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The origin of the light scattering observed at the a — S transition of quartz is still a subject of
controversy. We present structural studies performed during the coexistence of the « and the intermediate
incommensurate (inc) phases using simultaneously synchrotron x-ray diffraction and optical techniques.
The small and large angle light scatterings are due, respectively, to the orientation domains of the 3¢ inc
phase and to the « phase twins revealed by diffuse x-ray scattering. In the vicinity of the interphase
boundary, the two light scattering regions, both with perturbed properties, form a complex multiscale

structure.
DOI: 10.1103/PhysRevLett.94.155701

At the end of the last century, the field of structural phase
transitions was marked by great progress in the theory of
critical behaviors of continuous transitions [1]. However,
most crystal transitions are first order and are driven by the
nucleation and motion of a phase interface. Metastable
structures are often produced, particularly in metallic al-
loys, either with composition variations or without as in
diffusionless martensitic materials [2]. Because of their
small size, the initial metastable structures are generally
observed by transmission electron microscopy (TEM) or
diffuse x-ray scattering. In transparent crystals with weak
first order transition, larger interfacial structures may be
observed by optical measurements [3]. The @ — B transi-
tion of quartz deserves special attention due to many
important results obtained during a century of research
[4]. However, the observation in 1956 of an intense tran-
sition opalescence by Yakolev et al. [5] remains an unre-
solved question which is still a subject of controversy,
recently reviewed by two of us [6]. The aim of the present
work is to determine the microscopic structures at the
origin of this light scattering (LS).

The quartz opalescence was first attributed to the effect
of dynamical fluctuations [5], but this hypothesis was
discarded after the observation of static speckles by
Shapiro and Cummins [7]. In addition to this large angle
scattering (LAS), a small angle scattering (SAS) was ob-
served in an adjacent region [8]. Both LSs are anisotropic,
being produced by cylinders parallel to the trigonal Z axis,
with sections in the 1 and the 20 wm range, respectively.
The origin of these LSs remained unexplained until the
discovery of the incommensurate (inc) phase of quartz [9],
predicted by Aslanyan and Levanyuk [10]. This opened the
way to the LS models developed recently by Saint-
Grégoire et al. [11] and Aslanyan et al. [12], introducing
the existence of different ferroelastic inc phases. A third
model is based on the facts that the a-inc transition is first
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order and that LS is observed only during the a-inc coex-
istence [6]. Inhomogeneous coexistence states with various
triangular structures are indeed observed by TEM in thin
samples, perpendicular to the Z axis [13—15]. A difference
of 3 orders of magnitude in sample size prevents one to
establish a direct link between these microscopic structures
and the two LS regions; this becomes possible by using
diffraction of high energy x rays in a macroscopic sample.
A preliminary study with a laboratory hard x-ray source
[16] showed the necessity to use high resolution synchro-
tron radiation.

Two quartz samples with polished faces perpendicular to
the X, Y, and Z axes and similar transition properties are
investigated: Sx is a synthetic crystal grown by SICN
(France) and Ny is a natural crystal from Madagascar.
Classical white beam x-ray topography is performed on
the ID19 beam line of the European Synchrotron Radiation
Facility (ESRF), in the transmission geometry using a high
energy beam (about 50 keV). The diffraction patterns from
an incident beam at a few degrees from the X (or Y) axis
are recorded on photographic films or with a FRELON
x-ray camera well suited for real time studies [17].
Continuous optical observations are performed along the
Z axis with a white light beam and a CCD camera. In
addition for Ny, we measure the LS from a HeNe laser
beam, at an incidence of 3° with respect to the Z axis [8],
focused in the middle of the sample at the same height as
the x-ray beam. The quartz sample is placed in the furnace
used for previous optical and x-ray measurements of the
quartz inc phase with a temperature resolution of 1 mK
[18]; however, there is a vertical temperature gradient of
about 0.1 K/cm along the sample.

An overview of the a-inc phase transition in the sample
Sx is presented in Fig. 1. The inc phase is characterized by
the presence of 12 first order satellites exhibited in the inset
of Fig. 1(a). Although only six satellites are expected in a
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FIG. 1. Overview of the a-inc transition of quartz in the
sample Sx. (a) Temperature variations of the modulus of the
inc wave vector g: curve (A), upon cooling from 7}, to T in the
inc phase; curve (C), in the transient coexistence state, obtained
after nucleation of the « phase at T.; curves (C') and (C"), in the
stabilized coexistence state, on heating and cooling, respectively.
Inset: x-ray diffraction pattern of the (012) lattice spot with its
12 satellites in the inc phase close to 7. (b) Optical photography
of the a-inc coexistence state (after heating), showing the SAS
region and its upper boundary B,. (c) A sketch of the sample Sx
(4.5 X 14 X 10 mm? along X, Y, and Z), showing the two
regions (SAS and LAS) in the a-inc coexistence state (after
heating), and the position of the incident x-ray beam. (d) Laue
diagram of the coexistence state (after heating), exhibiting the
spatial variation of the inc satellites, where the lower positions
are indicated by 12 arrows. This picture is obtained on a photo-
graphic film at 67 cm from the sample, with an x-ray beam
defined by a 0.2 X 7 mm? (H X V) slit. (e) Magnified central
part of the (012) Laue diagram, showing the phase boundary
B;,., with the discontinuity of two symmetric satellites indicated
by the arrows. There is a diffuse x-ray scattering region between
the two oblique dashed lines.

hexagonal crystal, twice this number is observed due to the
presence of rotation domains in the inc phase of quartz [6].
The inc wave vector (perpendicular to the Z axis) is defined
by the modulus ¢ and the angle ¢ relative to a*, deter-
mined with a Laue simulation program [19] (a” is a unit
vector of the hexagonal reciprocal lattice, parallel to one of
the Y axes). Upon heating, there is a first order transition at
a temperature 7;, = 846.7 K to the 3¢q inc phase which is
present up to T; = 847.4 K [6]. The transition to the
phase occurs with an intermediate 1g inc phase, usually
present in a temperature range of 0.05 K around 7; [6,18].

Curve (A) of Fig. 1(a) shows the decrease of ¢ in the inc
phase, upon cooling from T}, to 7. = 846 K, the tempera-
ture of the first order lock-in transition to the « phase
(where g = 0.020a™ and ¢ = 7°), with a thermal hystere-
sisT, — T, = 0.7 K, alittle lower than the usual hysteresis

range of 1 K [6,7]. The lock-in transition at T’ starts with a
single nucleation of the «a phase at the colder top surface of
the sample. A continuous motion of a single a-inc inter-
face then follows. The corresponding decrease of ¢q is
plotted on curve (C), exhibiting a final discontinuity of ¢ =
0.002a* while reaching the « phase. The a-inc coexistence
state is easily stabilized with a quick increase of the
furnace temperature by 0.5 K, just after the « phase nu-
cleation at 7. [6]. A typical optical picture of the static
coexistence state, obtained after heating, is presented in
Fig. 1(b), exhibiting the vermicular texture of the SAS
region, limited by a well defined upper boundary B,
Figure 1(c) is a sketch of this coexistence state, showing
also the position of the LAS region and the shape of the
white x-ray beam covering the whole region from the «
phase to the unperturbed inc phase. The corresponding
Laue diagram is plotted in Figs. 1(d) and 1(e). One can
note the deformation of the lattice spots showing the strain
distribution resulting from the difference in lattice parame-
ters between the « and the inc phases. The most spectacu-
lar feature is the observation of 12 convergent lines
resulting from the spatial variation of the inc satellites:
on the upper side, there is a discontinuity of ¢ = 0.006a",
defining unambiguously the boundary B;,. of the inc phase.
Finally, a region of diffuse x-ray scattering at small g is
observed above Bj,.

A spatially resolved investigation of the perturbed re-
gions coexisting on the two sides of B;,. is now presented.
It is performed around the (012) Laue spot with a fine x-ray
beam during the a-inc coexistence state. Starting with the
« phase after heating, the inset of Fig. 2(a) shows the
slightly broadened lattice spot, with weak parasitic scat-
tering from surface imperfections. Closer to the interface,
humps of diffuse scattering at ¢ = 0.003a™ are observed,
corresponding to a weak spatial correlation with residual
short range order [Fig. 2(a)]; six narrow diffuse streaks are
observed along the six directions at £10° from the three a*
axes. A real time study is performed upon heating using the
FRELON camera and the fine x-ray beam at a fixed posi-
tion [Fig. 2(b)]. In the « phase, before the occurrence of the
diffuse scattering, only the usual lattice spot (exhibited by
the curve labeled «) is observed. Then the evolution of the
diffuse scattering curves [labeled from (1) to (8)] is moni-
tored during a linear heating ramp of 0.03 K in 6 min. From
(1) to (5), the boundary B;,. moves up, the lattice peak
broadens, and two shoulders appear and develop into two
broad humps. On curve (6), the curved B, interface
reaches the x-ray beam and sharp satellites appear at g =
0.006a*. Only six satellites are first observed correspond-
ing to a single rotation domain [(6) to (8)]; the second
family of rotation domains (with six other satellites) is
observed a little farther from the interface, as shown in
Fig. 2(c). The lattice and satellite spots are all broadened
by coexistence strains; however, the fine structure of the
rotation domains is well resolved, allowing an accurate
measurement of the thermal variations of g during heating,
as shown by curve (C’) of Fig. 1(a). Curve (C") shows the
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FIG. 2. Spatially resolved investigation of the a-inc coexis-
tence state of the sample Sx using a fine x-ray beam (0.3 X
0.1 mm?). (a) A photographic picture of the diffuse streaks
around the (012) Laue spot obtained at 0.35 mm above By, in
the static coexistence state (after heating). Inset: the (012) Laue
spot in the « phase, 2 mm above Bj,.. (b) Real time study of the
variations of the diffuse scattering upon heating, using the
FRELON camera and a fixed x-ray beam. The curves are
obtained as a function of time, by the projection of the diffuse
intensity pattern [similar to (a)] on the common bisecting direc-
tion. (c) The same conditions as in (a) but obtained in the inc
phase 0.4 mm below B;,., exhibiting the 12 satellites of the inc
phase.

subsequent variation of g upon cooling, exhibiting a ther-
mal hysteresis reduced to 0.24 K and a final jump of
g = 0.002a" (10 times smaller than the equilibrium value
at T..). In both cases, ¢ saturates around 10°.

The exact correspondence between B, and By, is de-
termined by simultaneous optical and x-ray measurements.
The direct optical observation of sample Sx indicates al-
ready a fair correspondence between B, and Bj,. In order
to check the reproducibility of our previous measurements,
we first performed a spatially resolved x-ray study on the
second sample Ny (not shown here). Then a simultaneous
x-ray and LS study performed on Ny upon cooling gives a
detailed picture of the interface region. The temperature
decreases slowly during the first 20 min and then remains
constant. As a very slow motion of the a-inc interface is
going on, the relevant parameter for this study is time,
which is used as the abscissa in Fig. 3 for the variations of
both ¢ and the LSs intensity. The initial boundary of the
SAS region corresponds to the sharp increase of the SAS
intensity, clearly within the inc phase but without any
specific feature in the x-ray pattern. The position of B,
determined by the final discontinuity of ¢ = 0.002a™ cor-

order hump. The full line exhibits the time variation of the
intensity of the light scattered from the laser beam.

responds to the position of the optical boundary B,, be-
tween the SAS and LAS regions (with an uncertainty of
0.2 mm resulting from the apparent width of B,,). The
x-ray diffuse humps and streaks are observed in the first
part of the LAS region, with a weak maximum of the
diffuse scattering around g = 0.001a™. Because of the
broadening of the lattice spot, the diffuse x-ray scattering
could not be observed farther from the phase boundary, and
it disappears before the final sharp decrease of the LAS.
Upon heating, as the discontinuity of g = 0.006a™ is
larger, the width of the region of the diffuse x-ray scattering
is larger and closer to that of the LAS region.

These fine beam studies determine clearly the position
and the nature of the LS regions on the two sides of the
boundary of the 3¢ inc phase. The previous controversy on
their structure (based on TEM observations) and on the
origin of LS is now discussed in the light of the present
results. Saint-Grégoire et al. [11] first proposed that SAS is
due to the ferroelastic properties of blocks of two dimen-
sional periodic elongated triangles (2D-ELT), which they
observed by TEM. This model was criticized by Aslanyan
et al. [12] who proposed the existence of another ferroe-
lastic inc phase related to a new commensurate phase with
a tripling of the elementary cell, necessary in their model to
produce an intense LS. In both models, the new inc phases
are considered as equilibrium phases, existing in a small
temperature range above T,.. This is not compatible with
the present results. As the tripling of the elementary cell,
proposed by Aslanyan et al. [12], was observed neither in
TEM [20] nor in the present x-ray experiments, we do not
consider this model anymore. The third model, namely, the
coexistence model [6], is based on the systematic observa-
tions of LS occurring in the a-inc coexistence state: SAS is
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attributed to the nonequilibrium properties of the inc rota-
tion domains in the vicinity of the phase boundary while
LAS is attributed to the extensive presence of the transition
domains of the & phase (called Dauphiné twins in quartz),
also perturbed by the presence of the phase boundary.

In the framework of the coexistence model, we now
compare our structural observations to the great variety
of triangular structures obtained by TEM [4,13—15]. In the
3q inc phase, the various TEM investigations show good
reproducibility, even close to the low temperature phase
boundary, where high contrast rotation domains of equi-
lateral triangles (EQT) are observed, with wall distances
(d = 45-60 nm) and rotation angles (¢p = 10°) larger than
in the pure inc phase at 7, (d =20 nm, ¢ = 7°) [6].
However, on the a phase side of the EQT boundary, greater
differences are observed: a frequent scenario [4,13,14]
consists in the apparition of irregular ELT followed by
larger Dauphiné twins, showing the wall rotations pre-
dicted by Walker [21]. The most organized ELT patterns
are obtained by Snoeck and Roucau, exhibiting, however,
some variations. Under a large temperature gradient, the
whole range of the inc phase between the « and 8 phases is
observed [15]: on the « phase side of the well defined
boundary of the EQT structure, linear ELT patterns are
observed presenting weak short range order; the limit with
the homogeneous a phase is marked by a single layer of
large ELT of variable sizes but with parallel walls, rotated
by *£10° from one of the a* axes. This picture is in striking
agreement with our diffuse x-ray scattering measurements
(Fig. 2). However, under a smaller temperature gradient,
Snoeck and Roucau observed a 2D-ELT pattern with well
defined periodicities, between the « phase and the EQT
blocks of the 3¢ inc phase [11,22]. In macroscopic
samples, our x-ray results exclude the presence of large
blocks of a well ordered 2D-ELT phase, not only above 7.
but also in the coexistence state. On the other hand, the
presence of small 2D-ELT blocks with short range order is
compatible with the diffuse x-ray scattering observed on
the « phase side of B;,., contributing then to LAS. Because
of the sensitivity to the experimental conditions, a direct
and simple extrapolation of the TEM results to macro-
scopic samples is rather hazardous. With TEM, the sample
thickness and the width of the interfacial regions are
smaller than 1 pwm, while in macroscopic samples they
are in the mm range. In the same way, the size of the EQT
rotation domains increases from less than 1 xm in TEM to
100 wm and more in x-ray experiments.

Several scenarios are proposed in Ref. [6] for the origin
of LS. For LAS, the proposed effects of large rotation
domains, with discontinuous variations of ¢, are in good
agreement with the present x-ray and LS results. The LS
mechanism of perturbed Dauphiné twins is less evident,
but variations of the order parameter, in the interfacial
triangular structures observed in TEM [15,22], are sug-
gested in Ref. [6] and by Saint-Grégoire [23]. The difficult
question of the origin of these inhomogeneous structures,
probably present to decrease the interface energy, would

need a complex model coupling anisotropic elasticity and a
nonlinear variation of the order parameter.

In conclusion, the combination of spatially resolved
optical and x-ray measurements on high quality quartz
crystal is necessary to determine unambiguously the mi-
croscopic structure of the macroscopic regions producing
the transition opalescence of quartz in the a-inc coexis-
tence state. A well defined boundary of the 3¢ inc phase
exhibits a final discontinuity of ¢ and defines the limit
between SAS and LAS regions. SAS is produced in the
3g inc phase by rotation domains, while LAS is produced
in the a phase by Dauphiné microtwins, both with per-
turbed properties, in agreement with the coexistence
model.
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