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Origin of twist in ‘gwindel’ quartz crystals from the Alps: a transmission
electron microscopy study
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Abstract: Two twisted quartz crystals (gwindels) from the Alps were studied by transmission electron microscopy and large-angle
convergent-beam electron diffraction (LACBED) to elucidate the twist mechanism. We found that torsion results from a distribution
of straight screw geometrically necessary b = %<2ﬁ0> dislocations with a dislocation density of the order of 10'° m™2. This
dislocation microstructure induces an Eshelby twist which can account for the observed twist of a few degrees per centimetre.
This microstructure suggests that twisted gwindel quartz forms by the spiral growth mechanism which enables crystal growth under
small driving forces.
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crystal growth.

1. Introduction

Controlling and designing the morphology of crystals is a
very active challenge in nanotechnology. Recent reports on
dislocation-driven nanowire growth (Bierman et al., 2008;
Morin & Jin, 2010) have rejuvenated interest in the control
of large twists in crystals. This phenomenon, although rare is
observed in Nature in some minerals. In particular, quartz
crystals from the Alps called gwindel' exhibit a macro-
scopic twist of a few degrees per centimetre. This phenom-
enon has been known and described for a long time but its
physical origin remains to be identified.

The first description of twisted quartz is probably due
to Weiss (1836), who describes crystals elongated along
one of the a-axes and with c-axis rotating around this
a-axis. Tschermak (1894) has described several twisted
quartz and has proposed a classification based on the mor-
phology, which is still in use. He distinguishes: (1) “open”
specimens, showing individual quartz crystals with their
rhombohedral faces helically rotating around a common
a-axis; (2) “half-closed” specimens, with individual quartz
crystals developing on one side only and (3) “‘closed”
specimens: rectangular-shaped crystals with smooth and
continuous edges exhibiting twist around the long a-axis.
Tschermak (1894) has also proposed that twist may be
related to some twinning. This suggestion was abandoned

'"The name “Gwindel”’, commonly used in Switzerland, derived from the
German ‘“‘gewunden’’, which means helicoidal, twisted
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since geometrical measurements showed no systematic rela-
tionships between faces. The first physical characterization
was performed in 1935 by Nowacki. Using X-ray diffraction
he showed that twisted quartz crystals exhibit ‘‘normal”
quartz diffraction patterns. These patterns showed some
anomalies, however, since some diffraction spots were elon-
gated. Laemmlein (1937) studied a large body of crystals
from subarctic Urals (55 crystals) and Switzerland (26 crys-
tals) and pointed out that twisting occurs very early in the
growth process, before the crystal breaks into domains (the
so-called macromosaicism) and before individual prisms
form. This observation has been further confirmed by Poty
(1967). On the contrary, Friedlaender (1951) has mostly
studied the late stage of growth which leads to the formation
of individually distinct crystals. The observed angle of twist
is almost always between 1° and 5° per centimetre (Frondel,
1962; Rykart, 1989) although Stalder et al. (1998) report 13°
per centimetre as the upper limit of the normal range.

We propose here a study based on transmission electron
microscopy to elucidate the origin of such large twist angles
in quartz. Following the suggestion of Poty (1967), we
concentrate on the central region of twisted crystals sup-
posed to represent the early stage of twist formation.

2. Samples

Two gwindel quartz samples have been investigated in the
course of this study. Sample B8789 was provided to us by Dr.
Gérard Dolino and comes from the Natural History Museum
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Bern, Switzerland. In this sample, the seed, ca. 1 X 2 x 6cm’
is twisted (a few degrees per centimetre) around the long
dimension OX (corresponding to an a-axis). It is surrounded
by an envelope of domains elongated along OZ (correspond-
ing to the c-axis), showing macromosaicism and with relative
misorientations of 1-3°. The TEM samples were prepared
from a plate (0.5 x 3 x 1 cm) perpendicular to OX and cut
from the central part of this crystal.

The second sample (BP-10-1) was provided to us by
Prof. Bernard Poty and was found in the Mont Blanc
Massif, French Alps. It is a right-handed twisted quartz
representing an early stage of torsion. The external part
shows macromosaicism however.

3. Microstructural investigation

3.1. Electron backscatter diffraction

Electron backscatter diffraction (EBSD) was performed in
Bayreuth on a Leo (now Zeiss) Gemini 1530 scanning
electron microscope (SEM) with a Schottky emitter,
equipped with a detector for forward scattered electrons
(FSE) for orientation contrast imaging and a camera for the
detection of patterns, both from Oxford Instruments.
Figure 1 shows a map recorded on a basal (0001) thin
section (ca. 30 um thick) in the twisted region. One
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Fig. 1. Sample B8789—twisted region. (a) EBSD map recorded on a

basal thin (ca. 30 um) section. (b) Misorientation profile recorded on
aline joining the lower left to the upper right-hand corner of the map.
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Fig. 2. Sample B8789—twisted region. (a) EBSD map recorded on a
prismatic (1120) thin (ca. 30 um) section. (b) Misorientation profile
recorded on a line joining the lower left to the upper right-hand
corner of the map.

observes a wavy structure with very small misorientations
(basically within the noise) from point to point (1.5 pm
step size) which develops perpendicular to <I1100>.
Overall a misorientation of about 2° accumulates over the
measured length (3 mm). Figure 2 shows another view
(also on a 30 pm thick thin section) on a section parallel
to a prismatic plane (1120). A periodic structure with a
wavelength compatible with the one of Fig. 1 is observed.
Altogether, these observations suggest that these periodic
structures develop on some {1011} planes.

3.2. Transmission electron microscopy

3.2.1. Internal twisted region

A thin foil was extracted from the section mapped in Fig. 1
and was ion-thinned until electron transparency. This speci-
men contains numerous microcracks (Fig. 3a) which exhibit
no preferred orientations. It contains also a few long (several
tens of micrometres within the thin foil) straight defects
(Fig. 3a and b). Although these defects look like dislocations
at low magnification, their contrast (in bright or dark-field or
as a function of the Bragg error) is not conventional. Indeed,
Fig. 3 shows discontinuous features along the line. To
characterize these defects, we have used large-angle
convergent-beam electron diffraction (LACBED, Tanaka
et al., 1980). This technique which uses a defocused beam
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Fig. 3. Sample B8789-TEM observation on a thin foil extracted
from the thin section mapped on Fig. 1. (a) This sample contains a lot
of microcracks. One of them is crossed here by a long straight
dislocation. Weak-beam dark-field micrograph with g: 1011. (b)
Another long straight dislocation. Note the contrast in the core.
Bright-field micrograph with g: 1011.

allows diffraction mapping superimposed to an image of the
sample and has proved to be very efficient in characterizing
crystal defects (Morniroli, 2002). The characterization has
been undertaken close to the F2T6] zone axis (Fig. 4a and b).
When the dislocation line is brought close to the zone axis and
crosses Bragg lines, these are distorted by the strain field of
the dislocation (Fig. 4c). The effect observed on the Bragg
lines (local rotation of the line and splitting into fringes) is
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typical of the one of a dislocation. This confirms the nature
(dislocations) of the linear defects observed in this specimen
despite their fuzzy contrasts. Cherns & Preston (1986) have
shown that the effect of dislocations on LACBED patterns
can be interpreted very easily since the interfringe number n is
simply the dot product g.b where g is the reciprocal lattice
vector representing diffracting planes and b is the dislocation
Burgers vector. Figure 4d shows an enlargement of this
experiment where some Bragg lines have been indexed.
Knowing the direction of the excitation vector (from compar-
ison with kinematic simulations performed with the software
“Electron Diffraction” from J.P. Morniroli) allows one to
determine the sign of the g.b = n; product by applying the
Cherns & Preston (1986) rules. From the effects shown in
Fig. 4d, one can write a linear system® the solution of which is
the Burgers vector b = [u, vj, wp):

—3up — 3vp + 2w = =3
—6up +vp = —6
2up —2vp +wp =2
6u, —4vy + 2w, = 6
—3up +4vy, — 2wy, = =3

The unique solution of this system is b = [100] = 1 [2110].

In fact, more effects have been observed from this dis-
location, they are presented in Table 1. They are all con-
sistent with the same Burgers vector. To characterize the
line direction of the dislocation, the specimen has been
tilted back to the [0001] zone axis (i.e. with the beam
direction parallel to the c-axis) which corresponds to the
mean orientation of the thin foil (Fig. 5). Along this orien-
tation, one can see that the dislocation line is parallel to the
(0110) Bragg line (see Morniroli & Gaillot, 2000 for trace
analysis in LACBED). Its line direction is thus contained in
both the basal (0001) plane (thin-foil plane) and in the
(0110) plane. Its line direction is thus L = [2110] showing
that the dislocation is of pure screw character.

Figure 6 shows a TEM observation from another foil
from specimen BP-10-1 cut perpendicular to the twist axis.
Consistent with previous observations, one observes
numerous contrasts which are compatible with dislocations
viewed end-on. To further demonstrate that they indeed
correspond to dislocations, we have tilted the specimen to
show the dislocation lines. However, this cannot be done
with one of the 1011 diffraction vector which, in quartz,
provide the best contrast (Table 2 shows the intensity and
extinction distances for some diffraction vectors in quartz).
To provide a contrast of sufficient quality to identify the
dislocation lines, we have selected the second best diffrac-
tion plane {1212} that is accessible to tilt in our specimen.
The corresponding image is shown on Fig. 7 where one can
see that the contrasts seen in Fig. 6 do correspond to

2In quartz which is trigonal, planes and direction can be described within two
settings using either three (Miller) or four (Miller-Bravais) indices. Both will
be used here since Miller indices are more adapted when calculations are
made and Miller-Bravais indices are more adapted to describe the results and
emphasize the symmetries of the hexagonal lattice. See electronic Appendix
at GSW site for the description of Miller-Bravais indices and relationships
between the two descriptions (www.eurjmin.geoscienceworld.org).
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Fig. 4. LACBED characterization of the Burgers vector b of one of these long straight dislocations in sample B8789. (a) The characterization
is made close to the [012] = % FZT6] zone axis seen here in selected area diffraction and in (b) in LACBED. (c) A long dislocation (arrow)
crosses several Bragg lines close to the [012] = % ﬁ216] zone axis. The dislocation is detected through the characteristic effect (rotation and
splitting) on the Bragg lines crossed. (d) An enlargement of (c) with some Bragg lines indexed. The arrows provide the orientation of the
deviation parlafne_ter] s. The sign of the g.b = n products are found according to the Cherns & Preston rules. The Burgers vector is
b =[100] = 3 |2110|.
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Table 1. Summary of all effects independently observed in
LACBED for the characterization of the Burgers vector of the dis-
location shown in Fig. 3 (most of them can be seen on Fig. 4). They
are all consistent with b = [100] = { [2110], although the three first
are sufficient for a determination.

Bragg line n (observed) g.b product for b = [100]
332 -3 -3
610 —6 —6
221 2 2
442 4 4
642 6 6
342 -3 -3
421 4 4
442 —4 —4
421 —4 —4
200 2 2
121 1 1

[0001]
Zone axis

Fig. 5. LACBED characterization of the line direction vector L of the
dislocation from Fig. 4. The specimen is oriented along the [0001]
zone axis. Since this corresponds to the untilted position of the
specimen in the microscope, the mean orientation of the thin foil
(which contains the long dislocation line) is parallel to the basal
plane (0001). When the dislocation line is placed on the zone axis,
it is shown to be parallel to the (010) Bragg line (here the dislocation
is moved slightly aside for a better visibility. It is highlighted by an
arrow placed just above the characteristic effects on the Bragg line,
which allows one to locate the dislocation line). Its line is thus
contained in both the (0001) plane (thin foil plane) and in the
(0110) plane. Its line direction vector is thus L = [ZHO}. The dis-
location is of pure screw character.

dislocations parallel to the a-axis. This foil orientation is
more adapted to evaluate the dislocation density than the
previous one. Counting the number of dislocations per unit
area leads to a dislocation density of ca. 10" m~2, corre-
sponding to a mean distance between dislocations of the
order of 10 pm.

3.2.2. Outer macromosaic region

A few observations were made in the outer regions of the
specimen which show macromosaicism. Figure 8 shows
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Fig. 6. Sample BP-10-1, thin section perpendicular to the twist axis —
Dark field micrograph with g: 0111. Numerous contrasts are
observed which are consistent with dislocations seen end-on
(arrowed).

Table 2. Extinction distance and intensity for the most efficient
reflection planes in o-quartz sorted in order of decreasing intensity

(calculations made at 300 kV with the software ‘‘Electron
Diffraction’” from J.P. Morniroli).
i Extinction

Reflection {hkil} dyia (A) distance (A) Intensity
{0111} 3.3436 960 353
{1122} 1.8180 2027 79
{0331} 1.3721 2082 75
{0110} 4.2556 2164 70
(0112} 2.2814 2446 54
{0222} 1.6718 2455 54
{1120} 2.4570 2474 53

that at the TEM scale as at the optical scale, the boundaries
associated with macromosaicism exhibit no particular
orientations. Although some rare dislocations have been
seen (not the specific straight screws reported above), we
could not correlate any microstructure or feature with the
boundaries. Electron diffraction (Fig. 8c and d) shows that,
across the boundary, the crystal is slightly misoriented
(1.2°) in agreement with optical observations.

4. Discussion

The two crystals investigated here yield consistent obser-
vations. The central twisted regions of the crystals
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Fig. 7. Sample BP-10-1, same thin section as Fig. 6. Weak-beam
dark-field micrograph with g: 1212. The specimen is tilted at ca.
25° compared to Fig. 6. The dislocations appear as short segments.

investigated are characterized by the presence of long
straight screw b = %<2110> dislocations. These disloca-
tions exhibit a particular, ambiguous, contrast. However,
LACBED was able (i) to map the strain field around the
defects and to show a behaviour characteristic of a disloca-
tion and (ii) to characterize the Burgers vector. These
defects are thus consistent with growth dislocations. It is
difficult to decide whether the observed contrast is due to
etching along the dislocation line (leading to a partially
hollow core) or to some foreign materials (impurities,
nanoparticles) within the core. However, microanalysis in
the STEM mode could not reveal any convincing evidence
for impurities in the dislocation cores.

The mean dislocation density has been measured to be of
ca. 10'° m 2. However, EBSD measurements suggest that
screw dislocations are not completely randomly distributed
since some patterning is shown. The observed wavelength
associated with these patterns is between 100 and 200 pum.
This order of magnitude is not adapted for gaining more
information at the TEM scale on this patterning.

Itis a classical result of Eshelby (1953) that the presence
of a screw dislocation (Burgers vector b) along the axis of a
circular cylinder (radius R) is responsible for a uniform
twist « (the so-called Eshelby twist) equal (in radians per
unit length) to:

a=2 1)

nR?

This result has been extended to rods with any cross section
(Eshelby, 1958) by multiplying the previous expression by a
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constant k (close to 1!) characteristic of the cross-sectional
shape. The 1/R* dependence of the Eshelby twist has led
some to look for experimental evidence of it on micrometre-
sized whiskers (e.g. Sears, 1959). Evidence for the Eshelby
twist is commonly observed in the TEM since it is respon-
sible for local displacements observable in high-resolution
transmission electron microscopy close to the dislocation
core where it meets free surfaces (Cosgriff et al., 2010;
Groger et al., 2011). Nanotechnologies provide new evi-
dence for Eshelby twists: for instance, Bierman et al. (2008)
show a spectacular example of pine tree like nanowires with
helically rotating epitaxial branch nanowires. o

The displacement field of straight screw b = % <21 10>
dislocations is responsible for an Eshelby twist which is
geometrically compatible with the torsion observed at the
macroscopic scale in twisted gwindel quartz with a twist
axis along an g-axis inducing rotation of the c-axis.
However, quantitative aspects are difficult to assess since
the case described by Eshelby considers only one disloca-
tion in a cylinder. Recently, Weinberger & Cai (2010) have
shown that, even in the case of small systems, a distribution
of several screw dislocations aligned with the cylinder axis
can result in a stable configuration and produce twist. At a
more macroscopic level, one can refer to strain gradient
plasticity theories which have been developed to describe
non-homogeneous deformation. To account for non-homo-
geneous deformation, Ashby (1970) has introduced the
concept of geometrically necessary dislocations (GND)
which are distinguished from statistically stored disloca-
tions (which develop in homogeneous deformation).
Torsion represents a typical case of non-homogeneous
deformation which has been described by Fleck et al.
(1994). They have shown that in a circular wire deformed
in torsion (macroscopic twist angle ™), the strain gradient
is produced by a density p (in m~?) of GND (screw dis-
locations of Burgers vectors b) of the order of:

@)

Introducing p = 10'°m 2 and b = 4.912 A in (2), one finds
o™ = 4.9 radians/m, i.e. 8.8 degrees per centimetre. The
dislocation density observed is thus perfectly able to pro-
duce the strain (twist) observed, providing further valida-
tion for our observations.

Altogether, our investigation leads us to the conclusion
that twist in quartz crystals result from a self-organized
distribution of straight screw b = 1 <21 10> geometrlcallgf
necessary dislocations with a densny p ~ 10 m™7
which formed during growth. It is interesting to note
that this explains the observation reported by
Laemmlein (1937) that chemical etching by hydrofluoric
acid of closed crystals leads to the formation of long and
narrow etched channels. This technique has been used to
visualize dislocations structures in quartz (Hanyu, 1964)
or in garnet (Carstens, 1969) within a polished thin
section.
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Fig. 8. Sample BP-10-1, outer region exhibiting macromosaicism. (a) Optical micrograph (crossed nicols) of the specimen before ion
thinning (mounted on a copper grid with a 2 mm x 1 mm hole which gives the scale). A boundary runs in the middle of the TEM specimen
and ion thinning has been adjusted so as to have the boundary in electron-transparent areas. (b) same boundary seen at the TEM. Dark-field
with g:1011. (c) Selected-area diffraction pattern (SAED) on one side of the boundary. The specimen is orientated in such a way that this side
is along the [2110] zone axis. (d) Without tilting the specimen, a SAED pattern is recorded from the other side of the boundary. The

misorientation is 1.2°.

This density of geometrically necessary dislocations is a
source of internal stresses as shown by the numerous
microcracks observed. We cannot know whether these
microcracks were present in the bulk material or whether
they were induced during sample preparation. In any case,
they reveal the presence of substantial internal stresses and
strain energy. A screw dislocation (core radius r.) con-
tained in a cylinder (radius R) is responsible for a strain
energy E per unit length:

b* (R
E=""1 <> 3)
47 Te
As growth proceeds, the crystal stores an increasing strain
energy which eventually exceeds the critical energy

necessary for creating grain boundaries. To prevent this
strain energy from further increasing, the crystal breaks
into slightly misoriented blocks (the so-called macromo-
saicism) which relax internal stresses and allow further
growth.

As to the reasons for such a peculiar growth process, we
can only put forward educated guesses. Twisted gwindel
quartz exhibit morphologies that are clearly distinctive from
usual natural quartz. Besides being twisted, they
are elongated along an g-axis instead of the c-axis for normal
prismatic quartz crystals (Poty, 1967; Ihinger & Zink, 2000).
The growth of twisted quartz clearly occurs under conditions
that are unfavorable for normal growth of quartz. This is
likely because the driving force (supersaturation) was too
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low (although we cannot disregard the possibility that the
growth surface was poisoned by some surfactants: Gyulai,
1963; Teng et al., 1998). Indeed, twisted gwindel quartz
seems to grow in a temperature window between 350 and
450°C, whereas below 300°C gwindels are never found
(Poty, personal communication). Frank (1949, 1952) first
proposed that screw dislocations could provide an efficient
mechanism to enhance crystal growth at small driving forces.
This gave rise to the classical BCF theory on spiral growth
named after the initials of the authors Burton, Cabrera and
Frank (1951). Experimental support for this model was
rapidly provided by Griffin (1950) who observed monomo-
lecular layers on the (1010) face of a beryl crystal and by
Verma & Amelinckx (1951) who showed a growth front
spiraling outward around a central point on the growth sur-
face of carborundum (SiC). The measurements confirmed the
height of the growing layer as a single unit cell. Later, Gyulai
(1963) gave an elegant demonstration of this principle. In the
presence of polyvinyl alcohol, crystal growth of sodium
chloride is inhibited since slowly growing faces are poisoned
by adsorbed alcohol. After having been twisted to introduce
screw dislocations, a small crystal of sodium chloride showed
rapid growth of needles forming uniform helicoids. Indeed, a
crystal containing a screw dislocation can grow easily
because an atomic ledge is always present to accept ad-
atoms and promote crystal growth. The spiral growth model
has now been shown to operate in a large variety of com-
pounds (Yip & Ward, 1996; Paloczi et al., 1998; Teng et al.,
1998; Cuppen et al., 2004; Ranguelov et al., 2006).
Following the pioneering work of Gyulai (1963), dislocations
are used to “‘engineer’” growth of 1D architectures suited for
specific purposes. Morin & Jin (2010) have intentionally used
screw dislocations in defect-rich gallium nitride (GaN) thin
films to propagate dislocation-driven growth of zinc oxide
(ZnO) nanowires.

In the present case, we have tried to verify whether the
contrast observed in the dislocation cores would be related
to impurities related to crystal growth poisoning but we
could not find any convincing chemical evidence.
Whatever has affected ‘‘normal’ growth of these crystals,
it is clear that the presence of screw dislocations has
provided an alternative mechanism for crystal growth lead-
ing to this particular morphology. Twisted gwindel quartz
represents here an original case since the collective con-
tribution of a large number of dislocations with the same
sign yields large values of Eshelby twists, visible at the
macroscopic scale. In his original paper, Frank (1949) has
considered the possibility that several screw dislocations
could arrange and produce visible growth terraces. The
collaborative effect of several screw dislocations of the
same sign was also discussed by Burton ef al. (1951).
More quantitatively, Smereka (2000) has shown that the
asymptotic growth rate for co-rotating spirals (produced by
screw dislocations of the same sign) is greater than that for
a single spiral and that the growth rate increases as the
distance between the screw dislocations is decreased.

The microstructure observed in twisted gwindel quartz
appears thus to be characteristic of growth under small
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driving force enhanced by the spiral growth mechanism
(Sunegawa, 1999).

5. Conclusion

We show here that the twist of a few degrees per centimetre
observed in two natural twisted gwindel quartz crystals
from the Alps is due to geometrically necessary screw
b= %<2ﬁ0> dislocations. This distribution, characterized
by a dislocation density of ca. 10'°m~2is self-organized at
the sub-millimetre scale with a wavelength of ca. 100-200
pm. This is the first report of an Eshelby twist with an
amplitude detected at the macroscopic scale. This is due to
the collective contribution of a large number of disloca-
tions, demonstrating that twisting crystals is not only pos-
sible at the microscopic scale.

We propose that this microstructure achieves an
enhanced crystal growth rate in response to unfavorable
growth conditions, like low driving force or passivated
(poisoned) growth surfaces.

Note added in proof

It must be noted that the hypothesis that twisting in quartz
derives from screw dislocations was originally proposed
by Clifford Frondel in1978 in a study on twisted quartz
fibers and single crystals. The authors were unaware of this
work during preparation of the present publication.
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