sections, it is this combina-
tion of terms that has been measured and re-
corded in the absence of the spontaneous electric
field as the piezoelectric stress tensor in the
past. The remaining terms in the coefficient of
the displacement gradient «, , that involves ps
and ES represent new predictions not present in
the traditional Voigt constitutive relation for the
polarization.!® The linear terms involving P® in
Eq. (4.3) in combination with those in Eq. (4.1)
have the simple interpretation of the effects de-
scribed in the Introduction, that is, piezoelectric
effects arising from the compression and rota-
tion of a volume element which possesses a
spontaneous polarization.

To the linear level the dielectric current and
charge of Eq. (2.3) and (2.4) are

. 9

it = B_t(€° xi1E1+eiijuj,k) ’ (4.4)

@ == € Xi; Egi = ety » (4.5)
where

efn=ein— X Eny - 4.6)

Note that the terms explicitly depending on PS in
Eq. (4.1) have disappeared from these two equa-
tions. This occurs only because PS is taken as
homogeneous. If PS were spatially varying, the
terms that cancelled in j? in Eq. (4.4) would in-
stead be

-

3 = (= du . .
37 (2PF, 615150 + [VX (PSX E)]e =i, P§,, -, P}, ,

4.7
and the terms that cancelled in ¢? in Eq. (4.5)
would instead be
= @P§0y35u5,0),0= P, 15, ;= P51ty (4.8)

Note also that, when ES#0, a coupling to the ro-
tation u, ,; in contrast to the strain u,, ,, exists.
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The expressions for the dielectric displace-
ment D and the magnetic intensity H of Egs. (2.9)
and (2. 10) to the linear level become

e S pS F s
D;=&E7 + P + €k Ej+ (e + 2P 0,3 )uy,

(4.9)
- B L. ai
H= — - PSx— 4.10
Ho P dt ( )
The dielectric tensor «,, is defined by
Kig=Xig+ Oy (4.11)

Note that a new term, not considered previously
in piezoelectricity, arises in H which involves the
time derivative of the displacement.

V. LINEARIZED ELASTICITY EQUATION

In order to linearize the center-of-mass equa-
tion (2.13) we begin with the local stress tensor
#}; of Eq. (2.15). Expanding the derivative indicatec
in that equation yields

2T
_ A RA r Ty
ly=tij+pX;s g 8%y, Z Ve 5A” Ecp’ (5.1)
where
3T
Hy=PXi, 4%, 3E,, AL (5.2)

The derivative 8Z/8AY in Eq. (5.1) canbe eliminated
with the use of Eq. (2.14) in the adiabatic ap-
proximation,

3%
DO quijjA,

8AY (5.3)

that is, we again neglect the inertial effects of
the internal motions since frequencies well below
the resonances of such motions are being con-
sidered. This approximation makes the total
stress tensor symmetric.® Equation (5.1) then
becomes

9R
=t} + P8 ,x, 5 ﬁR,A . (5.4)
1

Linearization of the second term in the displace-
ment gradient yields
By=tly= 8 Pyjy+3(8 s, 4 Py = Pyy, ; 8,
+Puup, 8- 8guy, Py, (5.5)
and linearization of ¢}, yields
by =155+ 265G gy, n = 1 Uiy n+ Cijut Uy 1 = €ni By
— ey B tip = Eg P§ =8, Pjs)Efu[k,z] ’

5.6
where ( )

=9 (0,2) z:' 1y 1) pru uv (1,1) prv
Cabea =2 Kabcd' € ! KeabTef ! Kfcd ’
uy

5.7

tya=13= "V Ky (5.8)
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are the elastic stiffness tensor (when ES=0) and
the spontaneous stress tensor. Use of Eqs. (5.5)
and (5.6) in Eq. (2.13) results in the dynamic
elasticity equation for the displacement within a
homogeneous crystal,

azui
0 __.F F
p 372 = CigmtUp1— €his Ep g

(5.9)

where
F _ s s S _ s s
Cabea = Cavea + tpa Oac+ €0 Ety Xo10c E21~ Ets €510a— Ei: €atap
1/ps s s S s S
- Z(Eta 6I:J(c Pd)+ E[c 6d](a Pb)‘ E(a 5b)EcPd]

- E(Sc 6:i)lia P§]+ Efsa éinc P§]+ Egc Gd]Ea Plf]) .
(5.10)
In the absence of a spontaneous electric field
ck.q reduces to the usual elastic stiffness tensor
Capeq and e, reduces to the usual piezoelectric
stress tensor e,;;. In the presence of a spon-
taneous electric field a host of new effects con-
tribute to the elastic ctiffness as seen in Eq.
(5.10) and an additional term in the definition (4. 6)
contributes to the piezoelectric interaction.
From the definitions (5.7), (5.8), and (5.10) we
find the interchange symmetries,

(5.11)
(5.12)

Cabed = € (ab) (cd) = C(cd) (ab) »
F __F
Cabed = Cedad »

Note the much lower interchange symmetry
possessed by ¢k, compared to c,,. Based on
this interchange symmetry cf, can have 45
different components compared to 21 allowed com-
ponents for c,,.,. Since the PS and ES fields are
intrinsic properties of a pyroelectric crystal,

¢k, can be argued to be a basic intrinsic property
of the crystal. On the other hand, the value of ES
will depend on the shape of the crystal as well as
the surface charge condition of the surfaces and
S0 is not a recordable property applying to every
crystal of the same composition.

VI. LINEARIZED TOTAL STRESS TENSOR

In the accompanying paper® we showed that there
are two important total stress tensors. One, f£;
given in Eq. (2.23), appears inthe spatial or labora-
tory frame momentum conservation law and has a
continuous normal component across a surface fixed
in the spatial frame. The other, lfj given in Eq.
(2.26), has a continuous normal component across
a body surface moving at a velocity d;(/dl with re-
spect to the spatial frame and is particularly im-
portant for general considerations of momentum
transfer between bodies. These two tensors differ
only by nonlinear terms. Thus to the linear level
they are identical and so we need consider only t,",

The local stress tensor ], has already been
linearized in Egs. (5.5) and (5.6). The Maxwell
stress tensor of Eq. (2.24) to the linear level is
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M= €RES Eyy = SESESD, ;= ESE,0;,+ ESES) .
6.1)
Substitution of Egs. (5.5), (5.6), and (6. 1) into Eq.
(2.23) leads to
5= (15, + E}, PS,+ € ESES - 3¢, ESESS, )
+{Cy g+ 205 D5y, = 1550y = Efpeanyy+ Ed ejym
—E4 P 0 — € EG X B+ B 050 P
1 1
= E% 0134 PH+ 2B 0p a Py + 2E8 05y Py,
= (enis= €0 E Xjpp— 2€0 Efy 0jyp+ € 04, ER)E,
(6.2)
It is apparent from Eq. (6.2) that the presence of
a spontaneous electric field and a spontaneous
elastic stress have greatly complicated the linear
stress terms as well as created a constant total
stress term,

As already discussed' the natural state of a
houndless pyroelectric can be reasonably taken as
a stress free state. This corresponds to setting
the constant terms of Eq. (6.2) to zero. Thus the
spontaneous elastic stress /7, is determined in

terms of the spontaneous electric moment and

field by
15,=3¢g ESESD, ;— E§, P§, - € ESES . (6.3)

|
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Note that, if extrinsic surface charge cancels the
spontaneous electric field, the linearized total
stress tensor in Eq. (6.2) takes on its conven-
tional form for a nonpyroelectric niezoelectric,

1F5= Cisnttny 1= €pij Ep - (6.4)

A pyroelectric crystal, finite in @/l its dimen-
sions and in possession of its spontaneous electric
field, cannot have a homogeneous natural state
as proved in the preceding paper.! As we wish to
avoid here the complications of inhomogeneity,
let us consider the form of the linearized total
stress tensor for an infinite plate. Consideration
of the depolarization field problem!! for an infinite
plate yields the solution inside the plate

ES=-N(®N.P%/¢,, (6.5)
where N is the unit normal of one of the surfaces,
and ES =0 outside the plate. In the preceding paper!
we found the spontaneous stress for this geometry
to be

[iSJZ(N(ip?)'%NiNjPENk)P?NI/éo . (6.6)
Substitution of Eqs. (6.5) and (6.6) into Eq. (6.2)
yields

fiLj: (NkPS)Z(Ni N;— 5:1)/2€0+ [Cijkz+ (Nmpfn/z%)(' ?‘N(i ej)u"anPfN(i 51)(kN1)+NnPfNi N; By

+3N 0y P+ NwOryi Pi e, 1y + (N P/ €) (N g @135 — Ny PN i 5y (o Niy = N 81163 PS5 ) Dt 11

- {ekij'*' N, Pﬁl(xk(fNj)+ 20, Njy =N, 5, ) |E, .

This equation is the generalization of the con-
ventional stress-strain-electric field relation to
the case of an infinite pyroelectric plate in
possession of its spontaneous electric field. A
number of things are to be noted: (i) A spontaneous
stress, which is a combination of spontaneous
elastic and electromagnetic stresses, exists.
(ii) The stress is coupled to the rotation of the
volume element u, ;; as well as to its strain u, ;,.
(iii) The elastic coefficient of the strain u,, ;, con-
tains indirect contributions to the effective stiff-
ness tensor which depend on the spontaneous po-
larization PS and on the plate geometry through the
unit normal N. (iv) The piezoelectric coefficient of
E contains indirect contributions to the effective
piezoelectric stress tensor which also depend on
the spontaneous polarization PS and the unit normal
N. Clearly Eq. (6.7) can be inverted through the
use of appropriately defined tensor inverses to
yield an equation for the strain in terms of stress,
rotation, and electric field. We will not write down
such variations of Eq. (6.7), however.

We wish to emphasize that the electric field

6.7)

-

variable E in Egs. (6.2) and (6.7) includes both

the applied electric field plus any varying de-
polarizing field of the crystal. The latter will
contribute whenever the boundaries of the crystal
are dynamically deforming. Thus the vibration

at the surface of such a crystal can effect the vibra-
tion of the crystal at distant points through the
intermediary of the (long-range) depolarizing
electric field.

We conclude this section with a caveat concern-
ing linear stress tensors. The form of Eq. (5.9)
might lead one (incorrectly) to believe that the
right-hand side of that equation is the divergence
with respect to a/az, of a linear stress. Applica-
tion of Gauss’s theorem to the equation within a
minute pill box enclosing a body-surface element
would lead to the conclusion that the scalar product
of that stress with the body-surface normal was
continuous at a body surface. This is not true,
Only the total stress tensor of Eq. (6.2) possesses
such continuity. The error of this reasoning can
be seen by observing that the right-hand side of
Eq. (5.9) arose from contributions from both a
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divergence of a stress and from body force terms
in Eq. (2.13). In a true divergence of a stress

the derivative must be allowed to act on the matter
tensors, such as the spontaneous polarization vec-
tor, as well as the field variables. This is of ut-
most importance at a body surface since there

the material tensors undergo a rapid (if not abrupt)
change. The body force terms of Eq. (2.13) can-
not in general be rearranged into such a divergence
and only appear to have been so rearranged in the
linearized form of Eq. (5.9).

VII. QUASIELECTROSTATIC APPROXIMATION

The study of piezoelectricity typically uses
crystals whose dimensions are small compared
to the electromagnetic wavelength of a free wave
at the frequency of use. For this low-frequency
regime an approximate or truncated form of the
electromagnetic equations is adequate. The ap-
proximation used is called the quasielectrostatic
approximation. We will use it to obtain a truncated
set of equations for piezoelectric studies from the
linearized electromagnetic and elastic equations
of Secs. IV and V. Our interest is directed par-
ticularly at determining the magnetic field con-
tributions to the quasielectrostatic approximation.

We begin by scaling the various independent and
dependent variables with respect to characteristic
quantities. Let

t=7Z/L,

®=cB .

T=wt, V=4/L, 7.1)

(7.2)

Equation (7.2) yields a magnetic induction & in
the same units as the electric field. Equations
(5.9), 2.1), (2.2), (2.11), (2.12), (4.4), and
(4.5) then yield

9%v
C{fktvk.u—ef;jEk.j:Doszza—_r% , (7.3)
KiyEg i+ (efjn/€) V50=0, (7.4
- = @

VXE——TIE‘;, (7.5)

> = __ _e_f&

(VX(B)*’na_-r K Eg+ . Yse)s (7.6)

V.8=0, 7.7
with

n=wL/c . (7.8)

The spatial derivatives in Eqs. (7.3)-(7.7) are
taken with respect to z.

We now assume that 7 is small compared to one,
that is, for L=1 cm the frequency w/27 must be
less than 1 GHz. We expand the three dependent
fields E, &, and U in a series of the form

§=Z 77"-15(")

n=0

(7.9

with

F™=0, (r<0). (7.10)

After substitution of Eq. (7.9) for each dependent
field the sum of coefficients of terms of like powers
of n are set to zero. Note that 7 is not present in
either Eq. (7.3) or (7. 4) prior to the use of Eq.
(7.9).

For n=0 the equations with the scaling of Egs.
(7.1) and (7. 2) now removed are

F () F 8% uf®
Clmuars— ey Exy=0p° —a—t%— , (7.11)
Kiy ER)+ (efpn /€ ul =0, (7.12)
VxE®=0, (7.13)
YxB®-0, (7.14)
T.809-0 . (7.15)

Since B® is not coupled to the remaining equa-
tions, it must represent an applied B field.
Typically, no such field is used in piezoelectric
studies. Equation (7.13) shows the E® field to
be irrotational and hence completely describable
as a divergence of the electric potential

EO=_Tp® (7.16)

which may be used to eliminate E® from Egs.
(7.11) and (7.12). These two equations governing
U9 and 9 thus are the only differential equa-
tions needed for the zero-order solution.

For n=1 Egs. (7.3)-(7.7) with the scaling of
Egs. (7.1) and (7.2) removed and with n absorbed
into T, E®, and BY become

2, (1)
1) _ 0 9%y

ijklu;};!-e{leg.j"p o Z (7.17)
ki ES+ (efy/€) uil); =0, (7.18)
- - —3-.(0)

v X E(l): a? , (7- 19)
(€X§(1)) 9

R : =3 (cokis B+ efpui) (7.20)
V.BM=0. (7.21)

We note that % and E® are uncoupled from other
zero- or first-order solutions when B’ =0, the
usual case. Further we note that ﬁ‘“, whose
variation is controlled by Egs. (7.20) and (7.21),
is driven only by the zero order 4 and E® (or
$®), For this reason the solutions T, ©,
and B are referred to as the quasielectrostatic
solutions,

If we examine the differential equations govern-
ing the quasielectrostatic solutions, we find that
the special properties of a pyroelectric crystal
(P® and ES) enter only in cf,,, given by Eq.
(5.10), and in the piezoelectric coefficient ef),
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given by Eq. (4.6). If ES=0, all such special
properties vanish. However, the complete solu-
tion requires a consideration of boundary condi-
tions and these involve tZ, D, and H as well as
4, ®, and B. Thus we must examine %, D, and
H from the quasielectrostatic viewpoint.

An examination of t% in Eq. (6.2) and D in Eq.
(4.9) shows that only fields of the same order are
coupled by these constitutive relations. Hence, we
need not write them again. We will consider their
effects on quasielectrostatic solutions via boundary
conditions in Sec. IX. Equation (4.10) for H needs
closer examination. If we scale H to yield a field
i having the dimensions of E,

= Lo cH, (7.22)
and apply the above procedure, we find

ﬁ(O):ﬁ(m/“o , (7.23)

- - - J0)

AO_FM/y, - BSx d;t (7.24)

Equation (7.23) is seldom of interest, but Eq. (7.24)
states that a first-order H field given in terms of
3 and BY, the latter of which depends on 4%

and ¢, exists and will possess an interesting de-
pendence on PS.

VIII. CANCELLATION OF SPONTANEOUS ELECTRIC FIELD

The spontaneous electric field first entered this
theory! in the definition of the natural state of the
pyroelectric crystal and was left unrelated to the
spontaneous polarization in the formulation. The
reasons for this were twofold. First, when the
spontaneous field exists, its magnitude and orienta-
tion depend on the shape of the crystal as well as on
PS. Hence the relation cannot be specified until
the particular geometry of a problem is known,
Second, the spontaneous electric field may be
cancelled by extrinsic charge attracted to the sur-
faces from the surrounding atmosphere or by
charge flow from the small conductivity (volume
and surface) of the crystal itself. Thus the
spontaneous electric field exists only for a period
of time, sometimes very short, following either
a temperature change through the phase transition
that creates the spontaneous moment or a reversal
of the spontaneous moment in a ferroelectric by
an applied electric field. Cancellation of the
spontaneous field by extrinsic charge does not
affect the spontaneous moment, it merely creates
an equal and opposite extrinsic moment.

In order to determine how the free charge will
distribute itself to cancel the spontaneous electric
field, consider the expression!? for the potential
of a body possessing volume (g) and surface (Z)
charge densities as well as a polarization P:

D. F. NELSON AND M.
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. 1 [qZ")-¥V"-PE")]dv’
*@)= g J oz
1 [ZEZ")+N'-PE")]ds’
47¢, I 1Z-2"] - 6.1

Here N/ is the unit outward surface normal. The
free charge in the volume and on the surface will
distribute in a way so as to cancel the electric
field everywhere. Since this redistribution is a
quasielectrostatic phenomenon, the electric field
is simply the negative gradient of the potential.

If it is to vanish for a body of any size and shape,
the integrands of the volume and surface integrals
in Eq. (8.1) must vanish. If we consider struc-
turally homogeneous crystals as we do throughout
this paper for simplicity, the only inhomogeneity
in the polarization that can arise is from the effects
of the spontaneous electric field back on the finite
dimensioned crystals. Thus when the spontaneous
electric field is cancelled by extrinsic charge,
any polarization inhomogeneity vanishes and no
volume distribution of charge is required. Hence

q°=V.P5=0, 8.2)
28=_N.PS (8.3)

when the spontaneous electric field has been
cancelled by extrinsic charge.

IX. BOUNDARY CONDITIONS

In order to complete the characterization of
linear elasticity and piezoelectricity in pyro-
electrics we must obtain the linearized boundary
conditions. Since pyroelectrics have spontaneous
or constant parts of their electric field and elec-
tric displacement field, linear terms may arise
in the boundary conditions from first order changes
in the unit normal or area element of the boundary
surface caused by the deformation of that surface.
Thus we begin by linearizing the expressions for
the unit normal and the area element.

We begin from Nanson’s formula, 13

da;=JXp,;dAp , 9.1)

that relates the oriented area element 42 in the
spatial (deformed) frame to the oriented area
element of dA representing the same mass points

in the material (undeformed) frame. If we in-
troduce unit normals by

da=tda, dA=NdA, 9.2)
then Nanson’s formula leads to

;= Xg,; Ne(Np Xp, ; X g, ;N /2 (9:3)
and

da=J(NpXp, ;Xg,; No)'/2dA . (9.4)

These may be linearized in terms of the gradient
of the displacement vector defined by Eq. (2.8).



13 LINEAR ELASTICITY AND PIEZOELECTRICITY IN... 1793

The results are
1 = (8,5 =y + Nptty, Ny BN, (9.5)
da=(1+n, ,~ Ny, N dA . (9.6)

The general electromagnetic boundary conditions
were derived in the accompanying paper!* at a
surface that is deforming and moving locally at
the velocity dX/di. The electric field boundary
condition was found to be

-

- dX =] -
— XB|Xn= 9.7
[E+ T B] n=0, 9.7

where the brackets denote the jump in the en-
closed quantity at the boundary. If a spontaneous
electric field exists in the natural state, Eq. (9.7)
becomes simply

[ES]xN=0 (9.8)

in the natural state. Since the d%/dt*B term in
the boundary condition is always nonlinear, it can
be dropped when considering linear effects as we
are doing here. The linear terms from Eq. (9.7)
then are

(B - B)xN+ (BS°- ES)x ([-N) =0, 9.9

where o denotes outside fields and 1 is given by
Eq. (9.5). We see that linear terms result from
the existence of the spontaneous electric field.

The general electric displacement field boundary
condition!* is

, dA

Dl-n=¢’=3
[D]-n=0 o

(9.10)
where o and =7 are the spatial and material frame
surface charge densities that include both extrinsic
mobile and immobile charge. We have already
found in Sec. VIII that, if an extrinsic electric
charge is allowed to collect on the surface of a
pyroelectric, the spontaneous electric field will

be cancelled out with the result

£5=-N-PS, ES°=ES-0. (9.11)

If no surface charge is allowed to collect on the
surface, then Eq. (9.10) in the natural state is

(g ES°— ¢, ES - PS)-N=0 . (9.12)

If we let the outside region be a vacuum, use the
expression (4.9) for the inside linear D field, set
©5=0, and subtract off from the general condition
(9. 10) the constant terms of the natural state con-
dition (9.12), the result is
(€ Ef = €gki Ej— efpny, )N dA

+ €(Ef° = Ef)(n;da- N;d4)=2°dA (9.13)

where ¢ denotes the mobile or conduction part of
the surface charge. In practice either ¢ or the
spontaneous fields ES°, ES will be present in Eq.

(9. 13) but not both.

It is particularly important to note that the form
of Eq. (9.13) has resulted because of the exact
cancellation,

= 2P}, 89,1, N;dA= P§(n;da—- N;dA) =0,
(9.14)
between the linear piezoelectriclike term involving
PS in the constitutive relation (4.9) for D and the
constant spontaneous polarization term PS in that
relation multiplied by the linear changes in the
deformed normal and deformed area element.
This exact cancellation eliminates PS from any
explicit appearance in the boundary condition.
Thus the term - 2P, 6;,,u,, , that is present in the
constitutive relation (4.9) for D has cancelled out
of ¢°, Eq. (4.5), j?, Eq. (4.4), and hence from
the Maxwell differential equations and now has
cancelled from the D field boundary condition.
We are forced to conclude thataterm ina constitu-
tive relation is unobservable even though necessary!
We say necessary because the effects that it can-
cels in the boundary condition (9. 14)—the spontane-
ous polarization multiplied by changes in the unit
normal and area element resulting from deforma-
tion—are real tangible effects. Thus the inclusion
in this theory of both this constitutive term and the
boundary deformation terms is necessary, correct,
and consistent in spite of the final disappearance
of linear terms involving PS. The Voigt theory
included neither of these effects and so presented
a correct interpretation only through the good
fortune of compensating errors.
The general H field boundary condition!* at a
moving deforming surface is
(ﬁ—%xﬁ)xﬁﬂ?, (9.15)
where K° is a surface conduction current. In the
derivation!* of this boundary condition it was found
that the convective-type surface current that re-
sults from the surface moving with an attached
charge does not contribute to the boundary condi-
tion. Thus if an immobile extrinsic charge, Eq.
(8.3), has collected to cancel the spontaneous
electric field of a pyroelectric that charge which
depends on PS will not enter the boundary condition
(9.15). The linear terms of this equation are

-
-

(ﬁ”-H+ %‘;—Xﬁs—eo %X(ESO—E59XN’=P .
(9.16)
In practice either a surface conduction current
ke or the spontaneous electric fields will be pres-
ent but not both. The explicit dependence of Eq.
(9.16) on PS is only apparent. Since B is the field
found from Egs. (7.20) and (7.21), the boundary
condition (9. 16) should be converted to a B field
condition by substitution of the constitutive rela-
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tion (4.10) for H. The boundary condition (9. 16)
then becomes

<i(ﬁo_s)_eo§x<§so_§59xﬁzic .

Mo

(9.17)
Once again all explicit dependence on PS in linear
terms has disappeared. This time a term in the
H field constitutive relation (4.10) has been can-
celled by a moving medium term in the boundary
condition (9. 15).

The general B field boundary condition!? is

[B]-n=0. (9.18)
To the linear level this is simply
(B°-B)-N=0. (9.19)

The boundary condition on the total stress has
been discussed in an accompanying paper.® For a
moving deforming body surface it is

T,-+[t?,]n,=0 ’ (9.20)

where (5, is defined in Eq. (2.26) and T is any
traction applied to the surface between the two
media, In Sec. VI we showed that to the linear
level ¢%; and ¢}, of Eq. (2.23) are identical. The
linearized expression is given in Eq. (6.2). The
form of the spontaneous stress #7; appearing in
Eq. (6.2) was discussed in Sec. VI. For all cases
except the infinite medium case a constant part of
the total stress tensor of Eq. (6.2) results pro-
vided ES #0 (see the infinite plate example of Sec.
VI). This constant part can produce linear con-
tributions in the boundary condition (9. 20) by in-
teracting with the linearly varying parts of 1
given in Eq. (9.5). We will not write out the re-
sulting expansion of Eq. (9.20) because of its
length.

X. ACOUSTIC PROPAGATION EQUATION

Consider acoustic plane wave propagation in a
pyroelectric, piezoelectric crystal of any sym-
metry using the quasielectrostatic approximation
of the questions. Let § denote a unit vector in the
direction of propagation, the only direction in
which there is a spatial variation of the plane
wave, Thus

2 )

—_—=5, — (10.1
3z, Si%z \ )

where z on the right-hand side is a scalar coordi-
nate. Note that Eq. (10.1) in conjunction with Eq.
(7.16) shows that E must be longitudinal, a well-

known result. Substitution of this into Eq. (7.12)
with the use of Eq. (7.16) yields

2 (0) F 2,,(0)

2°d _ SpCnp1Si 9%, 1

522 " sk s 8z% - (10.2)
z €0 SpKpeSq z

This result along with Eq. (10.1) is now sub-
stituted into Eq. (7.11) to obtain

2, .(0) F F 2,,(0)
09 _(r . SmCmisSnlmu) ¢ o O
3[2 ijkl GOSPKpaSq it dza )

(10.3)
which is the acoustic propagation equation. Since
the velocity of propagation is related to components
of the tensor enclosed in brackets, we see that
acoustic velocity measurements are a way of mea-
suring ES within the volume of the crystal through
the altered elastic constants cfjk, , given in Eq.
(5.10), and through the antisymmetric contribu-
tion, €y Xng; Ep to the effective piezoelectric
tensor. Note that if ES =0 the equation takes the
form appropriate to a nonpyroelectric, piezo-
electric crystal.

XI. SUMMARY AND DiSCUSSION

We have produced a complete theory of linear
elasticity and piezoelectricity of pyroelectrics
beginning from general nonlinear equations derived
from a first-principles theory.! Our interest has
been directed toward exploring the effects that the
spontaneous polarization PS and the resulting
spontaneous electric field ES may have on linear
elastic and piezoelectric properties. Let us dis-
cuss the PS effects first and the ES effects second.

Our development first yielded piezoelectriclike
terms in the polarization (4.1) linear in the dis-
placement gradient that were also proportional to
the constant PS. These same terms entered the
expression (4.9) for the electric displacement
vector D. The origin of these terms was a com-
bination of volume compression and rotation of a
medium having a constant polarization, effects
noted in the past by others.®=!" None of these
authors, however, showed that a portion of these
effects must be included in the definition (4.3) of
the normally measured piezoelectric stress tensor
nor that the remainder of the terms in the linear
polarization and dielectric displacement would not
be measurable. We also showed that the constitu-
tive relation (4.10) for H would involve a term
linear in the velocity di/dt and proportional to PS.
Next we showed that the linear terms in P, ﬁ, and
H involving PS disappeared from the dielectric
charge (4.5) and the dielectric current (4.4). This
means that such terms disappear from the Max-
well equations provided P° is homogeneous. When
PS is inhomogeneous, the terms exhibited in Egs.
(4.7) and (4. 8) will enter the Maxwell equations.

If sufficiently strong spatial derivatives of PS oc-

cur in a medium, these equations give expressions
for new observable effects involving these deriva-

tives.

Even though the linear terms involving P dis-
appeared from the differential equations (when PS
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is homogeneous), it was necessary to consider the
boundary conditions carefully since the constitutive
expressions for D and H enter their respective
boundary conditions. Initially? we believed that
the H field boundary condition would bring in an
observable linear term proportional to PS thus
making PS measurable by a new dynamic technique.
This resulted from our trust of the H field bound-
ary condition derivation in Sommerfeld’s textbook
on electrodynamics. !®* Our later doubts about this
derivation led us to an entirely new derivation of
all the electromagnetic boundary conditions at a
moving deforming surface by first transforming

all the Maxwell equations to the material co-
ordinate system.!* The H field boundary condi-
tion we found from this approach, Eq. (9.15),
contained a moving medium term which cancelled
the constitutive term in H involving Ps making that
term unobservable. The derivation also revealed
the error in Sommerfeld’s reasoning. It is dis-
cussed in the accompanying paper.!* The D field
boundary condition we found, Eq. (9.10), also

led to a similar cancellation that is exhibited in
Eq. (9.14). Here a combination of deformed nor-
mal and deformed surface area corrections in
combination with the constant spontaneous polariza-
tion term of D exactly cancel the piezoelectriclike
term involving PS in the constitutive expression for
D. The tangibleness of the deformed normal and
deformed surface area effects shows the reality
and necessity of the constitutive term in Din spite
of the latter’s unobservability! Since none of these
effects are included in the Voigt theory of piezo-
electricity in pyroelectrics, the agreement of that
theory with observations is partly due to the good
fortune of having ignored two exactly cancelling
phenomena.

It has been a tenet of piezoelectric theory from
its earliest days® that the direct piezoelectric ef-
fect (measurement of a voltage caused by a stress)
and the converse piezoelectric effect (measure-
ment of a strain caused by a voltage) measure the
same tensor. Our theory supports this equality
but not the traditional proof of the equality.
Traditionally the proof has been merely to note
that the coefficient of the elastic variable in the
constitutive expression for the linear polarization
was the same tensor (apart from a sign conven-
tion) as the coefficient of the electric field in the

constitutive expression for the linear stress tensor.

In our theory (even when ES =0) these coefficients
are different. Nevertheless, our theory is con-
sistent with the direct effect—converse effect
equality since only a single piezoelectric tensor
e;;, enters all the differential equations and bound-
ary conditions.

Recently Baumhauer and Tiersten’ have con-
sidered a related problem to the one of this paper.

They have considered the electroelastic equations
for small fields superposed on a biasing field which
creates a permanent polarization in a dielectric
medium. They apply their results to polarized
ferroelectric ceramics and conclude that the
linearized equations (differential equations and
boundary conditions) for such a material are
identical with the equations of linear piezoelec-
tricity. Our results are in agreement with theirs
on this conclusion, Their work begins from the
zeroth-order electrostatic approximation and so
does not consider the H field. They also assume
that extrinsic surface charge has cancelled the
spontaneous electric field and so obtain no results
for ES#0. They perform most of their calcula-
tions in the material coordinate system and do not
write any constitutive relations in the spatial or
laboratory coordinate system. Thus there are no
equations to compare to our spatial frame constitu-
tive relations for P, D, H, and tTZ.

Our theory makes new predictions for the linear
elastic and piezoelectric tensors of a pyroelectric
crystal when its spontaneous electric field is
present. The elastic stiffness tensor cf,, in the
presence of ES is given in Eq. (5.10).. Its lower
interchange symmetry compared to the stiffness
tensor c,,., that applies in the absence of ES al-
lows cf., to have 45 different components compared
to 21 for c,,.,. In contrast to c,.,, ck.s can couple
to rotation. The many new contributions to cf,
depend on ES and so will depend on the shape of
the crystal which determines the depolarizing field.
These contributions will disappear in a few dielec-
tric relaxation times of the crystal plus ambience.
The new terms depending on Es, however, are
large and easily measurable. In materials like
LiNbQO,, in fact, they can be larger than the
normal terms in c,,., Which indicates that under
such conditions nonlinear effects would also be
present at the same time.

We also found that a new effective piezoelectric
stress tensor e,"}k, given in Eq. (4.6), is present
when ES exists. The new term in it is antisym-
metric with respect to interchange of the indices
that couple to the displacement gradient. Thus,
this term couples only to rotation while the normal
term e,,, couples only to strain. Again we find
that the new term is measurably large but will de-
pend on the shape of the crystal and the surface
charge condition of the surfaces.
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APPENDIX

An alternate procedure to linearizing the equa-
tions of motion as done in this paper is to truncate
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the Lagrangian to linear, bilinear, and quadratic
terms. This approach was used in Ref. 2.

Consider first the interaction Lagrangian in the
material frame in the electric dipole approxima-
tion as given by Eq. (3.12) of Ref. 1:

=3 7™ 8= PR+ D8, . (AD
v v

Adiabatic elimination of the internal coordinates
via Eq. (3.4) yields
LY =[P+ (eacp+acc P3yEco
+ € XABFB](FA'FG{AE;S) , (A2)

with the use of Eqs. (2.6), (2.16), (3.2), (4.2),
and (4.3). In Ref. 2 the notation

€icp=eacp+Oac Pp) (A3)

was used. The constant term in Eq. (A2) may be
J

;2

- - 1, /d
I S 2_ 2R2 2 08X
L—Izeo(E c B)dv+f[2p(dt)
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dropped since it cannot affect the equations of
motion. The matter Lagrangian in the material
frame after adiabatic elimination of the internal
coordinates is

2
£z = %po (_d_X) - poz (A4)

p’T= tisEap+ (€cap+ OcaP3)Esp+ 2¢apep EanEcp
+€XapFy0ipEf + 260 X4p Fa Fp - (A5)
The field Lagrangian in the spatial frame is
£5=3¢)(E2 - ¢%B?), (A8)
where the fields E and B are regarded as functions
of the scalar and vector potentials in the usual
manner,

By combining Eqs. (A2)- (A6) the total Lagrangian
is

1
—2Capcp EapEcp

—t3pEsp+ (escp+ Oac P3y)Ecp Fpa+ PiFy+ €, Xan FAFB] av. (A7)

This was the starting point of the presentation in Ref. 2. There, since we considered the ES=0 case only,
we set t§5;=0,

If E,; and R,;, are expanded in terms of #,, ; and F, is eliminated via Eq. (3.2), then the total Lagrangian
can be put into an alternative form most useful for obtaining the equations of motion:

- - 1 du
L= j 36 (E? - c* B dv+ J [§ o’ (ﬁ’)z" 2CKacp Ua, plc,p + (Efy P§- tap)a, B
+(eacp Oac P+ 04p Pé+ € E¢y Xpio)te,p E4+ P4 64+ 2€ Xan &, ‘gs] av. (A8)

Here cf.., is given by Eq. (5.10) and & contains no spontaneous electric field part.

*Supported in part by the Office of Naval Research and
the Army Research Office.

IM. Lax and D. E. Nelson, Phys. Rev. B 13, 1759 (1976)
(third preceding paper).

D, F. Nelson and M. Lax, Phys. Rev. Lett, 31, 763
(1973).

3see, for example, W. G. Cady, Piezoelectricity (Dover,
New York, 1964), Chap. 1.

4W. Voigt, Ahb. Ges. Wiss Goett, Math-Phys. kl. 36,

1 (1890).

*W. G. Cady, Piezoelectricity (Dover, New York, 1964),
Vol. 2, p. 601; see also Vol. 1, p. 189 for remarks of
a differing tone.

V. N. Lyubimov, Izv. Akad. Nauk. SSSR Ser. Fiz. 34,
2500 (1970) [Bull. Acad. Sci. USSR, Phys. Ser. 34,
2222 (1970)].

'J. C. Baumhauer and H. F. Tiersten, J. Acoust. Soc.
Am. 54, 1017 (1973).

8D. F. Nelson and M. Lax, Phys. Rev. B 13, 1770 (1976)
(second preceding paper).

®M. Lax and D. F. Nelson, Phys. Rev. B 4, 3694 (1971).

OReference 5, Vol. 1, p. 183.

Hpr, Mason and W. Weaver, The Electromagnetic Field
(Dover, New York, 1954), p. 153.

L2Reference 11, p. 68.

B3¢, Truesdell and R. Toupin, in Encyclopedia of
Physics, edited by S. Fligge (Springer-Verlag, Ber-
lin, 1961), Vol. III, p. 249.

1M, Lax and D. F. Nelson, Phys. Rev. B 13, 1777 (1976)
(preceding paper).

15M. Born and K. Huang, Dynamical Theory of Crystal
Lattices (Clarendon, Oxford, 1954), p. 292,

18R, Pick (private communication).

1TR. M. Martin, Phys. Rev. B 5, 1607 (1972).

187, Sommerfeld, Electrodynamics (Academic, New
York, 1952), p. 287.



