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Dauphiné twinning in quarts, also known as “eclec-
trical twinning™, is very common. It occurs cither
during growth or can be produced artificially from
B-quartz by cooling through the inversion temperature
of ~573 ‘C. Other methods of producing Dauphiné
twins include thermal shock by quenching from 200 C
or higher, and the application of pressure or thermal
gradients'). The twinned parts are related as by a rota-
tion of 180" around the c-axis and are of the same
hand. The composition planes are the {10T0}. Although
the crystal uxes remain parallel, the electrical polarity
of the piczoeleetric a-axis is reversed in the twinned
parts. Becuuse the axes do remain parallel clectron
diffraction patterns obtained on both sides of a twin
boundary appeir the same and cannot be used to
identify twinning. Dauphiné twins cannot be detceted
by optical methods but are visible on suitably ctehed
specimens because of a difference in texture between
the twin and matrix, Macroscopic Dauphiné twins
huve been identified by Lang using X-ruy topography?),
and Duuphiné microtwins were found by McLaren and
Phakey in natural quartz by means of transmission
clectron mieroscopy'). Detection by these methods
was possible because the twins have different strueture
fuctors and extinction distances for certain reflections.
No evidence was presented showing that Dauphiné
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Specimens of synthetic guarlz were examined by transmission electron microscopy. Dauphiné
(0001) sections, produced by cooling through the inversion lemperuture, were decorated ut the bda
by bluck spots cansed by radiation damage in the microscope. These boundaries were siraigbi lines following
crystallographic directions, A misorientalion between Iwins und malrix uccounts for intensity differences
between 1he two regions. The resulls are compared with those obtained with (1130) sections where Iringe
contrast ut the Iwin boundary occurs becanse of differences in extinction distunce for certain reflections,
Smaller, more numerous twins were formed in eleciron dumaged regions during examination in the mi-
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microtwins are formed on cooling through the a-p
inversion temperature.

Recently, interest has centered on the possible role
of Dauphiné microtwins in the transformation of
trigonal a-quartz to hexagonal B-quartz at ~ 573 C*),
Also, it has been suggested that Dauphiné microtwins
form during irradiation of quartz by fust ncutrons at
fluences between 10" 2-102° njem? (rei’. 5). Imaging and
identilication of these microtwins by transmission
clection microscopy becomes important in ussessing
the results of direct heating of quartz as well as indirect
thermal effects such as might be caused by exposure to
radiation,

The purpose of the present paper is to show that;
(1) Dauphiné microtwins, a few microns or less in size,
cun be formed by heating and cooling through the
inversion temperature, (2) twin regions can be recog-
nized by clectron microscopy, even in the absence of
fringe contrast, and (3) microtwinning is indeed en-
hanced in electron-dumaged regions. Comparisons are
made between images of (0001) and (1120) sections,

2. Experimental

The specimens examined in this study were grown
hydrothermally by Western Electrie and contained
aluminum, sodium and lithium, Rectangular sections
10x 20 mm were cut parallel to (0001) and (1130)
planes and polished to a thickness of 10 mil. Discs
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3 mm in diwmeter were cut from these sections witfian
ultrasenic cutting tool. Holes with thin edges were
then made in the dises by mechanical polishing and
chemical etching. Anncating was done in ain at 680 C,
The rate of cooling to room temperature was ~7 /min.
Damage to the crystal, caused by 100KV ¢lectrons,
occurred during examination. This damage. visible as
black spots, was first reported by Mcharen and
Phakey®).

The image obtained by structure factor contrast
showed that the spots are associated with a decrease
in the effective thickness of the crystal. The authors
interpreted this as indicating the presence of centers of
amorphous silica. Furthermore, they believed that
these spots formed preferentially where the concen-
tration of Fe'* ions was highest in amethyst and ci-
trine quartz as, for example, along twin boundarics. In
the present study of synthetic quartz. black spots ap-
peared after about one minute at a flux of 10' "¢/cm?/
see. This flux was achieved with the beam focussed to
i 2 um diam. spot on the specimen. With increasing
fluence, the clectron diffraction pattern shows a broad-
cning of the Kikuchi lines and finally their disap-
pearance. At a fluence of 102° ¢/cm? lurge patches of
umorphous regions are observed and the diffraction
pattern contuins both diffuse rings and spots from the
regions which are still crystalline. Becanse of the rela-
tively low energy of the clectron beam it is believed that
the damage is due primarily to thermal elfects,

3. Results and discussion

In the work of McLaren and Phukey, Dauphiné
twins in natural quartz were identified by fringe put-
terns bonding the twin, visible when quartz fragments
could be oriented to give strong {1071} or 1072} re-
flections. An explanation was given in terms of differ-
ences in extinction distance between twin and matrix
for these reflections.

3.1, (0001) SECTIONS

In preliminary resutts described elsewhere”) it was
shown that when 10001) sections of quurtz cooled
through the inversion temperature were examined in
the clectron microscope bluck damage spots formed
preferentially in straight lines. The lines followed
crystallographic directions enclosing domains which
differed in intensity from the matrix upon tilting. A

typical example is seen in fig. f. Using selected mea
diffraction, patteras were obtained from regions A and B
und the shift of the Kikuchi lines indicated a misoricnta-
tion of ~ 22 min of arc. Further resulis to be described
in this paper support the contention that these domains
are Dauphiné microtwins,

Although the decorated regions often extended to
the hole through the specimen many examples of twins
surrounded by the matrix were observed. One of these
is shown in fig. 2 where the twin region is defined both
by damage spots and intensity differences. In muny
examples strong contrast was obtained for 3030} type
reflections as shown in fig. 3. Lang has demonstrated
how 13031) and (303T) reflections in X-ruy topography
of quartz reveal Dauphiné twins because of differences
in structure fuctor which cause significant differences
in intensities?). But for 13030} reflections the structure
factor is the same for twin and matrix, therefore no
intensity differences should be noted when imaging
with these reflections. It appears that the observed

Fig. 1. (0001) Quariz. Boundury decorated by radiation damige
spols. Diffraction patterns from regions A and B indicale a
misorientation,
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Pago 20 00T Quarrlz, Ywin surronnded by malrix visible by dilTerence ininlensily as well as by boundary decoration. F-ormed by
cooling 1hrough 1he inversion iemperatuare.

contrast arises from the aforementioned misorienta-
tion between twin and malrix.

Dauphiné twins can be removed by heating above
the inversion temperature while new ones may be
formed on cooling below that temperature. The results
of a second anncaling of a specimen containing deg-
orated boundurics provided evidence that they en-
compassed Dauphiné twin regions. Fig. 4u is a micro-
graph showing u decorated boundary, DitTerences in
intensity across the boundary are clearly seen. Fig. 4b
shows the sume region after annealing 10 680 C for
2 hr and cooling to room temperature. Where origi-
nally the twin boundary had existed there is only a path
of damage centers, not allected by the anncal. New
twins are clearly seen by intensity differences.

3.2, (1130) Stenmons

Orher evidence of Dauphiné microiwin formation
was provided by anncaling (1130) sections of quartz.
In this orientation it was possible to satisfy the con-
ditions Tor fringe visibility by obtaining [10T1} and
H1012Y type reflections. Fig. Sa and Sb show Dauphiné
twins in an as-received specimen and in an anncaled
specimen respectively.

3.3, EFFECT OF ELECTRON BEAM ON TWINNING

Having established that the straight lines of damage
centers in (0001) sections enclose Dauphiné twins it is
shown that (hese (wins occur with a greater density in
regions heavily damaged by the electron beam. The
twin boundaries were usually visible after removing
the specimen, annealing in air and cooling through the
inversion temperature. An example of this is seen in
lig. 6, showing a specimen which had been subjected
(0 100kV electrons to a fluence of §x 102 ¢/em?,
Normally, the daniage centers increase inn size with in-
creasing exposure but not in number, However, after
anncaling and further exposure to the beam, new
spots, identitiable by their smaller size, form along the
twin boundaries. The anncaling, in elfect, conditions
the specimen so that new damage centers can form,
but only along the twin boundaries. The present results
give no indication that damage is related to location of
impurity ions as proposed by McLaren and Phakey,
However, if there is a corretation between damage and
impurity location it is necessary Lo aceept the idea that
diffusion of impuritics to the twin boundaries ocvurs
during anncaling or heating in the electron beam, This
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Fig. Ya. (0001) Quariz. Dauphiné twin formed during examination in 1he eleciron microscope.

Fig. 3b. Dark field image using the (3030) reflection,

might be possible with Li' or Na® but is unlikely
with AI** (ref. 8).

Some Dauphiné twins were formed during examina-
tion in the electron microscope without subsequent
anncaling. Here also the greatest density of twins oc-

curred in the region of radiation damage. Fig. 7 shows
twin boundaries which appeared in a (0001) section.
Note that the spots outlining the boundaries are again
much smaller than the randomly arranged ones. in-
dicating that twinning and decoration occurred some-




ELECTRON MICROSCOPE STUDY 0F DAUPHINEG MICROTWINS FORMED IN SYNTHETIC QUARTZ 183

Fig. 4u. (0001) Quartz. Dauphiné (win formed by cooling through the inversion temperature,

Fig. 4b.  Same region shown in tad after second anncaling, The original twin has been removed and only the black damage spots
which had formed at the boundary remainat A B C. New twins visible by difference in intensity cross the boundary of the original Iwin.
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Cig. Sa.  (1120) Quartz. Dauphiné iwin in as-received specimen  Fig, Sh, (11300 Quartz. Daaphiné 1win formed hy cooling
showing eleciron damage spots. The fringes distinguishing the  through 1he inversion 1emperature. Fringe contrast is visible
win boundaries were delecied before damage spols appeared, with a strong (10T 1) reflection.

Fig. 6. (0001) Quariz. Specimen highty damaged hy fluence of 102 ¢/cm?. Sebseyguent cooling throagh the inversion 1empera-
e developed new damage spols revealing 1win bouandaries shown oy arrows.

time after the initial damage by the electron beam. The  temperature and the actual twinning would result on
possibility evists that local temperatures in the speci- — cooling, On the other hand. twinning could have oc-
men during examination could exceed the inversion  curred in the region as a result of the damage. Subse-
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L 4

Fig. 7. 000D Quartz. Highly-damaged region of specimen. Daring the examindion new spots developed along crystallogruphic
boundaries tarrows) rescaling Duaphing twins.

quent heating in the beam could cause diffusion of
impurities 1o the twin boundaries where new damage
centers form to decorate them,

Similar ¢xtensive twinning was observed in (1130)
specimens after several minutes exposure to the clec-
tron beam without subsequent anncaling. Twin bound-
aries were usually detected by fringes obtained with
(1011) reflections. but sometimes differences in contrast
were also found for twin and matrix. In fig. 8a fringes
bounding the twin region are clearly observed with a
strong (10T1) refection, By tilting away frons this con-
dition, lig. 8b, the fringes arc out of contrast but there
is contrast between twin and matrix. The contrast
would be more uniformn in the absence of the damage
Ceters.

In trying to explain the preferential twinning in the
clectron damaged region one must consider what type

ol disorder can oceur as the result of high Quences of

100 KV clectrons on quartz, particularly if the damage
caused 1o the crystal is due mairly to thermal energy
within the small regions of the crystal under exar. ina-
tion. In studying the mechanism of the phuse transi-
tion, 7 1o P, in quartz Young found that the specimen
behaved s though it contained numerous microtwins

LA___-A.hA ’ —

of the Dauphiné type just below the inversion tempera-
ture from which condition it could readily transform
(0 the hexagonal B-phase®). Comes et al suggested that
a rearrangement of the SiOy4 tetrahedron in fast neu-
tron irradiated quartz 1o form Dauphiné microtwins
would explain the disorder they observed by X-ray
diffraction®). Above 10'” n/em? the disordered phase
consisted of highly perturbed matter embedded in a
crystalline matrix. The crystal at this stage has a hex-
agonul symmetry. Above 102° n/cm? the crystalline
pattern disappears and the diffuse ring indicates vit-
reous silica. The results appear to parallel those ob-
tained with 100 kV clectrons. If the energy of the elec-
tron beam is suflicient 1o thermally excite the specimen
to bring about displacements of the SiO, tetrahedron
us evidenced by the presence of amorphous regions
then it is possible that the necessary conditions for
rotation of the SiOg tetrahedron to bring about the
2, L0 2, or twin condition, will be achieved in some
pirts ol the specimen.

4. Summary and conclusions

Dauphiné  microtwins identificd by transmission
clectron microscopy were formed in synthetic quartz




186

Fig. Ra.

Fig. 8b,

J. ). COMER

(1130) Quartz. Twinning which occurred during examination of the specimen. Strong (10T1) reflection shows fringe
contrast.

-

Tihing the specimen causes extinction of the Fringe co: rast, but the boundary is visible because of ditferences in intensity
between twin and matris
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which had been coaled thraugh the inversian tempera-
ture. These twins are nat readily detected by light
microscopy al etched specimens ar X-ray topography
because of their small size. Those observed in (1001)
sections exhibited straight line boundaries parallel ta
crystallographic directions which became preferred
sites for radiation damage caused by the electron beam,
I the damage at these sites is related 1o concentrations
al impurity ions. as suggested by McLaren and Phakey,

it appears that ditTusion accurs during examination of

the specimen.

By slight tilting af the specimen so that the beam was
no longer strictly parallel 1o the c-axis it was possible
to show dilferences in intensity between twin and ma-
trix. 1t was established that under these conditions,
where for example the aperating reflection was (3030),
the difference in intensity reflects the misorientation
between twin and matrix.

It was found by examining both (0001) and (1120)
sections that smaller, more numerous microtwins
form in purts of the crystal highly dumaged by the
clectron beam. 1t is suggested that the disorder caused
by the radiation might leave purts of the specimen in
the condition where SiO, tetruhedra could rotate to
the position occupied in Dauphiné twins. This is essen-

tially the idea proposed by Comes et al. 1o explain the
results af fust neutron bomburdment of quartz,
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