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ISOTROPIC AND CUBIC 

+ "44(1 

(cl~ + 
ell = 

I'll.: waw vector direclioll is defined by the unit vector 

i = xl,. + yl!l + i lz 

(cl~ + 

(c12 + 
('12 + 2C44 case. 

I"'re Ih" coordinate axes .r, .'I,: coincide with the crystal axes X, l", l 
Table 7.1. 
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HlXAGONAL 

+ ('11(/; + «'I~ + «-1:1 + 
+ + <'44 / ; (c13 + 

«'1:1 + c4.1)/), (cIa + (41)1,,( + ('44/~ + 

("fi6 = "lell c I2 )· 

TRIGONAL 

ClaH"s 32, 3111, 3m 
,---­

(cl,," ++ (',,"/~ + 1'.[.[/; + 	 (1'1:1 + ('44)1): + 
- I;)]+ 21'14 /J/, + 1'1 (cIa + + 

., ')

k 1:1 + cH )ll'( + 2('1<11)" (1'1:1 + cl1)/,/, ('1,1(1; I;) + I;) + c:1:/; 

x 

C~W ~(fll - ( 12 ). 

Clasx<,s -', -'. 7. II the clcments of (he Christoll'cl matrix arc: 

'X = elll~ + + ('14 / ; + 2(',,"5/)" 

+ ('4i; 2('1/"'" + 
'! 
I + + e:1}; 

() (CI~ + + 2('",17 1.,. + 2c2r. /,/,; 

, + (C I :1 + ('H)/}"' + 2<'liJ.I" 

- I~) + (e1:1 + ('H)I)/, + 2c251,J,. 

TETRAGONAL 

Classcs 4/1111/, 422, 42111, Sume as hexagonal. but with arbitrary {'(;6 • 

Classes 4. 4, 

+ CUI/; + + 2cl(;I.rI" + (C 12 + 

+ clI/; + - 2cl(/xl.y 

(C1 :1 + 	 (1'13 + 

(el:l + 
(c1 :1 + 

T 
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ORTHORHOMBIC 

ell"; + ('66 / ; + (e 12 + (cIa + 
(eli + + + ('44 / ; (en + 
(c13 + ('sr,l!).r (c2:1 + (11 )I,l + 1'14 / ,; + 

8. 	 SLOWNESS SllRFACES FOR ISOTROPJC AND ANISOTROPIC 
SOLIDS 

This section gives slowness curves for the principal planes of all crystal 
classes except triclinic and monoclinic. Representative dimensions on these 
curves are staled in terms of the material parameters. neglecting the 
electric effect. Using the material constants given in Appendix 2, these 
dimensions can he easily evaluated for any material and then used to sketch 
the general shape of the curves. 

8, I rsotropic 

In Section (' of Chapter 6 it was seen that the velocity IS 

independent of direction and has two values, 

f' I~rl=V-;;= 
for the longitudinal wave, and 

le-­
fi ! ,14 
, s j 

'y p V P 

for the two shear waves. The slowness surface consists of two concentric 
spheres (Fig. 3.1). Since the Lame constants A and fJ are both positive, the 
outer sphere is for shear waves and the inner one for longitudinal waves. 

8.2 Cubic 

The case of a cubic material was treated in Examples 4 and 5 of Chapter 7. 
For propagation in a cube face the characteristic equation factors into a 
linear tcrm and a quadratic term. There is a pure shear wave polarized normal 
to the cuhe 

(3.1)C~} 
a quasishear wave, 

1/2
I /:! f , • / , 21>+(('12+(2p) 1(11+'11-"((11 

(3.2) 

x 

http:2cl(;I.rI


--------
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kzlw 

Degenerale pure 
shear waves 

Pure 
longitudinal 

wave 

I'IG U RI; 3.1. Isotropk. Propa~ation in an arbitrary plane. 

and a quasilongiludinal wave. 

-II~

(k) 'I~( I - (44)~ cos~ 24> + «"'" +- = (2p) ('11 + ('11 + 2</>) • 
W:/ 

(} I) 

where cos 4> I", Inverse velocity curves are shown in Fig, 3,2 for galliulil 
arsenide. Representative dimensions arc given in terms of material paralll 
elers. From these, the general shape of the curves can be deduced for allY 

cubic material. 
For propagalion in a plane passing Ihrough a cube face diagonal til(' 

characteristic equation again f.lctors into linear and quadratic terms. ThefT 

is a pure shear mode polarized normal to the plane of propagation. 

P )1/" ( \11e1= eli ('1') <) ••)( ------ cos- 0 + C SIIl- ()
2 44 

! 

a quasishear wave, 

(\ 'II(~ _ \1/( 
(J~, 
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(k/wh Quasishear 

Pure shear, 
(k/wh Quasilongitudinal 

s/m 

,:11c~+ ('41-;-'--:-:--:­

(2) )ll'~ 

2('41
Anisotropy factor A 

(' 1 I ('J:! 

FIGU RE 3,2. Cubic crystal classes. Propagation in a eubeface. 
Curves shown are for GaAs, with the piezoelectric cITed 
ignored. Sket(~hes may he made ror other materials, IIsing the 
key dimensions shown. 

and a quasilongitudinal wave, 

(3.6)(:1= 
Here 

cos" 0B= + ('12 + 4C41 ) 2 + (ell + sin~ 0 

and 

(' 2() + e; r cos1 
(J + e" sin4 0) 
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with 

£'11 

The direction angle 0 is dellned in Fig. 3.3, which gives curves for 
arsenide and also some representative dimensions. 

8.3 Hexagonal 

For hexagonal materials the characteristic equation factors whcn propagation 
is in the X Y plane. that is. normal to the Z-axis. The dispersion relation is 

(kIwi, Quasishear 

(kiwi" Pure shear, 

IllOi-polarized 

]p )'''
(11(2) I' 

A ')+4('44(-,4-, '(]'" 
A .. 1)

'S !!,! I 
COil ( A-+-2 

.. :I pA )1/2 
Anisotropy factor( (2 -+- A)cu 

2("4,1
A 

'ti' (' II ('I~

(," + ,.:(~;)r 
FIGURE 3.3. Cubic crystal classes. Propagatioll ill a ,'uh,' diagonal 
plane. Curves shown arc for GaAs, with thl.' pil.'/.od('(·(rir dkd igllol'l·d. 

rill 
Ii 
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k\"/IJ.' 

Pure shear, polarized II 

(l.'lwh 
shear, polarized 1 
to Z-dxes 

/',\Iw 

FIGURE ),4. Hexagonal crystal classes. Propagatioll normal 
to the Z-axis. Curn's are for CdS, with the piezol'iectric effect 
ignored. 

independent of the propagation direction in this plane. There is one pure 
shear mode 

k) ')l!~ (3.7) 
(: 2 C:.. . 

polarized normal to the Z axis. another pure shear mode 

(k) ( P)'it (3.g) 
~ 1= ~'41 

polarized paraliel to the Z axis. and a pure longitudinal mode 

(k) ( P)l;~ (3.9) 
w:l ell 

Figure 3.4 shows curves for cadm ium sulfide, neglecting the piezoelectric 
effect. 

The characteristic equation also factors for propagation in the XZ plane. 
Since the Christoffel equation can be shown to he symmetric with respect to 
an arhitrary rotation ahout the Z-axis the same dispersion relation will apply 



polarized 1 to Z-axes (klwh Quasishear 
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for any meridian plane. That is, the wave vector surface is always rotationally 
symmetric. There is one pure shear mode 

f2, (3.(~J (Uli P 

polarized normal to the meridian containing k. The other solutions are 
a quasishear wave 

I 5inz 0 + (':1:1 0+('44(~J= 
') 2 '2J[(C II - cos" OJ + (en + ('44) 2()} 

-1/2 
. 

11) 
and a quasilongitudinal wave 

sill~ () + (':l:l 0+('44(~1 
--I/~

+ ,ir("I J -- "44) C05
2 (W + (CIa + ('4<1)2 sin 2 20 ) . 

(3.12) 

The direction angle 0 is measured from the Z axis (Fig. 3.5). 

B.4 Trigonal 

BAa Classes 32, 3m, 3trL In this case, the characteristic equation factors 
only for propagation in the YZ plane or for propagation along the X, r, 
and Z axes. 

For X propagation there are two pure shear waves 

(3.131+ "66 +(~)I = 

;' - )" (3_14)+ (';;6 - \/«('66 - ('44." +(:J
2 

= 

and a pure wave 

(k) (. )112 I ~ I~3 ::1 . 
Y there is one pure shear wave 

(~) = (Lr~ ( \ lid 
(I) :! ,('tit;, 
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Z-axes 
kzlw 

6x 10-4 
(klwh Pure shear, s/m 

(2,) 171 


1 + ('33 + 2c44 


1;\1 

(4p)I/2 

O{)I·t· 
{ell + C3~ + 2'44 + \ (c ll - C3:1)~ + 4(1'13 + 1'44)2 

2p )1/2 ( 44 ) 

(H) I\l: cot I(
/'66 + C44 

FIGURE 3.5. I-Iexagonal crystal classes. Propagation in a meridian 
plane. Curves shown are for CdS, with the piezoC'iectric dIed ignored. 

polarized along X. The quasishear wave is 

. l--J 12
+ Cn ) - ~(CII ( 44 )2 + 4ci4( 17)(:)= 

and the quasilongitudinal wave is 

(~) (2p)1/~(C44 + ell) + - (44 )2 + 4fi:l-l/~ 18) 
(f} :J 
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"1·lw 

"'xlw 

(klw) J Quasishear 

(IIlw)? Quasishear~.,. 

' 2P ')l/~ ( 2p )112
'I Ii( ;.~~+ ('.14 .;? \~'1~-+ e"" -1 c; 


:"2) 


\ :~} c' :«'11 +- 4CT4 il /:! 

. 2p )li2
'I' -----'-

N 
eN : (CHI) + 4cf4 :1," (1'.\4 + e'J" -, c
 

'f>' (_ ,_~)__,)li2 

CII + eH - (' 

FIGURL 3.6. Trigonal crystal classes 32, 3111, )111. Propagatioll lIormal in 
thl' Z-axis. Curves shown are for quartz, with thl' pil'wl'kctrk effel'! ignorl'd. 

Because of the threefold symmetry about the Z-axis and the inherent inversioll 
symmetry of the elastic stillness matrix the wave vector curves have a sixfold 
pattern in the XY plane (Fig. 3.6). Piezoelectric stiffening (Part 4 of Sectioll 
8.F) is usually only a small correction to the dispersion curves and has IllTlI 

neglected in calculating the curves shown for quartz. 
In the YZ plane a pure shear wave. with polarization along till' .\ ;1\1-.. 

is governed by the relation 

(k) . .li2{' 2 ('J- = p' C66 sm I + {H O+cllsin:'.()11 ( \ I'll 
(I) 2 
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The quasishear wave is described by 

/'-2--1-1/2'k)- - ( - vB + CI (3.20)(W l­
and the quasilongitudinal wave by 

t ·-l.!j'k) + yB2 + CUI)(::!
where 

A = C 44 + ell sin2 0 + Ca3 cos2 0 - C 1,1 sin 20 
2B = «('44 ('II) sin 2 

() + «'3:1 - ('41) cos () + ('14 sin 2f) 

C = ((1'13 + ('44) sin 20 - 2('14 sin2 0)2. 

Figure 3.7 shows curves for quartz. The characteristic equation does not 
factor for propagation in the XZ plane and little information can be obtained 
without numerical computation. For propagation along Z the pure shear 
wa ves are degenerate, 

k)k) ( )11'> 0.22)(~) 1 (;1: 2= (:.1 '-, 
and the pure longitudinal wave is governed by 

(k) ( )1/2 0.23)\;I~ :1 = (::1 . 
Along X there are pure shear waves (3.13) and (3.14), and a pure longitUdinal 
wave (3.1 S). Curves for quartz are given in Fif!. 3.8. 

BAh Classes J. J. In this case it is possible to deduce the general shape 
of the slowness curves for these crystal classes by noting that the stiffness 
matrix (given in Part A.S of Appendix 2) assumes exactly the same form as 

for classes J2. 3m, 3m when it is referred to a set of coordinate axes that 
are rotated clockwise through an angle .3;, with 

tan 3~ (3.24 ) 
(' 14 

about the L axis. The general shape of the slowness curves for classes 3 and 3, 
referred to the crystal axis directions, is thus obtained by rotating the curves 
in Fig. 3.6 to 3.8 counterclockwise through the angle I; about the Z axis.t 
Because there are no measured stiffness constants for materials of this kind, 

t It should he noted, however, that the dimensions given in these figures cannot be 
,;akulaled dirediF from the stiffness constants referred to the crystal axes. The transfarmed 
'.1 ill'nc" l'""slants Illust be evaluated first. 

! I 



kzlw 

Z-axis 

{klw)2 Pure shear, X-polarized 

{k/W)I Quasishear Quasilongitudinal 

3 X 10-4 s/m 
1.1'/( \ *' 'J I './...U--+-~-k ./wI /"~\\ J /C;-"I~ ) 

I 
J 

(2p)11Z 
0) [j}' 


(1'11 + 1'H (,')1/2 


t., 41' 

+ (':m + 2(c44 - ('14) + 
fIO\ 
\!J 	 )I/~ 

(:1) 	 ----:...---~­ @ + (;ilii

(ell + ('44 + 


l) (_, _ 41' )1/2 

- I'll + (':1:1 + 2(1'44 + 1'14) c"" 


r.:,\ fI:i\ col I £'14jC44 ~ ~ + 21'13 + 
Q.-:D col 1 

(2(J)1I2 	 (' (ell + ('44 +I , 14 

(C44 + Cnr. - 2C 4)1/2 	 cot c' (c II + ('4,1 ­

' im 	 cot I 

1/241' 
( C ll + ('33 + 2(1'14 - ('14) - em ) 

(" -= «1'11 ('014)2 + 4cr4)1/2 

C'lf 

- ('II ± 2('11)2 + 4(('44
elf" 

+ ('13 'f ('j4)" :112 

(21')1/2
») 

("44 + "66 + 2('14)112 

r1GURE 3.7. Trigonal crystal classes 32, 3111, Jm. Prollll).:atioll 
in the YZplane. Curves shown are for quartz. with thl~ Iliezol'l{'dril' 
effect ignored. 
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kzlw 

Quasishear 

(k/W)2 Quasishear (klw)3 Qoos.longitudtna! 

k x Iw 

• 21' )112 
(I) (1'/ ('3:1)l!~ C'44 + ('Ilfi c'; 

i,ti)t!) coc l - ("4/('14 

l:n 


' 2p )1/2 

." ,I ( • ~,<).,

( I 1 Gil - £'44)- + 41'14111.( ~~4 + ('r,r, + ('i' 

FIGURE J.8. Trigonal crystal classes 32, 3111, 3m, Propagation in the 
XZ plane. Curves shown are for quartz, with the pil'zoelectric <'Ifl'ct 
ignored. 

sample curves cannot be given. However, the same phenomenon occurs in 
the tetragonal classes and will be illustrated below. 

8.5 Tetragonal 

8.5a Classes 4mm. 422. 42m. 4/mmm. The characteristic equation factors 
for propagation in the X Y and XZ (or YZ) planes. 

fn the X Y plane 

k) ; )1/2 
(3.25)( V:
: 1 ' 

4 

is a pure shear wave polarized along Z. The quasishear wave is 

j <, ',) 	 ., ." 1 1/2(Ii) = ( I + ('",; V (ell ("HI)" COS- 2</> + + ('66)- sm- 21>1 
30 :~ 

(3.26) 394 
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and the quasilongitudinal wave is 

-1I:!''') 11.,1-	 = (2p) '"\C ll + CoG +(
W;: 

where the angle ¢ is defined in Fig, ),9, These expressions are the same as for 
hexagonal crystals, except that there is now no restriction on C66 . The con­
sequences of this are (I) the slowness surfaces are no longer rotationally 

and (2) there is only one pure mode propagating in the X Y plane. 
In the XZ Diane there is a pure shear wave polarized along Y, 

o+ C
44 

O} li~ (3.28) 

(k/w)1 i'llre sheM, 
/(kIW)2 Quasishear/:.. polanzed k,';w 

"-""-". 

__r--2_x_1O -;'-s/m 

(I,/(d 1 QUilsliongitudll1ai 

((}) ( 

1"2\2~ 	 \H) sin~ if> ± \ + F 

l:n 	
21' )1/2 

( ('1) 	 - c12, 

2p )1/2 (ell ('44)Ic,Hl ('H) , ~ . 

. , ( ell + 2C + C

F 
(I'll C(6 )2 (CI~ l l"IIY
66 I2 

FIGURE 3.9. Tetragonal crystal classes 4f11111, 422, .JIIIIIIIIII. 1"""1' 
agation in the X Y plane. Curves shown arc for rutile. 

ACOlJSTlC PLANE WAVE PROPERTIES 

The wave is described 

/'2 

(3.29) 

and the wave by 

(k) 1 I I'" 
- = (2p)I!~IA + V f)2 + ('I (3.30)

WI: 
where 

It = I'll sil1~ () + Call C()S~ () + ('41 

B = ((' I I - ('II) si 11 ~ (j + (C.II ca:J) () 

C = (C II : + C.1I)~ sil1~ 20 

Curves for rutile arc shown ill Fig. 3.10. 

2x 10- 4 

s/m 

(klw)z Pure shear, 
Y-polarized 

QuaSlshear 

II 7IE ,/ I'~~II• ~ .. .' +-rr---- kxlw 

..--~-!---<~----. 

(41»I!~
. I 	 (plc;lll)!!:! r. l• I 

1(11 --elm + \ (e,l 

~. (pic il )1/" 

·:1"·1· (pIC I1 )1!2 

;" (plc )'!2 

:=-=C:==!;=;'I==;=;: \2 

61l H· 

I). 

FIGURE 3.10. Tetragonal crystal classes 4111111, 422, 
Propagation in the XZ plane. Curves shown are for 

rutilt>. 
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Pure shear, 
}'~polarized 

(1,/0.')1' Pure 

Z-polarized 
shear pomt 

\ 


IIGURF ],11. Slowness curves for tellurium dioxide, corresponding to 
Fig. 3.10. 

One material or this crystal class (tellUrium dioxide) has the interesting 
property that C,HI> C il • while ('101 satislics the usual condition (1\ < (II' 

This means that the X-intercept (f)y in Fig, 3, 10 falls inside the X-intercept (~). 
From this it appears that the (kll')" and (/' curves should cross each 
other. Figure 3.11 shows that this does occur. Along the X axis, the longitu­
dinal wave has the unusual property of heing slower than one of the shear 
waves; hut normal conditions are restored after the curves have crossed. 
Figure 3.12 slwws slowness curves in the X Y plane for the same material. 
In this case, the solution (klo»:! changes from pure longitudinal to pure shear 
as 1> increases from 0° to 45", and the sol ution (k 10J)~ changes from pure shear 
to pure longitudinal. 

B.Sb Classes 4. 4. 41m. The characteristic for 
propagation in the X r plane and along the Z axis. 

I n the X r planc there is a pure shear wa ve 

CUI) 
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(JI/Wi.l • rjure (X", }'I-polarized 

Pure shear, 
Z-polanzed 

FIGURE 3,12. Slowlless curves for tellurium dioxide, corresponding to 
Fig. 3.9. 

For thc quasishear wave 

(k) )1/21 j. .,,\ 1/2 
- = (2p 1('11 + C,i!; (ell + £'6';)- - 4( I 
0) 2 

and for the quasilongitudinal wavc 

tI~+ 1'66 + (3.33) 

where 

c 
C08

2 
4> + ('6,; sin 2 1> + ('IIi sin 24»('11 sin2 4> + ('66 cos2 1> 

- ('16 sin 21» (C16 cos 21> + (C12 + ('66) sin 4> cos 1»2. 

Along the Z axis there are two degenerate shear waves 

(k) (k) 'fz: 1= : 2 (~4' 

alld a pure longitudinal wave. 



------

ky/w 

(k/W)2 Quasishear .--- ----­

<P 

-'. k).)w/ I :J 

(klw)3 
Quasilongitudinal 

II 
'~_,)lf~( I'll (:12. 


I/:!

Ijl + C(i(i + \ (c l 

I:~ I 

i/':!.
,.JI I + C(il; \ (I'll 

2 P )1/2
fa': ---'-- ­( -, , ,

+ -C"1i + 1'12. 

-;-)1/2
Iii) (

( 4·\ 

(+)1/2
17' 

(II 


·-41'111 

I ~'\l tan 41>fllll = ('I J Cl~ 

11 

JIn' (Pmi 4 4W(1 

= ell (cos4 + sin l <p ""') + sin:! 2</;1U1I - ('In sin 4</;1110 + c6{) sin2 2c/'/lw 

= ~Cll sin2 24>11'" + CI 2 (COS
4 4>",,; + sin4 <p,;w) + CHI sin 

('66 sin~ 2(/, /lHt 

(ell - sin2 2¢ma + c!() sin 4¢1IIf1 + {'(iH cos:! 2(/J mfl 

FIGURE 3.13. Tetragonal classes 4,4.4/111. Propagation in the \' ) 1)lml('. 

Curves are for calcium molybdate. 

400 
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ky)w 

(klw)j Quasishear~ 
(k/wh Quasllongltudlrlal 

(klw)2 Quasishear 2x 10-4 

s/nJ­

~, :> I ,- ;..H- kX/w1<:1 , I 

ii' (2 1+ e"" + - C"6)2 + 4(';6' 1/2
I 

J' ( 

,:!, I!J
I + Cr.G \ (C1 1 - ('61;)2 + 

.~, 

(:l 

FIGURE 3.14. Telragonal classes 4, 4, Propagation in the XZ 
plane. Curves are for calcium molybdate. 

The stiffness matrix for materials of this kind can be converted to the 

same form as for classes 4mm, 422, 42m, 4/mmm hy performing an appro­
priate rotation of coordinates about the 7 axis. Slowness curves therefore 
have the same general appearance as Fig. 3.9, but arc rotated ahout the Z 
axis, Curves for calcium molyhdate are shown in Figs. 3.13 to 3.15. 

B.6 Orthorhombic 

The characteristic equation is of the same form as for the hexagonal classes, 
hut with more general stiffness coefficients. It factors for propagation in the 
X y, X/, and YZ planes. 
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kz/w 

(k/wh Quasishear 

2)( 10- 4 

/s/m 

that this 

(k/W)2 Quasishear 

(4) 

axis lies at 
45" ill 
~ig 3.13 

I) (---

CLi + Cfi6 + 


en 
(4) (pIC~3)1/2 

12; -+-C'-16----;========­C­
11 

lril ( 

FIGURE 3.t5. Tetragonal classes 4, 4, 4/111. I>ropagation in the plane 
X = Y, Z. Curves are for I.'alcium molybdate. 

In the X Y plane there is a pure shear wave polarized along the Z axis, 

., J. . . 2 
COS" 'f' + C.% SII1 (3.34)(:}= 

The quasishear wave is 

+ ell cos2 ¢ + C22 sinz ¢(:;t= 
- .j(c6G + ell cos2 ¢ + C 22 sin2 4(') 1/" (I I'll 
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and the quasilongitudinal wave is 

., ./.+ ('11 cos" (I' + C22 ¢(:t= 
+ + ('11 cos2 

¢ + ('22 sin2 
¢)2 (3.36) 

where 

c= cos~ ¢ + {'1l11 sinz ¢)('6G cos2¢ + ('22 8inz ¢) 

- (c12 + ('66)2 cos2 ¢ sin2 ¢. 
The direction angle ¢ is dellned in Fig. 3.16, which shows curves for barium 
sodium niobate, neglecting the piezoelectric effect. 

liy/w 

(k/w)j Pure shear, 


Z-polarized ~/_-~-­

//--­

/~2.6)(10-4 

"/w), Q""i'r( /: 
,1, ( ilxlw 

(1,lw)] Quasilonglludmal 

(I) im 
(2) 

4p 
Cl) ( 

Cll + C22 + 2('66 - \. (ell ­

(~i 

(4) (pl1'44 )1/2 

(R: 
, + c.,., + 2c"" + 

2[> )!l2 
tfii ( ~~4 + C 

S5 

1'[ G U R E 3.16. Orthorhombic. Propagation in the X Y plane. Curves are 
for ImriulII sodium niobate, with the piezodectric effect neglected. 
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For propagation in the XZ plane the pure shear wave is polarized along 
the Y 

(k) 1/2{ • 2" ?- = P ('66 sIn II + ('41 COS- (3.37) 
(t)2 

The quasishear wave is 

+ C II sill~ (j + (':ta ()(~)[ 
- J(c"" + ell sin" () + Caa cos2 0)2 4<')-1/2 (3.38) 
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FIGURE 3.17. Orthorhombic. Propagation in the Y/ 111;111('. Curves arc for 
barium sodium niobate, with the piezoelectric' effect lIl·gkdnl. 
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and thc quasilongitudinal wave is 

(k) .') liz! . ., I 2 
- (~p) l"5" + ell SIn",J + ('n cos 0 
(jJ ~ 

. 2 <) 'J "'!;t-1I:! (3.39)+ + ell sIn () + "a3 COS" Of 4L I . 

where 

C = (ell sinZ 
() + ('[,5 cos2 sin2 () + C33 cos2 I)) 

(CIa + c..Y sin2 fJ cos2 0. 
Curves arc shown in Fig 3.17. 

In the YZ plane the pure shear wave is polarized along the X axis 

C) sinz 0 + C5S cos2O} (3.40) 

The q uasishear wa ve is 

+ ('22 sin2 () + C:sa cos" ()(~)2= 
2 

- .)«('11 + C 22 sin 2 0'+ ('a:l cos (})2 (3.41) 

and the quasilongitudinal wave is 

(k) + ('22 sil1 
2 

{j + ('a:l cos2 ()(~) ::= 

+ + ('22 8inz 0 + C;t:: (J)2 - 4Cl 1 (3.4.:n 

where 

c = (c2:~ 5il12 () + ('44 cos" sin2 0 + C3:l cos:l 0) 

+ sin2 () cos2 O. 
Curves are shown in Fig. 3.18. 
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C. PURE MODE DIRECTIONS 

In anisotropic media acoustic planc waves do not usually have particle 
motion polarized either parallel or normal to the wavc vector. Pure longitud­
inal and pure transverse polarizations occur only for certain wave vector 
directions, called pure mode directions. These may occur in both symmetry 
and Ilonsymmetry directions. 

http:COS-(3.37
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FIGURE 3.18. Orthorhombic. Propagation in the YZ plane. Curves are 
for barium sodium niobate, with the piezoelectric effect nl'glected. 

Co1 Symmetry Directions 

Propagation ill a S)mmctry Plane 
One pure shear mode, polarized normal to plane. 

Propagation Normal (0 a 2-fold, 4-fold or 6-fold Axis 
One pure shear mode, polarized parallel to axis. 

PropafiGtion Alonfi A 2-fold Axis 
All modes are pure. 

PropafiGtion Along a 3-fold, 4-fold or 6-fold Axis 
All modes are pure. 


Shear modes are degenerate. 


C.2 Nonsymmctry 
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C.2a Hexagonal 
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C.2b Trigonal (32, 3m, 3m) 
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(c3:l - 2('44 - C13) cot3 () + 3c14 cot~ 0 1 - - ( 13 ) cot () - O.2C44 c14 

i" After K. Brugger, "Pure Modes for Efasli..: Waves in " J. Appl. Phys. 36, 
75') 7(,X (1%5). 
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C.2f Orthorhombic 
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