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INTRODUCTION

Almost all modern resonators used for frequency control in moderate and
high precision applications are of quartz, and operate using bulk acoustic
waves of the thickness shear variety. At present, the singly rotated AT cut
is most often used, but recent developments point to a greatly expanded role
for doubly rotated cuts. Furthermore, virtually all of the thickness mode
cuts are in the form of thin circular discs. When these are mounted, the
mounting clips cover relatively little of the available edge of the crystal
plate and any forces communicated between the mounting supports and the quartz
plate produce high stresses and stress-gradients in the vicinity of the mount-
ing positions.

The subject of frequency perturbations in quartz vibrators produced by
such external forces has received both theoretical and experimental attention
previously!=27* Those investigations related the initial stress produced
by mounting supports to resonance frequency changes, the contribution to lonag
term aging, and the relation to frequency excursions produced in shock and
vibration environments. Two-and four-point mount locations with respect to
the plate crystallographic axes have been identified which have the potential
to produce minimal frequency shifts for in-plane forces. These were identi-
fied by azimuth ang]es w in the plane of the plate for which the force- freq-
uency coefficient K.(v) equals zero. Unfortunately, in practice, it has been
found very d1ff1cu1€ to position the mounting clips at the precise locations
required. Mispositioning and/or increasing the area of the contact points
over a larger area has been found to result in substantial frequency shifts.

This report describes in detail a design for resonator plates having a
prescribed lateral contour, with mounting surfaces provided along a relatively
large portion of the periphery, so that mounting stresses are greatly reduced
in size, with no detriment to the force-immunity of the older type of mount-
ing. A different lateral contour, of rhomboid configuration, for each and
every member of the doubly rotated family of quartz cuts located on the zero
temperature coefficient locus extending from the AT-cut to the rotated-X-cut
is provided. Other advantages of this new schemec are also described.

SINGLY AND DOUBLY ROTATED CUTS OF QUARTZ

“Singly rotated" and“doubly rotated" refer to cuts oriented with respect
to the crystallographic axes. The rotation(s) is/are made primarily for rea-
sons of frequency-temperature behavior. Definitions of axes and angles in-
volved in the specification of a cut are shown in Figure 1. Further details
are given in Reference 23. When the angle @ is zero, Jthe resu]t is the singly
rotated Y-cut. The angle @ may take on values from 0° to 30° for quartz; any
other angle is equivalent to some angle in this range because of crystal sym-
metry. Although other doubly rotated cuts having zero temperature coefficient
of frequency exist, we shall concentrate on the branch of | the first order
zero temperature coefficient locus where % + 34° to + 35°, and give specific
results for the orientations listed in Table 1.

* See list of references beginning on page 31.
1
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TABLE 1. ZERO TEMPERATURE COEFFICIENT CUTS INVESTIGATED.

o (degrees) Cut
0 AT
10 10° V-Cut
15 FC
19.1 IT
21.9 to 22.4 SC; TTC; TS
30 30° v-Cut

EFFECTS OF IN-PLANE DIAMETRIC FORCE PAIRS

Consider a circular plate vibrator as shown in Figure 2. Two force-pairs
are shown, Fy and Fp. These are point-forces. If one set of forces, say Fp,
is set to zero, and the other is applied at an azimuth ¥,, as shown, then
the crystal frequency will change in direct proportion to the size of the
force applied at Fy. Further, the frequency change Af is also a function of
the angle y of the applied force. For 2 given plate, the quantity Af is dir-
ectly proportional to a number Kf(w), called the force-frequency coefficient.
A polar plot of Kg(v) versus y is shown in Figure 3 for the AT cut. An im-
portant property of the force-frequency effect for diametric force-pairs is
that of superposition. That is, the resultant af produced by Fy and Fp, from
Figure 2, acting simultaneously at any two angles, as shown, is the algebraic
sum of the individual Af's acting alone at those angles. For the AT cut, the
optimum mounting location points which produced zero frequency change were
determined, and are marked "A", "B", "C", and "D" in Figure 3. For doubly
rotated cuts the four-point optimum mounting locations will not be symmetric-
ally disposed about the crystal axes. as shown in this figure; this only hap-
pens for the AT cut (P=0°) because then the two-fold symmetry axis of quartz
happens to lie in the plane of the plate.

Table 2 gives the optimum four-point mounting lTocations, (corresponding
to points "A", "B", "C" and "D" in Figure 3), which coincide with the angles
at which K¢(y) equals zero, not only for the AT cut, but for the family of
cuts that are of interest here.
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TABLE 2. OPTIMUM FOUR-POINT MOUNTING LOCATIONS.

¢ (degrees) u (degrees)
0 62.0, 118.0
10 68.55 « 1125.2
15 74.8, 148.8
19.1 79.3, 163.1

21.9 to 22.4 8l.6, 171.9
30 79.3, 184.3

The ¢ angles given for each P angle are to be supplemented by two more
values, obtained by adding 1800 to the y values in the table above. Radial
forces acting at these y azimuths produce no frequency changes in the quartz
resonator. The angles given in Table 2 were obtained from plots<“ of Ke(w)
versus ¢y , shown in Figure 4. In addition to the specific v values given in
Table 2, the vy values corresponding to any value of @ may be read approximate-
ly from the graph provided in Figure 5.

Figure 6 shows the experimental apparatus with which the data were taken.
Included are, clockwise from the left, proof masses for establishment of the
force levels, crystal oscillator (CI Meter), vacuum pump for holding specimen
on sample chuck, and mounting jig apparatus. The mounting jig is further
shown in left- and right- views in Figures 7 and 8, respectively. Further
details are given in Reference 22.

STUDIES TO MINIMIZE FREQUENCY PERTURBATIONS DUE TO Kf(w).

From the foregoing, one sees that circular quartz plate vibrators do
possess points where radial stresses will not produce frequency changes.
These are at the azimuths y for which the force-frequency coefficient Ke(v)
equals zero as given in Table 2. Unfortunately, in practice, it is very
difficult to design a pin-point mount and to position this mounting clip
accurately at the precise ¢ location specified. Mispositioning and/or in-
creasing the area of the contact points over a larger area will in general
result in a substantial frequency shift. Even if pin-point mounts were ach-
jevable, they would give rise to extremely large stress effects at the con-
tact points. As an example of mispositioning, consider an AT-cut plate of 14
mm diameter. Table 3 provides measured data on frequency sensitivity vs app-
lied force for a two-point mount repositioned over a y angle range of 100 in
the vicinity of y = 620 , the zero force coefficient angle.




FREQUENCY SHIFT COEFFICIENT (10713 M.SEC/N)
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TABLE 3. FREQUENCY CHANGE VERSUS ANGLE y FOR ROUND AT CUT CRYSTAL.

y (degrees) Af
f(1079)

57 #2.5
58 +2.0
59 . 3
60 +1.0
61 - L
62 0
63 - .5
64 -1.0
65 -1.5
66 -2.0
67 -2.5

-6

These data show a frequency shift of + 2.5 x 10~ as the azimuth angle y of
the applied force is changed by only + 5 degrees. As mentioned previously,
the size of the frequency change is not only a result of an azimuth angle
change, but is a function of the applied force as well. In this case a mass
of only 130 grams was applied. Another, and possibly the most compelling
reason to. improve on current mounting practices, is that the frequency change
experienced due to these stress-induced causes will change as the stresses
gradually relax with time. This is undesirable for applications where freq-
uency stability due to long term aging effects are to be minimized. From the
foregoing one sees that circular quartz plate vibrators do possess points
where radial stresses do not affect their frequency. These are the azimuths
v for which the force-frequency coefficient K.(v) equals zero. But in prac-
tice, it is, in fact, extremely difficult to mount a crystal plate at these
precise locations and misalignment can cause significant frequency shifts.

Studies to minimize frequency change with respect to increasing the area
of contact and/or mispositioning resulted in a geometry which allows the ap-
plication of colinear forces through the crystal plate in the vicinity where
Kg(yw) is zero, with minimal frequency change. Plate configurations to achieve
the desired results are obtained by cutting flats tangent to the zero force
coefficient points. One such plate, for an AT-cut, is shown schematically in
Figure 9. This fiqgure shows a plate, initially round in outline, on to which
four flats were ground on the perimeter. The flats are arranged to be paral-

12
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lel in pairs, and their normals make angles of ¢ = 62° and 118° with respect
to the X axis. These angles are those of Kf(w) = 0 mentioned previously.

The numbers in parentheses represent six pairs of points, everily spaced along
the flat portions, where opposing forces F were applied; a force-pair F is
shown at position (1). Once again, the plates were 14 mm in diameter, and
the flats (chords of the circle) were about 6.5 mm long. A cord of this
length spans an angle ay of 55° . Tests disclosed that, providing the applied
forces F were colinear, it did not matter if the forces were at positions
(1), (2), or (3); the frequency measured in each case was nearly the same,
that is, the change was virtually zero. Likewise, it did not matter (as long
as the forces were colinear) whether F was applied at positicns (4), (5), or
(6); again the change in frequency was small. The y angles of the normals

to the flat portions were selected with just this end in mind. Table 4 gives
typical results in which the force pair applied at each point was due to a
130 gram mass.

TABLE 4. FREQUENCY CHANGE VERSUS FORCE POSITION FOR RHOMBOID AT CUT CRYSTAL.

Force pair position Measured Frequency (MHz) Frequency change
along chord (af/f)
T* 4.998878
2 4.998879 +THz(+2x1077)
J* 4.998880
4* 4.998874
5 4.998875 - THz(-2x107")
6* 4.998875

*Equivalent to mispositioning y by + 27.5° about the Ke(w) = 0 points.

Table 5 provides data obtained in a similar-type investigation, except,
in this case, the experiment was repeated three times with a different force
applied in each run and the measurements were taken at more closely spaced
intervals.

As a result of these experiments we may conclude that if a distribution
of forces along the flat edges of the crystal plate, acting along the normal
to these edges, is applied to the crystal, the net frequency change will be
minimal. This means that the flat edges can become the mounting surfaces,
and that instead of a "two-point", or "four-point" mount, one can have instead
"two-edge", or "four-edge" mounts. In addition, these mounts can span a con-
siderable length, as shown for the above case in which the flat was 6.5 mm.
The case of "four-edge" mounts follows directly from the "two-edge" case in-
asmuch as superposition of forces is known to hold, so it will not be express-
ly mentioned further.

14




TABLE 5. FREQUENCY CHANGE VERSUS FORCE MAGNITUDE FOR RHOMBOID AT CUT CRYSTAL.

Force- [Frequency* | (&f/f) || Frequency*| (af/f) Frequency* (af/f)
pair Hz -6 Hz Hz 6
positio 10 1076 10

130 grams 230 grams 330 grams
1.0 884 881 , 882
1.5 883 883 881
2.0 881 881 881

+3 Hz +3 Hz + 2 Hz
2.5 881 (0.6) 881 (0.6) 882 (0.4)
3.0 384 884 884

3

4.0 884 888 886
4.5 885 884 885

-1 Hz +2 Hz + 2 Hz
5.0 885 (0.2) 886 (0.4) 887 (0.4)
5.5 885 887 887
6.0 884 884 | 883

* Frequency in hertz above 4.998 MHz; measured values.

SPECIFIC CONFIGURATIONS FOR SELECT ORIENTATIONS

The lateral contour shown in Figure 9 is for the AT cut; the ¢ angles
that fix the positions of the flat edges along which the mountings are to be
made come from Table 2 or from Figure 5. For cuts other than the AT cut, the
¢ values will be different, and the resulting outline of the crystal plate
will likewise change with @ angle. The portion of the plate shown with cir-
cular outline in Figure 9 for the AT plate could be fashioned so that all
edges are straight; likewise for the corresponding doubly rotated cuts. In
the following, no circular portions are shown; the main feature of this geo-
metry, i.e., the zero-frequency-shift edge mounting contour, is not affected
by these unused portions. These edges may be useful for other purposes as
will be described later.

The outlines generated for the six cases given in Table 2 are shown in
Figures 10 to 15. The full outline determined by the y angles is the rhom-
boid shown for each case, including the dotted lines; the solid-lined figure

15
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FG CUT (P =150)

PLATE GEOMETRY FOR MINIMUM FORCE-FREQUENCY cFrECT;

FIGURE 12. 9=15°. (FC CuT)




MOUNT!NG EDGES

il

IT CUT (¢ =19.1°)

FIGURE 13. PLATE GEOMETRY FOR MINIMUM FORCE-FREQUENCY EFFECT; #=19.1°. (IT CUT)
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MOUNTING EDGES

SC CUT (¢ =21.9°)

FIGURE 14. PLATE GEOMETRY FOR MINIMUM FORCE-FREQUENCY EFFECT; #=21.9°, (SC cuT)




MOUNTING EDGES

/

95:300

FIGURE 15. PLATE GEOMETRY FOR MINIMUM FORCE-FREQUENCY EFFECT; #=30°.




is arrived at in a manner described below, and represents a preferred config-
uration. The orientations of the rhomboids with respect to the crystal axes
(X.2' or X", 7") shown, as well as the angle of the rhomboids, are of para-
mount importance to the proper functioning of these resonators. The inclin-
ations are discussed at the end of this section.

In Figures 10 to 15, all opposite edges are parallel; the two angles
given in each figure serve to determine the shape of the plates when taken
with another criterion to be discussed below. Since the edge forces must be
colinear, the extent of the mounting edges is governed by the necessity of
having opposing edges not only parallel, but abreast. Another way of stating
this criterion is to say that when the ends of the opposing mounting edges
are joined together by two parallel lines, the resultant figure is a rect-
angle. An example is given in Figure 16, and the construction proceeds as
follows. The crysta]]ograph1c axes are X" and Z"; from X" lines are drawn
through the origin at angles y;, and wa (These ¥ values are obtained from
Table 2; in the case used here, @ = , S0 yy=69°and v,= 125°). Then, at a
convenient distance from the origin, along the Z" axis, the point "a" is

marked. From "a", a line "a-b" 15 drawn perpendicular to the line at angle
¥ 5 also from "a" a second line "a-c" is drawn perpendicular to the Tine at
angle 7% In the drawing, point "c" is located on the X" axis; this is a
convenience, but is not necessary. Next, lines "c-d" and "d-e" are drawn to
be parallel to lines "a-b" and "a-c", respective]y. The plate can be left

in the rhomboid form "“a-e-d-c", and there is an advantage to leaving some of
the tabs "c-h-f" and "g-e-i" intact. However, considering only the mounting
aspect of the problem now, it will be explained how the lines "g-i" and "f-h"
arise and what they mean.

Since the edge forces must be colinear, forces applied to the edge "a-e"
at an azimuth angle y,, cannot be met by an opposing set of forces acting
along edge "c-d" unless the forces in question act only along "a-g" and "d-f'
Similarly, for the other edges, the forces can act only along the portions
'a-h" and "d-i". Point "f" is found by dropping a perpendicular from "a";
"g" is found from "d"; "h" is found from "d"; "i" is found from "a". Dotted
lines “f-h" and "g-i" indicate where the rhombowd outline can be trimmed to

produce the hexoid shown in solid lines in Figure 11.

A similar construction follows for the other @ values. For the SC cut,
shown in Figure 14, the value of (y=— turns out (by accident) to be nearly
90°, and the construction yields a %ec%angu]ar (or square) plate. The edges
of this plate are at an angle to the X" and Z" crystal axes though; the angle
a betwesn the 1ine connecting the dotted vertices in Figure 14 and the X" axis
is 36.8°.

The angles can be found analytically as follows: With V1 and V2 the two
given angles where K¢(y) is zero, let A=cos(V,-¥;) and B=(sin¥z/sin¥1). Then
find @ from cos® = {(1 AV/ T-2A+B7}. The angle between the mounting edges is
then n-(y,-y,); the angle between the mounting edge and the edge perpendicular
to the y; ]1ne is (n-08); the angle between the mounting edge and the edge per-
pendicular to the y, 1ine is{e+*(wv,-v;)}. In some cases the supplementary angle
must be taken.

The angle between the line joining the dotted vertices in Figures 10 to
15, and the X", axis specifies the inclination of the plate and is denoted .

22
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Values of this angle for the orientations shown in Figures 10 to 15 are given
in Table 6. The angle o is equal to (v, + v,)/2 - n/2.

* TABLE 6. INCLINATION OF RHOMBOIDS TQ CRYSTALLOGRAPHIC X] AXIS.

¢ (degrees) o (degrees)
0 B
10 6.9
15 21.8
19.1 31.2
21.9 to 22.4 36.8
30 - 48.2

ADDITIONAL CONSIDERATIONS

The main feature of this geometry is the use of flat edges on a crystal
plate vibrator (singly or doubly rotated), located so that mounting forces
acting at the edges do not produce frequency changes. The forces can, and
usually do, come about due to shocks and accelerations arising from external
sources such as vehicular metion. In addition, long-term frequency shifts,
as might be caused by the slow relaxation of the mounting clips and supports,

are also prevented. The crystal outlines depend on the @ angle of cut; some
of these are shown in Figures 10 to 15.

Because of the presence of relatively long, straight edges for mounting,
the mounting stresses will be lower than for point-mounts, and the suscepti-
bility to breaking is also reduced. This increased ruggedness is an addition-
al advantage of the new shapes. If, for some reason, point clips are used
for mounting, the new shapes have the further advantage that frequency changes
due to colinear forces are reduced to zero regardless of where the mounts are
positioned along the edge; exact placement of the crystal at the proper place
in the mount is not required (cf. Table 5). If, as will usually be the case,
the crystal is mounted by clips extending over a portion of the mounting edges,
then placement of the crystal in the mount is very easily and rapidly accom-
plished, since it is unnecessary to orient the crystal with respect to the
mounting clips as in present designs. This is because the edges have been de-
signed with the proper orientation already.

In the above description the plates were provided with four flat por-
tions, while the remaining portions of the periphery were left circular (as
in Figure 9), were trimmed off to make hexoid shapes (as in Figures 10 to 15),

24




or were left as rhomboid shapes (dotted lines in Figures 10 to 15). There
are at least two reasons for modifying the non-mounting edges further; (1)
mode spectrum control, and (2) placement of electrode tabs.

(1) Mode spectrum control - A plot of the crystal resonator admittance
versus frequency is called the mode spectrum. For oscillator, and more par-
ticularly, filter applications, it is desirable that the resonator have a
spectrum that contains as few extra resonances as possible. The mode spectra
of acceptable and non-acceptable crystals in this regard are shown in Figure
17. Production of good filter crystals depends upon a number of factors,
derived from theoretical considerations that collectively go under the name
"energy trapping". Several important factors that contribute to energy trap-
ping are:

® plate size and shape, and edge bevel
® electrode size and shape

® electrode thickness

® position of the electrode tabs.

Without going into details at this time, it may be very advantageous to
have the clipped-off portions of the rhomboid extend beyond the dotted lines
in Figure 16. These dotted lines were determined by considerations of colin-
ear edges forces, and it was pointed out that the edges "h-c", "c-f", "i-c",
and "e-g" were of no use in this regard. For the purposes of energy trap-
ping, it may be advisable to clip off the non-mounting edges so that they
are parallel to "f-h" and "i-g", but at locations closer to points "c" and
"e", respectively. This is shown in Figure 18 for the case of the AT cut,
although the feature is generic to all the cuts from §=00 to §=30°. Instead
of cutting along "f-h" and "i-g", the cuts would be made along the primed,
or double-primed Tines. Mounting clips would only extend over those portions
of the mounting edges where the force-arrows are shown in Figure 18.

(2) Placement of electrode tabs - Electrodes are usually deposited on
the crystal surface in a "keyhole" pattern, with overlapping central portions
and "tabs" that do not overlap; (see Figure 19). The azimuth angle of the
electrode tabs is important in at least two ways: (1) mode spectrum control
and (2) temperature gradient compensation. The azimuth angle is the acute
angle between the tabs and the crystal X| axis. This angle plays a role in
controlling the spectrum of a resonator, although for doubly rotated crystals
this is not very well understood yet.

Temperature gradients in the thickness direction of a vibrator produce
frequency changes as large as those produced by external forces and acceler-
ations®®. For the doubly rotated cut at §=21.9° to 22.4° this effect vanish-
es, and permits thermal-transient-compensated crystals for fast warmup oscil-
lators and advanced frequency standards. For these crystals, however, ther-
mal gradients in the lateral direction are not compensated, and do produce
frequency shifts. Orienting the electrode tabs in azimuth may minimize this.
The tabs would then extend into the lengthened portion of the hexoid crystals

as seen in Figure 20, where they may conveniently be connected to the exter-
nal circuit. If the tabs can be brought out to the mounting portions of the
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mount1ng edges, then the mounts can be used for the e]ectr1ca1 connections,
as is usual for resonators.

CONCLUSIONS

This report describes in detail a design for resonator plates having a
prescribed lateral contour, with mounting surfaces provided along relatively
large portions of the periphery, so that mounting stresses are greatly re-
duced in size with no detriment to the force immunity of the older type of
mounting. A different lateral contour, of rhomboid configuration, for each
and every member of the doubly rotated family of quartz cuts located on the
zero temperature coefficient locus extending from the AT-cut to the rotated-
X-cut is provided. It is shown that a crystal of 14mm diameter, w1th this
configuration, can be bonded along a 6.5 mm edge (effective Awof 559), which,
when subjected to an increased force of 300 per cent, still exhibits less
freguency change than the older type mounts even when ay is kept less than

. Finally, the effects of truncating the plates edges on the mode spec-
trum, and for thermal gradient compensation of the quartz plate, are consid-
ered.
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