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ABSTRACT 

Calculat ions have predicted the existence of crys 
c a l l y  doubly ro ta ted  quartz o r i en ta t i ons  w i t h  turnover temper- 
atures which are considerably less sens i t i ve  t o  angular mis- 
o r i e n t a t i o n  than comparable AT- o r  BT-cuts. We have a r b i t r a r i -  
l y  designated these c r y s t a l s  as the AK-cut. We r e p o r t  exper- 
imental data f o r  seven or ientat ions,  + -ang le  va r ia t i ons  between 
30-46' and e-angle va r ia t i ons  between 21 -28O, measured on 
3.3-3.4 MHz fundamentai mode resonators v i b r a t i n g  i n  the th i ck -  
ness shear c-mode. The experimental turnover temperatures o f  
these resonators are between 8OoC and 15OoC, i n  general agreement 
w i t h  ca lcu lated values. The normalized frequency change as a func- 
t i o n  o f  temperature has been f i t t e d  w i t h  a cubic equation. 

raphi-  

INTRODUCTION 

c rys ta l l og raph ica l l y  doubly ro ta ted  quartz p la tes v i b r a t i n g  i n  the thtckness 
shear mode were calculated. It was shown t h a t  i n  addi t ion t o  the  usual 
r o t a t i o n  angles associated w i t h  t h e  AT-, FC-, IT-, SC-, RT-, and BTzuts,  
t h e r e  i s  another crysta l lographic  region which y i e l d s  Tto values i n  t h e  
temperature range o f  p rac t i ca l  i n t e r e s t  t o  temperature c o n t r o l l e d  resonators. 
These c rys ta l  or ientat ions,  v i b r a t i n g  i n  t h e  thickness shear c-mode, were 
a r b i t r a r i l y  designated as AK-cuts. 
cha rac te r i s t i cs  o f  t h e  AK-cuts are located between the AT- and BT-cuts, 
but t h e  T t o  values are considerably less sens i t i ve  t o  angular o r i e n t a t i o n  
than any o f  the other  cuts. I n  t h i s  paper, we g ive addi t ional  t heo re t i ca l  
r e s u l t s  re la ted t o  t h e  AK-cut, and a t  the same t ime repor t  experimental 
conf i rmat ion o f  turnover temperatures on 10 MHz, 3rd overtone, resonators 
fabr icated from seven d i f f e r e n t  crysta l lographic  or ientat ions.  

lhe computations performed i n  t h i s  i nves t i ga t i on  are based on 
e l a s t i c  constant values, cpq, o f  quartz publ ished by Bechmann, Bal lato, and 
L u k a ~ z e k , ~  hereaf ter  re fer red t o  as BBL(1962), and on a set  o f  temperature 
c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants, Tn(C 
a f t e r  re fer red t o  as BBL(1963) LSF. 
on the  l eas t  squares f i t  (LSF) o f  exterimental data publ ished by Bechmann, 
Bal lato,  and Lukaszek (BBL) i n  1963. 
BBL(1962) and another set has been publishea b! Mams, Enslow, Kusters, and 
Ward,li and we r e f e r  t o  t h i s  se t  as Mams e t  al. I n  Ref. 3 we compared and 
discussed the l i m i t a t i o n s  associated w i th  the  d i f f e r e n t  sets, and t h e i r  ap- 

In  a previous publication,' t h e  turnover temperatures, T o ,  o f  

lhe frequency as a func t i on  o f  temperature 

), der ived i n  Ref, 3, and here- 
lhese k p e r a t u r e  c o e f f i c i e n t s  are based 

A T ( c  q) set has been derived i n  
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r e s u l t s  and p r e d i c t  t h e  ex is tence o f  t h i s  cu t ,  bu t  ac tua l  T t o  values f o r  a 

we l i m i t  co 
temperature coe 

CALCULATED TURNOVER TEMPERATURES 

i f i c  p a i r  o f  r o t a t i o n  angles de 
utat ions.  I n  t h i s  

n t s  o f  e l a s t i c  constants. 

F igure 1 d e p i c t s  t h e  p l a t e  geometry and c rys ta l l og raph ic  coordi- 
nate systems used i n  t h i s  i nves t i ga t i on .  The o r i e n t a t i o n  o f  t h e  p l a t e  i s  
described by angles (4, e) where 4 and 9 a r e  r o t a t i o n s  around t h e  z- and 
x-axis, respect ive ly .  I n  t h i s  nomenclature, +-angle l i m i t s  a re  0" 4 (p 4 60" 
and b a n g l e  r o t a t i o n s  are  0" G 9 4 90'. The angular r o t a t i o n s  associated 
w i t h  t h e  AK-cuts a re  approximately between + = 30" and 4 = 47", and between 
8 = 17" and 9 = 30". For example, one s p e c i f i c  (4, e) combination i s  
(40.9, 21.0)". 
"negative theta' ' s i de  and i s  designated as (19.1, -21.0)". 

temperatures between 75°C and 160°C o f  AK-cut c-mode v ib ra t ions ,  
t u r e  c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants a re  v a l i d  between -200°C and 
+2OO0C. For AT-cut c rys ta l s ,  $ = O", t h e  tu rnover  temperatures throughout 
t h i s  temperature range are s i n g l e  value func t ions  o f  t h e  9-angle, and a re  
obta ined a t  b a n g l e s  s l i g h t l y  l a r g e r  than 35-25". 
range, t h e  AT-cut Tto s h i f t s  by 2.6"C per  minute o f  arc. The AT-cut angle 
equ iva len t  t o  T t o  = 200°C i s  8 = 36.70°. For AK-cut c r y s t a l s ,  t h e  lowest  
poss ib le  Tto, based on BBL(1963) LSF parameters, i s  approximately 75"C, and 
f o r  a spec i f i ed  +-angle t h e r e  a re  two b a n g l e s  which g i ve  i d e n t i c a l  Tto. 
For a se lected Tto, t h e  (4, e) l o c i  e x h i b i t  concent r i c  q u a s i - e l l i p t i c a l  
cha rac te r i s t i cs ,  w i t h  t h e  angular boundaries inc reas ing  w i t h  Tto. lhe d i  s-  
t o r t i o n s  i n  t h e  T t o  = 140°C and T to  = 160°C curves a t  t h e  h igher  +angles 
and upper b a n g l e  segments a re  due t o  t h e  i n te r fe rence  o f  t h e  Tto branch 
conta in ing  t h e  AT-type tu rnover  temperatures. 
Ref. 1, Fig. 9. The (4, 0) l o c a t i o n s  o f  t h e  experimental resonators a r e  
shown i n  Fig. 2 by dots, w i t h  t h e  experimental Tto values indicated. 
w i  11 be discussed f u r t h e r  on,) 

I n  another commonly used notat ion,  t h i s  r o t a t i o n  i s  on t h e  

F igure 2 shows t h e  ca lcu la ted  (@, 9) l o c i  f o r  se lected tu rnover  
The tempera- 

I n  t h e  50°C t o  100°C 

This can be deduced f rom 

(These 

The pr imary advantage o f  A K c u t  c rys ta l s ,  t h a t  i s ,  t h e  r e l a t i v e  
i i v i t y  o f  Tto t o  inaccurac ies i n  ($, e), i s  i m p l i c i t  i n  t h e  c u r  
S 7n Fig. 2. For example, a t  4 = 37" t h e  to le rance on t h e  e-angle 
t h e  Tto t o  be between 75°C and 85°C i s  A9 = 21.9". 
same Tto  range, t h e  to le rance f o r  t h e  AT-cut i s  A e  = e', approximately 60 
t imes more sens i t i ve .  
l e s s  sens i t i ve  t o  8-angle changes than t h e  AT-cut, and t h e  comparable angu- 
l a r  to le rance i s  A e  = 514'. 

I n  cont ras t ,  f o r  t h e  

The T to  p o s i t i o n  o f  t h e  b-mode BT-cut ( 4  = 60") i s  
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Figure 3 shows a compari t h e  (4, 6)  l o c i  f o r  Tto = 90'C 
ca l cu la ted  w i t h  Tn(Cpq) values based s e t  a l ,  BBL(1962), and BBL(1963) 
L SF. th ree  se ts  show the  q u a s i - e l l i p t i c a l  na ture  o f  t h e  curves, b u t  vary 
i n  d e t a i l e d  numerical resu l ts .  For a given (4, e), Mams e t  a1 parameters 
y i e l d  t h e  lowest Tto values, t h e  BBL(1963) LSF s e t  p r e d i c t s  h igher  Tto, and 
BBL(1962) gives t h e  h ighes t  T to  values, A s i m i l a r  order  i s  fo l lowed i n  ca l -  
c u l a t i n g  t h e  lowest poss ib le  T to  f o r  t h e  AK-cuts, approximately 55'C f o r  Adam 
e t  al, 75'C f o r  BBL(1963) LSF, and 85°C f o r  BBL(1962). Th 
p o i n t  ou t  t h e  d i f f i c u l t y  i n  comparing t h e o r e t i c a l  p red ic t1  
t a l  data. 
o rde r  temperature c o % f f i c i e n t s  o f  frequencies measured on a se t  o f  ($, 6) 
o r ien ta t ions .  
may depend on t h e  ($,e) d i s t r i b u t i o n  o f  t he  o r i g i n a l  data set. 
o f  our knowledge, da ta  po in ts  from t h e  (+, 6) reg ion  d e f i n i n g  t h e  AK-cut 
were no t  inc luded i n  any o f  t h e  t h r e e  data sets. 
t he re  i s  then n e i t h e r  an a p r i o r i  preference f o r  s e l e c t i n g  a p a r t i c u l a r  

q )  set ,  nor  i s  t h e r e  any confidence t h a t  t h e  pred ic ted  T t o  values w i l l  
be o served. For r e l i a b l e  computations, i t  i s  essen t ia l  t o  c o l l e c t  experi- 
mental data weighed heav i l y  w i t h  ( 4 ,  0) o r i e n t a t i o n s  app l i cab le  t o  t h e  
c rys ta l l og raph ic  reg ion  o f  i n t e r e s t ,  and then based on t h i s  data d e r i v e  a 
" l o c a l "  se t  o f  cpq and Tn(Cpq)o 

EXPERIMENTAL PROCEDURES AND RESULTS 

The Tn(Cp ) values a r e  der ived from t h e  f i r s t ,  second, and t h i r d  

To t h e  b e s t  
The i r  a p p l i c a b i l i t y  t o  a p a r t i c u l a r  c rys ta l l og raph ic  reg ion  

For A K c u t  c a l c u l a t i o n s  

n( 

The pr imary o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  conf i rm t h e  
ex is tence o f  th ickness shear c-mode v i  b ra t i ons  y i e l d i n g  tu rnover  tetitperatures 
i n  t h e  80'C t o  200'C temperature range f o r  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  which 
are unre la ted  t o  angular  values u s u a l l y  associated w i t h  t h e  general c lass  o f  
doubly ro ta ted  AT-cuts. 

($, e) o r ien ta t ions ,  F igure 4 shows t h e  (4, e) p o s i t i o n s  o f  t h e  se lec ted  
cuts, and t h e  M i l l e r  i nd i ces  o f  t h e  l a t t i c e  planes associated w i t h  t h i s  
c rys ta l l og raph ic  region. The pr imary  (4, 6) s e l e c t i o n  c r i t e r i o n  was ease 
o f  o r i e n t a t i o n  and fabr ica t ion .  Three ro ta t i ons ,  (30, 24.44)', (36.58, 
28.45)', and (46.10, 23-59)' a re  low index l a t t i c e  planes, 11111, 13231, and 
[312], respect ive ly .  Another t h r e e  ro ta t ions ,  (40.9, 21.0)', (40.9, 23-59)', 
and (40.9, 27.0)' a re  s i t ua ted  a long t h e  12111 and 12121 planes, and t h e  
seventh (36.0, 24.44)', i s  obta ined by a 6' r o t a t i o n  from [ill]. 
were machined i n t o  plano-plano p la tes ,  beveled a t  t h e  edges, and t h e  d i s k s  
were fab r i ca ted  i n t o  1 0  MHz, 3 r d  overtone, resonators a t  Frequency-Electron- 
i cs ,  
quency value was no t  a f a b r i c a t i o n  requirement. 

The i n i t i a l  eva lua t ion  o f  t h e  AK-cut c r y s t a l s  comphses seven 

The c r y s t a l s  

h C . 3  us ing  es tab l i shed manufacturing processes. R e  exac t  10 MHz f r e -  

The resonators were placed i n  a heater  and connected through a 
IT -network t o  a network analyzer. A programmable synthes izer  provided a 
stepwise va r iab le  frequency. Temperature was measured w i t h  a thermocouple 
attached t o  t h e  resonator  enclosure and connected t o  a d i g i t a l  thermometer. 
A d a t a  bus connected these components t o  a desktop computer and p r i n t e r  f o r  
automatic data recording. A programmable temperature c o n t r o l l e r  prov ided 
l i n e a r  ramps w i t h  ad jus tab le  ra tes ,  e.g. 0.1 o r  O.Z°C/minute. The cont ro l -  
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temperature. 

tone modes. 
and 3 r d  over t  
t h e  b-mode B 
t o  maximum as Tto s h i f t s  from below t o  above t h e  i n f l e c t i o n  temperature, t h e  
cu rva tu re  found w i t h  AK-cut c r y s t a l s  i s  unre la ted  t o  t h e  i n f l e c t i o n  tempera- 
ture,  For t h i s  p a r t i c u l a r  AK-cut o r i en ta t i on ,  t h e  i n f l e c t i o n  temperature i s  
ca l cu la ted  t o  be a t  -793OC, a meaningless number. 
resonators a l so  have turnover  temperatures i n  t h e  fundamental mode, and t h e i r  
Tto values were i nd i ca ted  i n  Fig, 2. 
some below, and some almost co inc ide  w i t h  p red ic ted  values. 
s i m p l i f i e d  mathematical formalism u t i l i z e d  f o r  these computations, and t h e  
inaccurac ies o f  t h e  Tn(Cp4) values, t h e  general agreement between theory  
and experiment i s  s u r p r i s i n g  and g ra t i f y i ng .  
o f  t h i s  data w i t h  ca lcu la ted  r e s u l t s  based on t h e  Tn(Cpq) se ts  are no t  t o o  
meaningful. 

The o the r  fab r i ca ted  

Some experimental p o i n t s  l i e  above, 
Considering t h e  

However, d e t a i l e d  comparisons 

The frequency as a func t i on  o f  temperature curves are  f i t t e d  by 
a normalized cub ic  equation i n  t h e  form 

3 
A f / f o  = ( f  - fo)/fo = an(T - To)n 

n= 1 

where To = 25OC and fg i s  t h e  frequency a t  To = 25OC. lhe r e s u l t i n g  c o e f f i -  
c i e n t s  an are l i s t e d  i n  Table 1 together  w i t h  t h e  standard dev ia t ions  o f  t h e  
f i t s  which are  reasonable and consistent. 
ences between measured and ca l cu la ted  values based on t h e  cub ic  equat ion are  
a l s o  p l o t t e d  i n  Fig. 5, Throughout t h e  e n t i r e  measured temperature range, 
25OC t o  145OC, t h e  data i s  equa l l y  we l l  described by t h e  cubic  e uat ion,  and 

The 
frequency-temperature c h a r a c t e r i s t i c s  o f  t h e  corresponding 3rd overtone 
curves were a l s o  f i t t e d  by t h e  cubic  equation. For t h i s  p a r t i c u l a r  (4, 9) 
combination, t h e  fundamental and t h e  3 r d  overtone Tto agree w i t h i n  2OC. 
shown i n  Table 1, t h i s  i s  no t  t h e  case f o r  o the r  ($, 9) o r i en ta t i ons .  
For (30.0, 24,44)O, t h e  3 r d  overtone Tto i s  27OC higher, and f o r  (36.58, 
28.45)O and (46.1, 23.50)" t h e  fundamental mode T t o  i s  h igher  by 23°C and 
4loC, respect ive ly .  lhese discrepancies do no t  necessar i l y  imply  incons is ten-  
c i e s  i n  data o r  ca lcu la t ions .  
frequency-temperature c h a r a c t e r i s t i c s  o f  fundamental and overtone modes a r e  
a l s o  re la ted,  i n  a complicated fashion, by t h e  temperature c o e f f i c i e n t s  o f  
t h e  electromechanical coupl ing fac to rs .  
inc luded t h i s  e f f e c t  i n  our mathematical formalism. Our i n i t i a l  measurements 

The normalized frequency d i f f e r -  

t h e  dev ia t ions  f rom t h e  cubic  a re  s u b s t a n t i a l l y  l ess  than *lxlO" 8 . 
As 

I n  t h e  f i r s t  o rder  approximation, t h e  

A t  t h e  present time, we have n o t  
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Table 1, Temperature Coe f f i c i en ts  o f  Frequency 
f o r Experi menta 1 K-cut Crysta l  s e 

1 i e n t a t i o n  standard AF 
a3 dev ia t i ons  (see t e x t )  

/:E2 /'C3 
4 e T t  0 a1 

/ 'C 

Fundamental mode 

30.00' 24-44' 145'C 4 . 3 5 ~ 1 0 ' ~  -22.3x1W9 2 2 . 6 ~ 1 0 - ~ ~  l .0xlW7 
36.00' 24.44' 84 3.58 -29.2 -11.9 0.8 
36.58' 28-45' 101 4.50 -27.8 -14.8 0.8 

40.90' 23.59' 113 6.48 -30.8 -47.7 4.5 
40.90' 27.00' 107 6.18 -32.0 -42.5 2.3 
46.10' 23.59' 154 11.90 -3 1.8 -72.3 3.7 

40.90' 21eOO' 129 7.31 -30.6 -33.9 3.7 

3rd overtone mode 

.30.00° 24.44' 172 5.04 -22.8 25.1 1.6 
36.00' 24.44' 82 3.90 -31.2 -28.6 1.5 
36.58' 28.45' 78 3.43 -28.1 -70.5 4.0 
46.10' 23.59' 113 7.77 -36.3 -55.9 4.0 

14.2~10- 
31.3 
31.2 
41.0 
43.4 
42.6 
60.0 

11.9 
3 6.2 
39.0 
51.2 

per ta ined t o  t h e  3rd overtone modes, and t h e  corresponding T t o  values were 
the  ones i nd i ca ted  i n  Ref. 1, Fig. 14. 

Table 1 a l s o  l i s t s  values f o r  

t he  d i f f e rence  between t h e  ca l cu la ted  normalized frequency a t  T t o  and Tto 11°C. 
Jhis q u a n t i t y  i s  a measure o f  t h e  " f la tness"  o f  t h e  fr quency-temperature 
curve a t  T . The values range from 14x10-' t o  6 0 ~ 1 0 - ~ ,  and t h e r e  seems t o  be 

f o r  AT-cut range f rom AF = 21.5~10" f o r  Tto = 85'C t o  AF = 4 0 . 0 ~ 1 0 ' ~  f o r  
T t o  = 160'C. 

some c o r r e  to a t i o n  between these v a l u  s and t h e  +angles. Comparative values 

F igure 6 shows t h e  mode spectrum f o r  t h e  fab r i ca ted  resonators 
v i b r a t i n g  i n  the  fundamental b- and c-modes measured a t  room temperature. 
A l l  (4, e) p a i r s  show s i m i l a r  pat terns.  The ampli tude o f  t h e  lowest c-mode 
resonance i s  very la rge ,  and we designate t h i s  frequency, f o r  each respec t ive  
(4,  e), as fo. Jhe fo modes have been a l igned i n  Fig. 6, bu t  t h e  fo values 
a c t u a l l y  vary between 3.36 and 3.41 M H z .  %e fo mode i s  fo l l owed  by a s e r i e s  
o f  anharmonic modes o f  various strengths. 
s t rong as fo. The abundance o f  anharmonic modes i s  a c h a r a c t e r i s t i c  f e a t u r e  
o f  doubly ro ta ted  cuts, and no e f f o r t s  were made t o  suppress unwanted vibra- 
t ions .  lhe v i b r a t i o n  pa t te rns  associated w i t h  t h e  anharmonic modes have n o t  

Some anharmonic modes are  as 
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Table 2, Comparison o f  Fundamental and c-mode Frequency Separation, 

30.0' 24e44O 
36.0 24.44 
36e58 28.45 
40.9 21.0 
40.9 23.59 
40.9 27.0 

14.6% 13.4% 
11.6 11.1 
5.7 5.5 

14.3 14.7 
10.4 10.1 
5.1 5.2 

F igure 7 shows t h e  corresponding 3 rd  overtone c-mode spectra, 
w i t h  t h e  except ion o f  (40.9, 23.59)'. 
s i s t e n t  w i t h  t h e  increased number o f  a l lowab le  v ib ra t ions .  The arrow indica- 
t e s  t h e  r e l a t i v e  3 f 0  pos i t ions ,  and t h e  spect ra are a l i gned  a t  3fo.  
several o r i en ta t i ons ,  there  a re  a l a rge  number o f  s t rong resonances below 
3f0, and the re  i s  no one dominant resonance t h a t  can be designated as t h e  
equ iva len t  t o  fo. 
t e r i s t i c s  f ( T )  o f  t h e  resonators. Do we choose t h e  lowest frequency, t h e  
s t rongest  amplitude, o r  t h e  mode c loses t  t o  3f0? 
measured f ( T )  f o r  several modes, and i n  some cases we do f i n d  considerable 
d i f f e rences  i n  t h e i r  Tto. The data l i s t e d  f o r  t h e  3 r d  overtone i n  Table 1 
correspond t o  t h e  lowest observed frequencies. 

The increased number o f  modes i s  con- 

For 

This poses a problem i n  eva lua t ing  t h e  temperature charac- 

For some resondtors we have 

46.1 23.59 I 7.2 

The r e a l  d i f f i c u l t y  encountered i n  eva lua t ing  t h e  3rd over tone 
modes i s  t h a t  f o r  t h e  th ree  + = 40.9' o r i e n t a t i o n s  we a re  unable t o  observe 
tu rnover  temperatures. The resonances a r e  c lose  together, vary  considerably 
i n  s t rength  w i t h  temperature, become coupled, and they are  very hard t o  
f o l l o w  and i d e n t i f y  w i t h  changes i n  temperature. 
ca te  t h a t  cons iderable work i s  needed t o  op t im ize  d i sk  geometry and suppress 
anharmonic v i b r a t i o n  patterns. 
f o r  (36.0, 24.44)'. 
same order o f  magnitude as h igh  p r e c i s i o n  10  MHz, 3rd overtone, AT-cut 
resonators. 

The mode spectra data i nd i -  

F igure 8 shows t h e  3 r d  overtone resonance 
The Q-value i s  approximately 1.5 x lo6, t h a t  i s  o f  t h e  

6.9 

OPTIMIZED ORIENTATIONS 

The most important resonator performance c h a r a c t e r i s t i c  i s  t h e  
frequency-temperature behavior, The c l a i m  f o r  t h e  AK-cut c r y s t a l s  r e l a t e s  t o  
tu rnover  temperature i n s e n s i t i v i $ y  t o  angular o r ien ta t ions .  The l a r g e  (4, e) 
cho ice  a v a i l a b l e  f o r  s p e c i f i c  T t o  values o f  AK-cuts may a l s o  a l low one t o  
op t im ize  t h e  resonator  design t o  some a d d i t i o n a l  performance parameter. The 
primary concern i s  t h e  temperature coef f i c ien t  of frequency near  Tto. 
small value i s  desired, bu t  cons t ra in t s  a re  imposed by t h e  electromechanical 
coup l ing  fac to rs ,  and t h e  b- t o  c-mode frequency separations. 

A 
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s a p l o t  o f  the normalized 
AF between T t o  and T t o * l o  as a funct ion o f  
T t o  = 90°C curve shown i n  Fig, 3, The AF v 
around t h e  90°C turnover temperatures and we have ca l  
89°C and a t  91OC and selected t h e  l a rge r  value. 
corresponds t o  the lower and the dashed l i n e  t o  the upper @-a 
values range from approximately 22 x 10-9 a t  t he  lower +angl 
a t  t he  up e r  $-angles, w i t h  AF f o r  t he  lower 8 
2-3 x 10-8, than f o r  the upper one. This i s  a 
mental AF increase w i t h  the +angles, shown i n  Table 1. 

e-angle. 
22.8 x l o m 9  and f o r  t h e  BT-cut 62.2 x lom9. 
quency-temperature curvature o f  t h e  AK-cut i s  between t h a t  o f  t h e  AT- and 
BT-cuts. 
increase w i t h  T t  
with increasing ?io. 

The s o l i d  l i n e  o f  t h i s  curve 

For low AF values, one would se lect  low +angles and the lower 
The corresponding AF value, a t  T t o  = 90°C, f o r  t he  A F c u t  i s  

For higher T t o  values, the AF values f o r  both the  AT- and BT-cuts 
whereas f o r  some AK-cut (0, e) combinations AF decreases 

Hence, the magnitude o f  the f r e -  

Figure 10 shows the b- and c-mode electromechanical coupling 
factors,  kb and kc, as a funct ion o f  $ f o r  T t o  = 90°C. Data f o r  the lower 
bangle i s  drawn w i t h  a s o l i d  l i n e  and f o r  the upper e-angle w i t h  a dashed 
l ine.  The AK-cut operates i n  the  c-mode, and, i dea l l y ,  a strong kc and 
weak kb i s  desired. 
than k,. For the lower 8-angle kc becomes equal t o  kb a t  + = 38". A t  t h e  
higher +angles kc continues t o  increase whi le  kb decreases. 
e-angles, kb i s  stronger than kc up t o  approximately 0 = 40". 

bwever, f o r  most angles, kb i s  subs tan t i a l l y  stronger 

For the upper 

Figure 11 shows the  r e l a t i v e  frequency separations, i n  percent, 
The between the  b- and c-modes as a funct ion o f  $-angle f o r  Tto = 90°C. 

curve corresponding o f  the upper e-angle s t a r t s  approximately a t  11%, dips t o  
6% and increases t o  8% a t  the h igh +angle. 
ponding t o  the lower b a n g l e  peaks a t  14%. There i s  no establ ished c r i t e -  
r i o n  f o r  a minimum b- t o  c-mode frequency separation o r  r e l a t i v e  strengths o f  
electromechanical coup1 i n g  factors.  The recent ly  developed doubly ro ta ted  
SC-cut, (21.93, 34-24)", may be appl ied as a gu ide l ine f o r  t he  AK-cut. For 
SC-cut crystals,  t h e  frequency separation i s  9.1%, kb = 5.0%, and kc = 4.6%. 
l h i s  coupling f a c t o r  c r i t e r i o n  w i l l  l i m i t  t h e  AK-cut mostly t o  the  lower 
bang le  and t o  +angles from $ = 37" t o  $ = 40.8". The AF value i n  t h i s  
b a n g l e  range increases from 30.7 x t o  41.7 x I n  addit ion, t h e  
frequency separation c r i t e r i o n  w i l l  completely e l  iminate the  upper Qngl e 
f o r  p r a c t i c a l  resonators. 
w i l l  then be a compromise between fab r i ca t i on  tolerances on t h e  4- and 
%angles, and the const ra in ts  imposed by kb, kc, and the b- t o  c-mode 
frequency separation. 

I n  contrast, t h e  curve corres- 

For a given Tto: t h e  optimum resonator design 

Acknowledgments. We wish t o  thank Robert 3. Andrews and C h e r r i l l e  D. Stewart 
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Figure 1. 

Figure 2, 

Figure 3. 

Figure 4, 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Figure 10. 

Figure 11. 

Singly and doubly ro ta ted  crysta plates. Coordinate system. 

Calculated (+, 8) l o c i  o f  selected turnover temperatures, Tto, 
f o r  AK-cut crysta ls .  
resonators and t h e i r  measured T t o  values, 

Calculated (+, 9) l o c i  f o r  T t o  = 90%, based on three sets o f  
o f  temperature c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants. 

Rotat ion angles o f  seven experimental AK-cut resonators, ind icated 
by s o l i d  c i r c les .  
planes used f o r  or ientat ion.  

Measured frequency-temperature cha rac te r i s t i cs  f o r  fundamental 
and 3 rd  overtone modes. Also shown are the di f ferences between 
measured and f i t t e d  normalized frequencies. 

Fundamental c- and b-mode spectra measured f o r  seven AK-cuts. 

3rd overtone c-mode spectra measured f o r  s i x  AK-cuts. 

Example o f  3 rd  overtone AK-cut resonance curve. 

Calculated frequency o f f s e t s  between T t o  = 90°C and 91% f o r  
AK-cut s . 
Calculated electromechanical coupl ing factors  kb and kc f o r  
AK-cuts w i t h  turnover a t  90°C. 

Calculated b-mode t o  c-mode frequency separation f o r  AK-cuts w i t h  
turnover a t  90°C. 

Dots i n d i c a t e  the  p o s l t i o n  o f  experimental 

Also shown are t h e  M i l l e r  ind ices o f  l a t t i c e  
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J 
X 

Singly and doubly rotated crysta l  plates. Coordinate Figure 1. System 

ROTATION ANQLE PHI - +(DEQ) 

Figure 2. Calculated ($,e) l o c i  o f  selected turnover tem- 
peratures Tto f o r  AK-cut crystals.  Dots indicate the  posit ions of 
experimental resonators and t h e i r  measured Tto values. 
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A -  AblMrtd 
B - BBLQWI 1 
C - BBLQW) LSF 

I 1 1 I I 1 l 
t 31 33 3s 37 39 41 0 

ROTATION A W E  PHI - *cas) 
Figure 3. 
temperature coef f ic ients  o f  e l a s t i c  ccnstants. 

Calculated (+,e) l o c i  for Tto = 90°C, based on three sets of 

2 8 3 0 3 2 3 b 3 6 3 6 4 0  4 2 4 4 4 6 4  
ROTATION ANGLEPHI - rldeg) 

Figure 4. Rotat ion angles o f  seven experimental AK-cut resonators (sol  i d  
c i rc les ) .  Also shown are the  M i l l e r  indices o f  l a t t i c e  planes used for  
orientation. 
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Figure 5. 
fundamental and 3rd overtone modes. 
tween measured and f i t t e d  normal i zed frequencies. 

Example o f  measured frequency-temperature character is t ics  f o r  
Also shown are the di f ferences be- 
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~ 1 0  H r d  

froquenoy 

I I I I I 

T,=9OOC - 
- 

Figure 8. Example o f  3rd overtone AK-cut resonance curve. 

e-angie lobe 
e-angle labe 

211 I 
I I I I 1 

30 32.5 33 37.5 40 42.5 45 
ROTATION ANGLE PHI - 

Figure 9. Calculated frequency of fsets  between Tto = 9OOC and 9 1 O C  
f o r  AK-cut s. 
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Figure 10. 
AK-cuts with turnover a t  90°C. 

Calculated electromechanical coupling factors kb and kc f o r  

15 

13 

c c aa 
2 11 x 
E - 
e 
.L" 

1 9  
&- 

7 
Lower 8 -angle labe --- ---__- 

5 

ROTATION ANGLE PHI - +(deg) 

Figure 11. 
with turnover a t  90°C. 

Calculated b-mode t o  c-mode frequency separation for  AK-cuts 
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