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Direct observations of a double phase transition during the
low to high transformation in quartz single crystals

to 700 °C and 0.6 GPa

Urs Raz1-2, Sven Girsperger1 and Alan Bruce Thompson1

Abstract

Isobaric thermal analysis (TA), differential thermal analysis (DTA).and isothermal pressure analysis (PA) were
used in an investigation of the low a to high ß transition in quartz. Peaks for a double phase transition at 573 and
574.5 °C at 1 atmosphere) were observed, and the presence of an intermediate phase over this 1.5 degree interval is
indicated. The findings are consistent with recent observations on the incommensurate structure of the intermediate
phase. 3q, between low (a) and high (ß) quartz.

Keywords: low (a) quartz, high ß) quartz, incommensurate, phase transition, DTA.

1. Introduction

There have been many direct observations of the
low (a to high ß transition in quartz made by a

variety of methods (see Fig. l;Table 1) at elevated
temperatures at one bar and higher pressures.
Recent work by Shen et al., (1993) has
determined the location of the a-ß quartz transition
temperature by laser interferometry in a diamond
anvil cell and obtained the relation:

Tc 574.3 + 25.9P - 6.406 X KT5 P2

(with dT/dP approx. 25.6 °C/kbar)

There have been several experimental
observations for the occurrence of at least one
intermediate phase between low- and high-quartz.
Bachheimer (1980) found a first-order transition
from a-quartz to an intermediate form at 574 °C
(Tc), and a second-order transition to ß-quartz at
574.3 °C (Ti).These observations have been verified

by Differential Scanning Calorimetry (Zeyen
et al., 1983; Drebushchak and Dement'ev, 1993)
by AC-Calorimetry (Hatta et al., 1985), and by
Differential Thermal Analysis (Raz, 1983; see
review by Heaney, 1994, p. 17).

The apparatus described by Raz et al. (2002)
allows both pressure and temperature scans to be
made in the P-T range 0.6 GPa at 500 °C and 0.05
GPa at 900 °C; i.e. compressibility with increasing
temperature and thermal expansion with increas¬

ing pressure may be measured directly. The scan

range for pressure and temperature may be chosen

in either direction (up or down P and T).This
feature proved to be extremely helpful for the
volumetric and kinetic study of selected phase
transitions. Here we present some results across
the a-ß transition in quartz which will serve to
illustrate the capabilities of the technique. We show
that two phase transitions are observed for two
natural quartz samples (vein quartz, smoky quartz)
but not for a synthetic single quartz sample.

2. Measurement procedures for PA,
TA and DTA

Pressure analysis (PA) was conducted on the
same apparatus as described for measurements of
length changes on quartz single crystals by Raz et
al. (2002). The individual parts of the assembly
were optimized in their dimension so as to minimize

the resulting dead volume to increase the
sensitivity for pressure analysis. In theory the
sensitivity of pressure analysis may be increased
towards infinity by approaching a zero dead
volume.

Thermal analysis (TA) was carried out both
isobarically and polybarically with a single
thermocouple technique. This is different to differential

thermal analysis (DTA) which uses two
individual thermocouples, one each for the reference
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Table 1 Reported a to ß transition temperatures in quartz at 1 bar. Note the difference between the natural smoky
quartz and the synthetic quartz of approximately 1.5 K.

Author Theatiug [K] L cooling [K] Method

Sinelnikov (1953) 847.1
Moser (1936) 847+/-1
Keith andTuttle (1952) 846.1 +/-0.5
Klement and Cohen 1968) 847
Ghiorso et al. (1979 848.3 +/-0.1
Coe and Paterson 1969) 846.7 +/-1
Mayer (1960) 847.1
Banda et al. (1975 846.5
Bachheimer and Dolino (1974) 846.3

Shapiro and Cummins (1968) 846.5

Shapiro and Cummins (1968) 847.4

This study (synthetic Qz)
This study (smoky Qz)

844
844.8
845.5
846.1

844.9 +/-0.6
846.3 +/-0.3

Adiab. Calorimetry
Adiab. Calorimetry
DTA
DTA P)
DSC
Strain (P)
Strain
Strain
SHG
Raman
IR
TA/DTA (P)
TA/DTA (P)

DTA Differential Thermal Analysis
DSC Differential Scanning Calorimetry
SHG Second Harmonic Generation (of Light)

TA Thermal Analysis
IR Infrared Spectroscopy
(P) also at pressures above ambient
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Fig. 1 Some experimentally determined phase boundaries of low- and high-quartz (Gibson. 1928; Yoder, 1950;
Cohen and Klement, 1967; Van Groos and Ter Heege, 1973; see recent summary by Hemley et al., 1994).The working
limit of our apparatus (Raz, 1983) is shown up to 0.6 GPa at 500 °C and 0.05 GPa at 900 C. Shen et al. (1993)
obtained the relationship Tc 574.3 +25.9P-6.406 X 10"'P2 (with dT/dP approx. 25.6 °C/kbar) for the a-ß quartz
transition.

Low/High Quartz

Cohen and Clement (1967)..

Low (a) / ''High (ß)

" / • Shen et al. (1993)

'/ Yoder (1959)
#KvGroos, tHeege (1973)

Cohen and Clement (1967)
Gibson (1928)
this study

-working limit

i i

and the sample.TA offers a simplified experimental
set-up; however it requires high speed and high

resolution measurement of low EMF voltages (20
readings/sec, 0.1 LtV, 40 mV full scale, resulting in

roughly 20 bit resolution). Basehnes were
determined by numerical fitting.

Control of the experiments (temperature
ramps and cycles, stepwise pressure bleed off) and
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Fig. 2 The location of the
determined in cooling runs

Temperature (°C)
: temperatures for the synthetic and smoky quartz single crystal samples (3 and 2

the TA apparatus to 3.5 GPa and 660 °C.

all data acquisition was accomplished with a DEC
PDP-11 computer running the RT-11 operating
system (Foreground-Background monitor). Voltages

from thermocouples, LVDT amplifiers and

pressure transducers were scanned with a low
thermal-offset reed-relay scanner (HP 3495A)
and routed to a digital voltmeter (HP 3456 A). For
instrument control, the HP-IB/IEEE-488 bus was
used. Bias voltages driving temperature ramps
were generated by a programmable digital to analog

power supply (HP 59501A) and suitably
arranged voltage-dividing resistors. Additional
details on the apparatus may be found at our website:

www.hydrothermal.ethz.ch.

3. Results of TA, PA and PVT measurements
on quartz single crystals

Detailed PVT data obtained by high pressure
dilatometry with this apparatus for quartz single
crystals are reported by Raz et al. (2002). Three
samples of quartz were used for the investigation
of the thermal and volumetric properties and the

low-high transition at pressures up to 0.35 GPa:

- sample (1) clear, colorless vein quartz (used
for the development of the method)

- sample (2) smoky vein quartz cut parallel to
the a-axis

- sample (3) synthetic quartz cut parallel to the
c-axis

3.1. Observations during TA scans across the

a-ß quartz transition

At ambient pressure (Fig. 2) the transition
temperature for the synthetic sample (3) was measured

at 845 K, 2° lower than for the smoky sample
(2). This difference increased consistently by
approximately 1° up to 3500 bar (Fig. 2). In Thermal
Analysis scans the peak height and area increased
with the number of cycles over the transition.
Peak width, however, appears to be insensitive to
the sample's history. Thermal Analysis peaks for
synthetic quartz (3) are symmetric whereas the
natural vein-quartz sample (1) displays a split
peak, i.e. latent heat is released in two distinct
pulses (Fig. 3) - an effect observed already by
Cohen and Klement (1974) and Keith and Tuttle
(1952). This effect was confirmed by strain analysis

in the high pressure dilatometer only for the
high to low quartz reaction whereas the low to
high reaction was always continuous in a very narrow

temperature and pressure interval. Thermal-
Analysis-Peak splitting is attributed to a short
lived stable intermediate phase as determined by
neutron scattering by Bachheimer (1980) and
Dolino et al. 1984a,b).

3.2. Observations during isothermal PA

The low-high quartz transition was also investigated

with a further set-up of the dilatometer
allowing isothermal pressure scans. An empty
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bomb was connected to the dilatometer's pressure

vessel, pressurized and then cooled or heated
independently. This arrangement allowed very
slow pressure scans of approx. 1 bar/min. These
experiments revealed an onset-of-reaction reaction

hysteresis of approximately 50 bar for single
crystals of vein quartz/sample 1 (Fig. 4).The reaction

from low to high quartz commenced always
at a well defined pressure and temperature and
could never be stopped at an intermediate stage
by reversing the scanning direction. However, the
reverse reaction, going from high to low quartz,
was slow. It had no well defined onset and was
spread out over an interval of 10 to 20 bar. It could
be stopped at any point of this interval and held in
a stationary state (the stability field of the
incommensurate phase?) for more than 15 minutes. All
described phenomena could be observed equally
at different scanning rates.This coexistence of low
and high quartz has been obsetved by several other
authors, for example, Arnold (1976), vanTendeloo
et al. (1976), Shapiro and Cummins (1968).

In our experiments, hysteresis does not appear
to be an artefact resulting from the specific design
of our apparatus. Two types of hysteresis are
discussed in the literature. The first "onset-of-reaction"

or "sample" hysteresis is due to true kinetic
reaction overstepping related to nucleation and
growth of the new phase; the second type
"device" or "container" hysteresis is related to the
delay of attainment of P-T conditions in the
"container" apparatus. We conclude from the
observed rapid response times and very small
gradients in temperature (1.5 DC/2.5 cm) within
our apparatus (Fig. 4), that "container" hysteresis

was minimal.

3.3. Observations during DTA scans across the
a-ß quartz transition

The differential thermal analysis (DTA) signals
change their size with the number of cycles over
the transition: Peak area and peak height
increase whereas peak width remains unchanged.

Fig. 3 Cooling TA curves at 1 °C/min at 0.125 GPa .for single crystals of (1) clear, colorless vein quartz. (2) clear.
smoky quartz, 3 clear, synthetic quartz. T1, T2 and T3 mark transition onset temperatures.
Note the TA-peak splitting in the natural sample (as a possible consequence of impurities?).
The strikingly smooth curve (no double peak) for synthetic quartz is possibly a consequence of it's crystal water
content. It remained unchanged even after more than ten transitions.
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The increasing peak size indicates that the
transition progresses faster after a number of cycles.
Annealing of structural defects, exsolution of
water and other impurities, twinning of left and
right handed crystals or the incorporation of the
argon pressure medium into the structure may
be possible causes.

4. Interpretations of observations

Among all phenomena observed during our
measurements the hysteresis of the onset-of-reac-
tion (observed in both, up and down P-T scans in
Pressure Analysis and Thermal Analysis) remains
most striking and is consistent with previous stud-

Table 2 Reported volume differences of the low-high quartz transition. The AH,
obtained from calorimetric measurements or DSC (Differential Scanning Calorimetry).
were converted to AV by the first order Clausius-Clapeyron equation dP/dT AH/TAV.
These values are systematically higher than the measured AV obtained by dilatometry,
PA or x-ray studies,

Author AV [cm3/mol] Method
Sosman (1927) 0.195 AH. calorimetry
Kelley (1960) 0.372 AH, calorimetry
Mayer (1960) 0.118 strain
Majumdar et al. (1964) 0.11 x-ray
Skinner (1966) 0.12 strain
Berger et al. (1966) 0.154 x-ray
Bystrikov (1966) 0.008 x-ray
Stull and Prophet 1971 0.223 AH, calorimetry
Ackermann and Sorrell 1974) 0.09 x-ray
Ghiorso et al. (1979) 0.205 AH, DSC
Mogêon (1988) 0.121 strain

This study 0.11 ±0.01 dilatometry

P (bar) 2150
t (min) 0

1.2 °C

LOW (a) QUARTZ

Temperature °C
and Time (min)

J I—

T (°C) 572 574
t (min) 0 2

578
6

scanning rate 1 bar/min scanning rate 1°C/min

Fig. 4 Reaction hysteresis in terms of percentage strain of the low-high quartz transition in single crystals of vein
quartz (sample 1).
Left graph showing a pressure scan (at one bar per minute) at constant temperature (641 °C).
Right graph showing a temperature scan (at 1 °C per minute) at constant pressure (1 bar).
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ies. It is noteworthy that the onset-of-reaction
hysteresis effect remained unchanged after cycling

over dozens of times through the transition
without any smoothing or merging for several
different natural quartz samples. Further studies will
have to investigate whether there are differences
in the effect under isochoric, isothermal and iso-
baric conditions.

There are considerable differences in the
volumetric properties reported by the various
authors for the low (a) to high (ß) transition in
quartz (seeTable 2).

Interestingly, AV values determined by direct
measurement (x-ray, Pressure Analysis, dilatome-
try) are all systematically smaller than those de¬

rived from calorimetric AH values converted to
AV by means of the Clausius-Clapeyron equation
(dP/dT= AH/(T-AV) ).The differences range up to
100% and more. Resolving the equation for AV
places AH in the denominator which in turn
results in higher AV's for smaller AH's.This leads to
the conclusion that the earlier calorimetric
measurements of enthalpies systematically resulted in
too small values for AH, partly due to poorly
controlled radiation heat loss from the earlier
calorimeters, and partly due to the difficulty of
resolving the double phase transition. Dolino and
Bachheimer (1984) using a Differential Scanning
Calorimeter deduced a transition enthalpy of 4.2

J/g during cooling where the incommensurate

a

Q
Q.

b

a>

c
LLi

a>
a>

CO

-a
c
03

o

X

Axial ratio c/a

Thermal expansion

Bachheimerand Dolino (1975)

Low (a) Quartz

T interval 4 K

0.2 0.4 0.6

Order Parameter Q2 (T)

700-

500-

0.4 0.6

Order Parameter Q2 (T)

Fig. S The order parameter squared (Q2) as afunction of Kelvin temperature (a) and Landau Free Energy (b). Our
results for thermal expansion and the axial ratio c/a (Raz et al., 2002) are compared with the optical measurements of
Bachheimer and Dolino (1975). The parabola e^T) A' - A(l-T/Jb)12 with A 0.01646 fits the data for thermal
expansion and the square of the Landau order parameter (Dolino and Bachheimer, 1984, Fig. 4)
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phase did not nucleate, and during heating an
enthalpy of 5.5 J/g atTh =Tc + 1.4 K.

5. Distortions in the structure of quartz and
their relation to phase transitions

The macroscopic behavior observed here in single
quartz crystals (Figs. 3 and 4) has some explanations

at the microscopic scale from various structural

studies.
The low-quartz structure (with a space group

of P3121 for left-handed and P3221 for right-
handed twins) consists of two sets of chains of
Si04 tetrahedra forming spirals parallel to the c-
axis (see Liebau and Böhm, 1982; Heaney et al.,
1994, p. 9; Hemley et al., 1994, p. 43; Ross, 2000, p.
259) and can be viewed as a distortion of the
structure of high quartz. Three simultaneous
mechanisms permit the quartz structure to
decrease in volume with increasing pressure, (i)
distortion of tetrahedra in response to changes in
bond angle, (ii) decrease in bond length, but mainly

(iii) rotation of linked tetrahedra Jorgensen,
1978). Changes in the Si-O-Si angle and the tetra-
hedral tilt-angle control the thermal expansion,
whereas smaller changes in the Si-O-Si angle and
the tetrahedral distortion control isothermal
compression (D'Amour et al., 1979; Levien et al.,
1980). Sowa (1988) explains the high pressure
behavior of quartz structures through the changes of
anion-anion distances through packing of both
the polyhedra and the anions.The transition from
the a- to ß-phase corresponds to the addition of a

2-fold symmetry axis parallel to c (from space
group P3221 (a) to P6222 (ß), and their enantio-
morphs, Phillips, 2000, p. 219 that also relates the
Dauphiné twin orientations of the a-phase.

5.1. Intermediate phases at the
a-j3 quartz transition

Recent work on the a-ß transition in quartz has
detailed the stability of incommensurate phase(s)
stable between 573 and 574.3 °C and encountered
during the a-ß quartz transition (summarized by
Heaney, 1994, p. 2, 16; Heaney, 2000, p. 148).
Anomalous behavior near the critical temperature

had been detected in the 1930's by light
scattering experiments (Steinwehr, 1932; Yakovlev et
al., 1956) and later by Raman spectroscopy (Raman

and Nedungadi, 1940; who observed the first
"soft mode", and Shapiro and Cummins, 1968;see

summary by Heaney, 1994, p. 16).
The source of the unusual behavior was

suggested by Young (1962), on the basis of high
temperature X-ray diffraction experiments, as being

due to the replacement of Dauphiné twin
domains by fine-scale microtwins during the a to ß
transformation. Subsequent transmission electron

microscope studies by Van Tendeloo et al.
(1976) and Malov and Sonyushkin (1976) showed,
that large Dauphiné twins dispersed into a mosaic
of triangular microtwin prisms elongated parallel
to the c-axis. The work by Bachheimer (1980),
who monitored thermal expansion, elastic
compliance and birefringence simultaneously through
the a to ß transition, suggested at least one
intermediate structure, with a first-order transition
froma-quartz at 573 °C (=Tc) and a second-order
transition to ß-quartz at 574.3 °C (=Ti or Th).
Hysteresis effects of the onset-of-transition were
reported from Raman experiments (Shapiro and
Cummins, 1968) and also from y-ray and neutron
diffraction studies (Bastie and Dolino, 1985;
Dolino et al., 1984a,b).

The first-order nature of the a to ß transformation

was explained by a Landau expansion
with an order parameter corresponding to the
tetrahedral tilt angle 0 (Hoechli and Scott, 1971;
Grimm and Dorner, 1975; Banda et al., 1975;
Bachheimer and Dolino, 1975, Heaney, 1994 p.
16). The Landau expansion can also be related to
measureable macroscopic parameters from our
study (such as axial ratio c/a and thermal expansion,

Fig. 5a). Aslanian et al. (1979, 1983, 1984)
coupled Landau free energy with a term that
related the order parameter to spontaneous strain
enabling them to explain the observed microtwins
thermodynamically (see Carpenter, 2000, p. 42).
These works predict the existence of two stable
incommensurate phases between the stability
fields of a- and ß-quartz (called 3q- and lq-phases
for periodicity in three or one dimension, by
Aslanian et al., 1979,1983,1984), and a4 by Dolino
et al. (1983, 1984) who considered the transition
from ß to a! to be second order, and the transition
from aj to a to be first order. This region can be
viewed in Fig. 5b where the Landau free energy is
shown as a function of the order parameter near
to the a to ß transition temperature. Incommensurate

structures are modulated with a Well
defined periodicity but which is not a multiple of the
translational periodicity of the underlying lattice
(see Putnis, 1992, p. 412). The triangular microdomains

(honeycomb structure of Van Tendeloo et
al., 1976) have been identified with the 3q-phase
(Zeyen et al., 1983; Dolino et al., 1984a,b).

Satellite reflections associated with the 3q
incommensurate phase were imaged by X-ray
transmission topographies (see Heaney and Vehlen,

1991 Bastie et al. (1988) noted that although
the transition from 3q to lq may be induced by
non-hydrostatic stress, it can also occur at zero
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stress, where the lq phase is only stable over a few
hundredths of a degree (see summary by Cohen,
1994, p. 397; Dolino and Vallade, 1994,p. 406).
Despite evidence for a 3q- to lq-transition at zero
stress from neutron diffraction experiments
(Dolino et al., 1987), Bastie et al. (1988) found no
evidence for macrodomains in the lq-phase
(which they concluded is only stable over a few
hundredths of a degree). Cohen (1994, p. 397)
notes that the molecular dynamic simulation
results of Tsuneyuki et al, (1990) suggest that these
structures are governed by fluctuations on a time
scale of 4 to 12 picoseconds (Cohen, 1994, p. 398).
The observed coexistence of the 3q- and lq-phases
supports the possibility that the a to ß transition is

entirely first order (Heaney, 1994, p. 18).
Our own studies, as well as the experiments

summarized above, clearly demonstrate that any
further investigation of the intermediate phases
will require control of temperatures and gradients
down to the sub-Kelvin range. For this, thermocouple

sensors used so far would need to be
replaced by Platinum resistance thermometers
(resistance temperature detectors, RTD's). However,

Pt-RTD's are limited to temperatures below
500 °C, because above 500 °C re-crystallization of
Pt rapidly decreases RTD accuracy and thus
makes Pt-sensors totally unsuitable for temperatures

higher than 600 °C. In any case control of
temperature to about 1 degree Kelvin is possible
in the hydrothermal apparatus used by us, which
is much higher than in current diamond-anvil cell
devices (at best about 5 degrees Kelvin, see Raz et
al., 2002, p. 571). The stability interval of the 3q
incommensurate phase is not more than 1.5 Kelvin,

and in the best caseT gradients in our apparatus

are about 1 Kelvin over the entire sample (2.5
cm). Further modifications of our apparatus
could be made with great effort to reinforce the
above observations for the transition to the 3q
incommensurate phase, but not for the supposed lq
incommensurate phase.

5.2. Possible mechanismsfor the
a-3q-ß quartz transitions

Dolino and Vallade (1994, pp. 404-415) present
evidence which shows that the a to ß quartz
transition is a displacive first-order transition (but
very close to being tricritical, see Allen and Cahn,
1976; Carpenter et. al., 1998). But because of the
large damping of the ß-phase soft mode close to
the transition it is difficult to distinguish the
displacive from order-disorder behavior (Dolino
and Vallade, 1994, p. 415, Dove et al., 2000, p. 22).
Heaney (1994, p, 19, following Aslanian et al.,
1983) notes that the a to ß quartz transition is

driven by a dynamical soft mode which couples
briefly with a transverse acoustic mode to generate

the incommensurate phase. Berge et al.,
(1985) and Vallade et al., (1992) identified a Rigid
Unit Mode (RUM) in ß-quartz at k 0 which acts
as the soft mode in the a to ß transition in quartz.
These workers also identified a branch of the
RUM responsible for the incommensurate phase
transition between a- and ß-quartz.

The thermal behavior of both low pressure
polymorphs of Si02, quartz and cristobalite, is
similar. Each has two structural configurations, (a)
observed at low temperatures, and (ß) observed at
higher temperatures (Parker et al., 2001). The first
order displacive nature of the a to ß transition in
quartz and cristobalite, and the disorder of the ß-
phase at high temperature, has been deduced from
the radial distribution function (RDF, Dove et al.,
1997; Parker et al., 2001, p. 69).The RDF's for Si-O
and O-O distances show that the a-ß transition
affects the arrangement of second order neighbors.
The first peak observed in the a-ß transition in
cristobalite is associated with the rotation of rigid
Si04 tetrahedra without any external distortion
(Dove et al., 1997). At high temperature the
decrease in the cell volume corresponds to the
decrease in first Si-Si distance. The a-ß transition
in quartz and cristobalite is thus accompanied by
the increase of disorder, which can be seen from
the RDF's, particularly from the longer length
scales (also for coesite, Parker et al., 2001, p. 70).

6. Summary

A double phase transition was observed for two
of three single crystal quartz samples scanning
through the classical low (a) to high ß phase
transitions using TA (Thermal Analysis), DTA
and PA (Pressure Analysis). The transition peaks
(at 573 °C and 574.5 C at 1 atmosphere)
maintained this 1.5 K separation at higher pressures,
and after repeated cycling through the transitions.
The displacements due to onset-of-reaction
hysteresis in isothermal pressure scans, and in isobar-
ic temperature scans, were consistent also after
repeated cyclical scannings (as also noted by
Dolino et ah, 1983). This suggests that the causes
for the double phase transitions are a long-term
large-scale feature of the crystal structure. Liebau
and Böhm (1982) considered that double phase
transitions are characteristic when a high temperature

phase transforms to twins of a low temperature

phase during cooling. In the heating direction

twin domains are produced in the low
temperature structure (a-quartz) at temperatures
just below the a to ß transition.
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It is noteworthy that our single crystal sample
of clear synthetic quartz (sample 3, Fig. 3) showed
only a single transition peak during scanning
through the a to ß transition. However, Dolino et.
al. (1983, Fig. 3) found double transitions at the a
to ß transition in some synthetic single crystals
from x-growth sectors but not from z-growth
sectors. Fluid inclusions are expected to be present in
our synthetic quartz sample, as it turned milky
after some hundred transition cycles, whereas
Thermal-Analysis-peaks remained smooth and never
displayed any splitting (Fig. 3, curve 3, see also
Bambauer et al., 1969). How charged defects
relate to the stability of the 3q incommensurate
phase remains to be shown.

Penetration of the pressure medium Argon
into the quartz structure was proved qualitatively
in a specimen of the colorless vein quartz of
approximately 2 g weight that had been cycled
through P (up to 2 kbar) andT (up to 650 °C) for
several weeks. 100 mg of this sample were heated
in an evacuated chamber up to 400 °C in order to
remove subsurface absorbed argon. This specimen

was subsequently heated to 500 °C in a high-
precision gas mass-spectrometer. The amount of
argon released thereby was too high to be
quantitatively measured even after a five-fold split of
the gas stream. Following this result the overall
amount of Argon dissolved in the quartz lattice is

estimated to be less than 0.5% by weight.

Acknowledgements

The authors wish to thank Brigitte Bühlmann and Urs
Graber for their engineering and technical support. We
thank M. Carpenter and A. Nonymous for reviewing the
manuscript. This work was supported by ETH research
credits.

References

Allen, S.M. and Cahn, J.W. (1976): On tricritical points
resulting from the intersection of lines of higher-order

transitions with spinodals. Scripta Metallurgica
10,451—454.

Arnold, id. TWO): Displazive Phasenumwandlung, Git¬
terdynamik und Röntgenbeugung. Habilitationsschrift,

RWTH Aachen.
Aslanyan.T.A. and Levanyuk, A.P. 1979): On the possi¬

bility of the incommensurate phase near a-ß transition

point in quartz. Solid State Communications 31,
547-550.

Asianyan, i.A., Levanyuk, A.P., Vallade, M. and Lajze-
rowicz, J. 1983): Various possibilities for formation
of incommensurate superstructure near the a-ß
transition in quartz. J. Physics C 16,6705-6712.

Aslanyan, T.A. and Levanyuk, A.P. 1984): Fluctuation
effects as a cause for the incommensurate phase
formation. Ferroelectrics 53.231-234.

Bachheimer, J.l'. and JJolmo, Lr. jy/3): Measurement of
the order parameter of a-quartz by second harmonic
generation of light. Physical Review B11,3195-3205.

Bachheimer,J.P. (1980): An anomaly in the ß phase near
the a-ß transition of quartz. J. Phys Lett. 41, L559-
L561.

Bambauer, H.V., Brunner, GO. and Laves, F. (1969):
Light scattering of heat treated quartz in relation to
hydrogen containing defects. Am. Mineral. 54, 718-
724.

" "
Banda, E.J., Craven, R.A., Parks, R.D., Horn, P.M. and

Blume,M. (1975): a-ß transition in quartz: Classical
versus critical behaviour. Solid State Communications

17,11-14.
Bastie, K and JJolmo, G. 1985): y-ray diffraction of an

incommensurate phase: Application to quartz. Physical

Review B 31,2857-2861.
Bastie, P., Mogeon, F. and Zeyen, C.M.E., (1988): Direct

neutron observation of a single-q incommensurate
phase of quartz at zero stress. Physical Review B 38.
786-788.

Berge, B., Bachheimer, J.P., Dolino, G, Vallade, M. and
Zeyen, C.M.E. (1985): Inelastic neutron scattering
study of quartz near the incommensurate phase
transition. Ferroelectrics 66,73-84.

Carpenter, M.A., Salje. Ü.K.H.. (jraeme-Barber, A..
Wruck,B., Dove, M.T. and Knight, K.S. 1998):
Calibration of excess thermodynamic properties and
elastic constant variations due to the a-ß phase
transition in quartz. Am. Mineral. 83,2-22.

Carpenter, M.A. (2000): Strain and elasticity at structur¬
al phase transitions in minerals. In: Redfern, S.A.T.
and Carpenter,M.A. (eds.):Transformation processes

in minerals. Rev. Mineral. Geochem. 39,35-64.
Cohen, R.E. 1994): First-principles theory of crystalline

Si02. In: Heaney, P.J., Prewitt, C.T., and Gibbs, GV.
(eds.): Silica - Physical Behavior, Geochemistry and
Materials Applications. Rev. Mineral. 29,369-402.

Cohen, L.H. and Klement.W Ly/4): Yet more otrserva-
tions on the high-low quartz inversion: Thermal
analysis studies to 7 kbar with single crystals. Am.
Mineral. 59.1099-1104. "

D'Amour. H.. Denner, W. and Schulz, H. (1979): Struc¬
ture determination of a-quartz up to 68 X 10s Pa
Acta Cryst. B 35,550-555.

Dolino. G, Bachheimer, J.P. and Zeyen,, C.M.E. (1983):
Observations of an intermediate phase near the a -
ß transition of quartz by heat capacity and neutron
scattering experiments. Solid State Communications
45,295-299.

Dolino, c_t. and Bachheimer, J.P 1984):Thermodynami-
cal behaviour of quartz around the transitions
between a, incommensurate and ß phases. Mat. Res.
Soc. Symp. Preß. 21,803-809

Dolino, U., iiacnneimer, .l.n, Berge, B. and Zeyen,
C.M.B. (1984a): Incommensurate phase of quartz: I.
Elastic neutron scattering. J. de Physique 45, 361—
371.

Dolino, G, Bachheimer, J.P, Berge, B., Zeyen, C.M.E..
Van Tende loo, G, Van Landuyt, J. and Amelinckx, S.

1984b ): Incommensurate phase of quartz: III. Study
of the coexistence state between the incommensurate

and the a-phases of neutron scattering and electron

microscopy. J. de Physique 45,901-912.
Dolino, G, Bastie. P.. Berge,"B.. Vallade, M., Bet like. J.,

Regnault, L.P. and Zeyen, C.M.E. (1987): Stress-induced

3-q - 1-q incommensurate phase-transition in
quartz. Europhysics Lett. 3,601-609.

Dolino, G., and Vallade, 1V1. (iyy4): Lattice dynamical
behavior of anhydrous silica. In: Heaney, P.J.,
Prewitt, C.T. and Gibbs, G.V. (eds.): Silica: Physical
behavior, geochemistry and materials applications.
Rev. Mineral. 29,403-431.

Dove. M.T. Keen, D.A., Hannon, A.C. and Swainson.
I.P 1997): Direct measurement ofSi-O bond length



182 U. Raz, S. Girsperger and A.B. Thompson

of orientational disorder in the high temperature
phase of cristobalite. Phvs. Chem. Minerals 24, 311—
317.

Dove, M.T., Trachenko, K.O., Tucker, M.G., and Keen,
D.A. (2000): Rigid unit modes in framework structures:

Theory, experiment and applications. In: Red-
fern, S.A.T. and Carpenter, M.A. (eds.): Transformation

processes in minerals. Rev. Mineral. Geochem.
39,1-33.

Drebushchak, V.A. and Dement'ev, S.H. 1993): Ther¬
modynamic study of quartz in the vicinity of the a-ß
quartz transition: Geokhimia 9,1341-1353.

Grimm, H. and Dorner, B. (1975): Mechanism of a-ß
phase transformation of quartz. /. Phvsics Chemistry
Solids 36,407-413.

Hatta, t., Matsuura. M.. Yao, H., Gouhara, K. and Kato,
N. (1985): True behaviour of heat capacity in a.
incommensurate, and ß phases of quartz. Tltermo-
chimica Acta 88,143-148.

Heaney, i'.J. (ZUUU): flrase transformations induced by
solid solution. In: Redfern, S.A.T. and Carpenter,
M.A. (eds.): Transformation processes in minerals.
Rev. Mineral. Geochem. 39,135-174.

Heaney, "EX (J vy4): structure and chemistry of the low-
pressure silica polymorphs. In: Heaney, P.J.. Prewitt,
C.T. and Gibbs, G.V. (eds.): Silica: Physical Behaviour,

Geochemistry, and Materials Applications. Rev.
Mineral. 29,1-40.

Heaney, PJ. and Vehlen, D.R. (1991): Observations of
the a-ß transition in quartz: A review of imaging
and diffraction studies and some new results. Am.
Mineral 76,1018-1032.

Hemley, K.J., frewitt, CT., and Kingma, K.J. (1994):
High-pressure behavior of silica. In: Heaney, P.J.,

Prewitt, C.T. and Gibbs, G.V. (eds.): Silica: Physical
Behaviour, Geochemistry, and Materials Applications.

Rev. Mineral. 29,41-81.
Hoechli, U.I. and Scott. J.T. (1971): Displacement pa¬

rameter, soft-mode frequency, and fluctuations in
quartz below its a-ß phase transition. Phvs. Rev.
Lett. 26.1627-1629. —

Jorgensen. J.JJ. iy/8): Compression mechanisms in a-
quartz structures - SiOo and GeO->. J. Applied Phvsics

49,5473-5478.
" * '—

Keith. M.U. and luttle, O.F. (1952): Significance of varia¬
tion in the high-low inversion of quartz. Am. J. Sei.
Bowen Volume, 203-280.

Levien, L.. Prewitt, C.T. and Weidner, D.J. 1980): Struc¬
ture and elastic properties of quartz at pressure. Am.
Mineral. 65,920-930.

Liebau, iH. and Böhm. H". 1982): On the coexistence of
structurally different regions in the low-high quartz
and other displacive phase transformations. Acta
Cryst. A 38,252-256.

Malov, Y.V. and Sonyushkin, V.E. (1976): Direct elec¬

tron-microscopic investigation of the a-ß transition
process in quartz. Soviet Phys. Crvstall. USSR 20,
644-645.

Modgëon, F. (1988): Propriétés statiques et comporte¬
ment irreversible de la phase incommensurable du
quarz. Doctoral thesis, Université Joseph Fourier.
Grenoble 1.

Parker, S.C., De Leeuw, N.H., Bourova, E. and Cooke,
DJ. (2001): Application of lattice dynamics and
molecular dynamics to minerals and their surfaces. In:

Cygan, R.T. and Kubucki, J.D (eds.): Molecular
modelling Theory. Applications in the Geosciences
42,63-82':

Phillips, B.L. (2000): NMR spectroscopy of phase transi¬
tions in minerals. In: Redfern, S.A.T. and Carpenter,
M.A. (eds.): Transformation processes in minerals.
Rev. Mineral. Geochem. 39,203-240.

Putins, A. tvyz): introduction to Mineral Sciences.
Cambridge University Press, 457 pp.

Raman, C.V. and Nedungadi, T.M.R. (1940): The a-ß
transformation of quartz. Nature 145,145-147.

lia/. I (1983): Thermal and volumetric measurements
on quartz and other substances at pressures up to 6
kbars and temperatures up to 700 C. Unpubl. PhD
thesis ETH Zürich, nr. 7386,91 pp.

Raz, U.Girsperger, S. andThompson, A.B. (2002):Ther-
mal expansion, compressibilty and volumetric changes

of quartz obtained by single crystal dilatometry to
700 °C and 3.5 kilobars (0.35 GPa). Schweiz. Mineral.
Petrogr. Mitt. 82,561-574.

Ross, N.T. (ZUUU): framework structures. In: Hazen,
R.M. and Downs, R.T. eds. ): High Temperature and
High Pressure Crystal Chemistry. Rev. Mineral.
Geochem. 41,257-287.

Shen, A.H., Bassett, W.A. and Chou, I.M. (1993): The
a-ß quartz transition at high temperatures and
pressures in a diamond-anvil cell by laser interferometry.
Am. Mineral. 78.694-698.

Shapiro. S.M. and Cummins, H.Z. 1968): Critical opal¬
escence in quartz. Phys. Rev Lett. 21,1578-1582.

Sowa, H. 1988):The oxygen packings ot low-quartz and
ReO, under high pressure. Z. Kristallogr. 184, 257-
268. ' 1

Steinwehr, H.E. (1932): Umwandlung a-ß Quartz. Z.
Kristallogr. 99,292-313.

Tsuneyuki. s., Aoki, Fl., 1 sukada, M. and Matsui, Y.
(1990): Molecular-dynamics study of the a to ß
Structural phase transition of quartz. Phvs. Rev Lett.
64,776-779. ~'

Vallade, iVL, Berge, B. and Dolino, G. (1992): Origin of
the incommensurate phase of quartz: II. Interpretation

of inelastic neutron scattering data. /. Phvsics 2,
1481-1495.

Van Tendeloo, G, Van Landuyt, J. and Amelinckx, S.

(1976): The a-ß phase transition in quartz and
A1P04 as studied by electron microscopy and
diffraction. Phys. Status Solidi 33,723-735.

Yakovlev, I.A., Mikheeva, L.F, and Velichkina, T.S.
1956 ): The molecular scattering of light and the a-ß

transformation in quartz. Soviet Phvs. Crvstall.
USSR 1,91-98.

Young, R.A. (1962): Mechanism of the phase transition
in quartz. US Air Force, Office of Scientific
Research Contract No AF49,638-642.

Zeyen. CMS. Dolino, G, and Baehheimer, J.R 1983):
Neutron and calorimetric observation of a modulated

structure in quartz just above the a-ß phase
transition. Phvsica 120 B, 280-282.

Received 19 April 2003
Accepted in revised form 30 July 2003
Editorial handling: M. Engi


	Direct observations of a double phase transition during the low to high transformation in quartz single crystals to 700°C and 0.6 GPa

