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ABSTRACT

Additions to and modifications of a computer program for the numerical
study of piezoelectric surface wave propagaticn are described. The main
addition to the program is the calculation of surface wave attenuation using
an expression based on a perturbation analysis ard the viscosity teasor which
accounts for losses due to the Akheiser mechanism. Other additions and
modifications include the evaluation of stored energy expressions and changes

ia the format and normalization of the output data.
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This report describes additioas to and modifications of a previocusly

(

written computer program b for the numerical study cf piezcelectric surface
wave propagation. The extended program adds the :alculaticn of a surface
wave attenuation coefficieat “p’ representicg mecianical losses, for a gereral
arisotropic, piezoelectcic crystal with arbitrary surface cut ard propagation

direction (including the loss efiects in the metat overlay where appropriate).

Mecharical loss can be accounted for by introducing complex elastic
teasor coefficients c at the cetset. The resultant complex surface wave
veiocity would thus specify the attenuation constant as well as the phase
constant. This procedure is computationally disadvantageous because the loss
(imaginary) terms in the elastic "constants” are absolutely frequency-dependent,
whereas it is desirable to use only normalized frequency {1h) when there is a

layer of thickness h contiguous to the substrate material.

A more convenient procedure is to implement a perturbation calcuiation
in which the lossless (real) propagation velocity is first found, and t:c
attenuation constant o p is then computed from the associated strains and the
viscosity tensor. This methnad has been described by King and Sheard, @) and
includes only the losses due o the Akheiser mechanism(B) {which dominates

rthe temperature dependent losses in dielectrics).
The power dissipated per unit volume by the wave is given by twice the
dissipation function:
3 . .

i, %, t=1 ijke "ij k2

S.. =%(u. . ) @)

are the tensor strain components and nijk ; are the viscosity tensor components.
The viscosity tensor has the same symmetry as the elastic tensor. Note that

the dissipation function depends on strain time derivatives rather than

NITRE




particle velocity components ﬁi; if the latter entereq, a traaslation of the
crystal would result in loss.

The attenuation constant ap is the reciprocal of the distance (measured
along the propagation vector, E) over which the intensity of the wave decreases
by a factor of e L. This is given by’

2 ¥ dx,

ap = 'T:’_ ®3)

where P is the compunent of the time average acoustic flux aleag K (the X

direction) and the Xq axis is normal to the surface.

The computer programs of reference 1 compute P/w. The numerator,
2 'v dx,, is computed as follows. The particle displacement components of

the surface wave, in one medium (substrate or layer} iake the form

'.Ltz 3@ B(Q) eXP{J"" Y Y } . o

s m=1

In(4), v (q) =1 and Y(q‘) 0 are direction cosines of propagation in the

surface plane, anc are mdependent of q. ygq) is related to the q'th transverse
wave number a @ by y = - JO.(Q). The use of this y-notation simplifies the

substitution of (4) and ( into (1), which gives the result

(@ x(r) (q)o*(x}(q) *(r)
2 4 dxg= 5 T % e BB B r
:1)3 3 2Vs q,r i,j’k’{;_-l a*(r)+0(q)
(5)

The B's, B's, y's and a's are all readily available in the computer programs
of reference 1. The factor Q__ is unity in a crystalline substrate but has the
value qu = exp {u;h/vs [o*(r) +o@ 1} - 1 in a layer of normalized thickness

wh. q and r are summed over all the partial waves in each medium.




The new veision of the program evaluates equation (5) as well as P/w
and then calculates

3/ L fr ]

3 ax -

G _Lw".l‘{ 3]substrate +[w3 i dxa layer
3l

-
!E substrate T IE) layer

The terms for the layer are simply omitied when the layer is absent. Equation
(6) displays explicitly the wz-dependence of the attenuation coefficient, in which
a_ is given in nepers/meter. The program output contains 1.715 /u:2 which
gives a.&;/f2 in dBcm . Hz-z. It also prints (y{;/t'2 (where o.; = 10-4 al;vs, Ve
in m/sec), thus expressing the attenuation in dB psec-l Hz 2. )
Results for Y-cut quartz are given in Figure 1. Values for the viscosity
coefricients were taken from reference 5. ct'/f2 and l/vS = 8/2nf are plotted
versus direction of propagation in the XZ plane. The similar shapes of the

cuzrves indicate that the Q(= 6/20a) has relatively small anisotropy.
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APPENDIX —~ PROGRAMMING EXTENSIONS

The attenuation calculations have been added to the program(l) for
piezoelectric crystals in the presence of an electric conducting plane and also
to the cases of a pc.fectly conducting isotropic elastic film on the piezoeleciric
substrate. The corresponding program descriptions of refereace 1 hold,

subiect to the iollowing modificatiins.

I. Modifications to Input Data (see 3CONST data)

A, Chaages to Existing Input Data

The elastic constants (Cpq) must be input in the following order:

G=C11,C12,C C,0Cha0C,,,Cc,C

C142C15C16°C221C23:C24:Co5: Co

13’ 714’

C33:C34 C335C36° C442 C45 C46 C55: C56° Co6

These 21 input values, together with the 21 transformed elastic constants
(Ci'j) are printed out in the order shown above whenever COEFF = .TRUE.

B. Additions to Input Data

In order to compute the attenuation coeificient the following

parameters must be added to the input data:
$CONST — Coefficients of Viscosity (npq)

(Optional) Medium A (isotropic layer) — input two values of n

ETAA =71,y

which are used to generate a twenty-one (21) element array whose

elements, in standard reduced-subscript notation are:




ARG

557 44

0

"44

where ~,, =
12

11

44




Medium B (substrate) — input all z:i values of 1 in the order
listed above

ETAB = 'ﬂn, r'i2’ "113, ey “!zztrl23’ c* n66

Wherever printout is requested, both the input constants and
the transformed constants are tabulated in the order shown above.

$INPUT
Input Name Equation Name Definition
FATEN -- A logical parameter which contrcls the

calculation of the Attenuation Coefficient

.TRUE. - Caiculate the Attenuation
Coefficient (input s in
the $CONST darta)

.FALSE.- Do Aot calculate the
Artenuation Coefficient.

(Nominal Value = .FALSE )

Ii. Modificatioas to Output Data

A, Changes
1. The input elastic, piezcelectric and dielectric constants
are included in the printout of the transformed constauts.
(The elastic constants have been re-ordered for both

input and output — see [.A.)
2. The FINAL ANSWERS are now normalized as follows:

All field quantities (Tx’, -”r’/\u, §7w, ‘.E‘T/w, B/w) are first

found, as befcre, with arbitrary normalization. From

these amplitudes a value of (Pl/ @) is found. The field
quantities which are printed out are normalized through

division by the factor




SINPUT

Input Name
FATEN

B it S e St i S AT TR S e mr i

Medium B (substrat .y — input all 21 values of nin the order
listed above

ETAB = 7111, an’T]lg’ vecy Y}.ZZ’ nzg’ i néﬁ

‘Wherever printout is requested, both the input constants ana
the trausformed constants are tabulated in the order shown above.

Zquation Name Definition

- A logical parameter which controls the
calculation of the Attenuation Coefficient

.TRUE. - Calculate the Attenuation
Coefficient (input n's in
the $CONST data)

JFALSE.- Do act calculate tae
Attenuation Coefficient.

{Nomigal Value = .FALSE.)

. Modifications to Output Data

A,

& ;’;’
vk A e b

o £, R
EXERE N

o]

Changes

1. The input elastic, piezoelectric and dielectric constants
are included in the printout of the transformed constants.
(The elastic constants have been re-ordered for both

input and output — see 1.A.)

2. The FINAL ANSWERS are now normalized as 1ollows:
All field quantities (.u: ?I’—/u), §7w, TE./ w, ﬁ/ W) are first
found, as before, with arbitrary normalization. From
these amplitudes a value of (Pl/ W) is founc . The field
quantities which are printed out are normalized through

division by the factor

e T
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The feor Gme averzge power flow componeats, &,/
2ed @ 2/ :) for medBa % anad B, are cach normhzu.l o
Rc(?ili)B. Witk the 2bove normalizztion ®,/ 5jg takes
the vaive uaity.

B. Additions (Iacizded in FINAL ANSWERS oaly)

1. In th= subsirzte the pommpalized rapsyerse wavenumbers
i3
::( 7 and the corresponding amplitudes ?i(j') for each

pertial wave are priatec.

2. A wbuiar summary of the followiag Quantities is printed
fur ezach valee of propagation lirection angic () when
AVED

1 “ -1
- ¥ /v 4 e tan
s S P D

: 2
{degrees) {m/sec) (sec/=) (EB/cm sz) {B/psec Hz™)

-1 - .
tan "X is the angle between the i vector and the

mcchaaical power flow; thus

( R (f_% +Re PZ\
¢ 17A 1B layer
P 1 P 1 present
] Re (—_,— A + Re (T B
X =
§
P2
Rei—
| 1 [B layer
p 1 absent
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3. For the piezoelectric substrate with a perfectly
conducting plane at 2 distance i = 0 and at a distacce
= =, the roliowing stored energy terms are priated:
PE' PA" PD’ ?l, Fz. These terms are deiined ard
explaianed in the following.

When the coanstitutive relations

are used, the total stored energy is given by the sum,
PE + ﬂ’M +PD, where

The appropriate computational expressions are:

a) Elastic energy term evaluated using stresses

N TP st ' ()
=2 4 —TR—¥7,
Pg=3 izj:_l 1\2;_1 B7077 s o044 ®

b) Mutual energy term

4

2 eRed Y 5 a0

i=1 m=1 k=l

gl g* &
mi () Xk)
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c) Electric cnergy term, dieleciric constant at

constant stress

Pt Py e T 050
D2 mnmlkng m=n  mn JO+G%M
0! .ih = G
+

4 .
1.1 (1) (92 h =
4"0| Z B :4 I y Jh—‘n

i=1

where [g’”) R gg? , and hgi) are given below.

An alternative sct of constitutive relations is

“—P WS 4y Sy —>
TS T8

When these arce used, the total stored energy in the

piczoclectric substrate decomposcs into P 1 +P2,

« ey
Pl=-§f§ JCELS

where

and

ek AP >
P.=_1'.‘[E.€S.Edv

The appropriate computations expressions are:
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d)

11

Elastic energy term evaluated using strains

5 4 * (Dp* (k)
_1 (1) (K B*”B
172 i§=1 x,g';l R o9 4 W

Electric energy term, dielectric constant

at constant strzain

0 M s 0w
m “n mn c.(l') +a (k)

0, wh = 0
Loiss 0012
20 g‘l CIRE

For the above five energy quantities we define:

C. elastic constants (program input)

ij

€ Hij

Sij

(eij = program input)

™
=
1]
@
&
+
™M

dik ejk (€S = program input)

k)

while the fgo, gn(] , and hi(L) are defined by:

19805 ¢)) - e 14605 ¢ - ol )

+B(3")[-j Cs - a(“cw) U ¢ - ¥ ¢g;]
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