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the density variation of the band structure into
account.

The present theoretical study was motivated by
Donovan and Spicer's striking experimental re-
sults. ' The authors are grateful to Mr. T. L.
Donovan and Professor %. E. Spicer for bringing
these results to their attention, and for many
stimulating discussions.
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The intense scattering of light by quartz in the vicinity of the n-P transition, first ob-
served by Iakovlev and co-workers in 1955, has been studied by Raman and Brillouin
spectroscopy and by visual observation. Our results indicate that the observed "opales-
cence" does not originate from critical fluctuations of the order parameter but is gener-
ated by essentially static domain walls separating microdomains of opposite electrical
twins.

Crystalline quartz undergoes a transition at
573 C from the low-temperature o.'phase (sym-
metry Da) to the high-temperature P phase (sym-
metry Da). The transition is marked by anoma-
lies in many of the physical properties of quartz. '
In 1956, Iakovlev, Velichkina, and Mikheeva ob-
served that the scattering of Hg light by quartz

increases in the vicinity of the transition by -10~
over the room-temperature level and that under
white-light illumination, the scattering volume
appears as a "fog zone. " They termed this phe-
nomenon "critical opalescence" since it resem-
bles the intense scattering observed in fluids
near the critical point. Subsequently Ginzburg
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and Levanyuk applied Landau's theory of second-
order phase transitions and thermodynamic fluc-
tuation theory, and computed the theoretical in-
crease in scattered light at the transition temper-
ature which agreed remarkably well with the ex-
periment. It has since been generally accepted
that the intense scattering in quartz at the n-P
transition arises from the diverging fluctuations
in the order parameter. 4

Ginzburg also emphasized the dynamical origin
of the "opalescence. " Taking the order param-
eter g as the displacement of a silicon atom
from its P-phase equilibrium position, the fluc-
tuation in g mill then correspond to relative dis-
placements of crystal sublattices so that q is to
be identified with one of the zone-center optical
lattice vibrations. On the basis of available tem-
perature -dependent spectroscopic information, '
Ginzburg identified p with the totally symmetric
4, optical mode whose room-temperature fre-
quency is 207 cm —'. (This identification has
been justified by Kleinman and Spitzer s valence-
force-model calculations of the atomic motions
associated with this mode. ') Ginzburg proposed
that as the temperature is raised towards the
transition temperature T, the frequency of this
mode should decrease steadily towards zero.
The Stokes and anti-Stokes components of the Ra-
man spectrum would approach each other, final-
ly merging into a, single quasielastic peak which
would continue to narrow, and would grow more
intense due to the diverging fluctuations. He sug-
gested that this phenomenon be studied through
spectroscopic analysis of the scattered light.

In this Letter we report a series of spectro-
scopic observations of light scattered by quartz
in the vicinity of the o.-P transition. In our ex-
periments, natural quartz crystals were slowly
heated and cooled through the transition region.
The moving zone of intense scattering which Iak-
ovlev, Velichkina, and Mikheeva had reported
was also observed in these experiments.

Raman experiments. —In a previous paper we
reported temperature-dependent Raman experi-
ments on quartz. ' We showed that it is not the
207-cm ' line but a small A, satellite (at 147
cm ' at room temperature) whose frequency ap-
proaches zero at T- T~. The probable origin of
this complication has been discussed recently by
Scott' in terms of anharmonic coupling between
one- and two-phonon excitations. Scott's results
imply that at room temperature the 207-cm
line is essentially a zone-center A, optical vibra-
tion as had been assumed, while the feature at

147 cm-' is a two-phonon zone™edge excitation.
As the temperature is raised, the tmo excitations
become mixed due to the coupling produced by
anharmonicity. Around 300 C the excitations
are thoroughly mixed and the observed spectral
features can no longer be described as one- or
tmo-phonon processes. As T approaches T~,
the excitations again become distinct, and the
low-frequency component has become the one-
phonon mode. Thus, apart from the complica-
tions produced by the hybridization, the earlier
assertion that it is the 207-cm-' mode whose
frequency approaches zero at the transition is
apparently correct.

We have repeated our temperature-dependent
Raman measurements of quartz in the vicinity
of T~ with the apparatus used in Ref. 7, but with
an 800-mW Spectra-Physics argon-ion laser as
the Raman source. We find that the frequency
of the "soft mode" decreases to -30 cm-' at
573.4'C at which point it disappears from our
spectra. On cooling, it reappears at 572.4'C,
one degree below the temperature at which it
disappears on heating. The "soft" component is
quite broad (&20 cm ') when it attains its mini-
mum frequency of 30 cm '. The intense Ray-
leigh scattering suddenly appears with the dis-
appearance (on heating) and reappearance (on
cooling) of the Raman components. The spectral
width of the Rayleigh line was never resolved in
this experiment (instrumental resolution -2
cm-').

Thus the smooth collapse of the soft mode into
an overdamped quasielastic component envi-
sioned by Ginzburg is not observed, and the in-
tense Rayleigh scattering cannot be considered
as the overdamped remnant of the 207-cm-' opti-
cal lattice vibration.

Brillouin scattering experiments. —In an earli-
er paper we discussed the room-temperature
Brillouin spectrum of quartz. ' Brillouin mea-
surements were extended to higher temperatures
in a further attempt to elucidate the origin of the
critical opalescence. Spectra were recorded
with phonon wave vectors in the [100], [010],
[001], and [110]directions. For each propaga-
tion direction studied, the longitudinal acoustic
modes exhibited a. decrease in frequency of be-
tween 12 and 15% on heating from room tempera-
ture to the transition, and then an abrupt in-
crease.

The observed temperature -dependent Brillouin
shift for [100] longitudinal phonons is illustrated
in Fig. 1(a) for the entire temperature range
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FIG. 1. The observed Brillouin shift (vB) and calcu-
lated elastic constant (c~~) versus temperature for lon-
gitudinally polarized [100] phonons. (a) 0 to 600't .
(b) Expanded temperature scale showing the critical
region. The arrows indicate the direction of tempera-
ture change.

studied and in Fig. 1(b) for the critical region.
On heating, the frequency exhibits an abrupt in-
crease at 574.3'C (a sudden increase in line-
width is also observed at this point). On cooling,
the frequency gradually decreases, and at 573.0
'C there is an abrupt narrowing of the Brillouin
line. '

At these two temperatures intense Rayleigh
scattering is observed. The sudden increase (to
-10» times the room temperature level) occurs
at the same frequency as the unshifted light with-
in the resolution of the experiment (-0.1 cm ').
Here, as in the Raman experiment, there was
no observed spectral structure to the opales-
cence. Furthermore, it should be noted that the
hysteresis observed in both the Raman and Bril-
louin experiments implies that the transition
may well be first order rather than second.

The Rayleigh linewidth. —In the Raman and

Brillouin experiments the intense Rayleigh scat-
tering in the transition region was spectroscop-
ically indistinguishable from pure elastic scatter-
ing. Since the spectral linewidth of the "critical
opalescence" was too small to measure with ei-
ther the Raman spectrometer or the Brillouin in-

terferometer, we next considered performing a
light-beating experiment of the type used to mea-
sure the Rayleigh linewidth in critical opales-
cence in fluids. " This experiment was never
performed since we discovered during prelim-
inary visual observations of the scattering col-
umn that the "critical opalescence" is, in fact,
elastic scattering.

When laser light is scattered from a station-
ary target, the scattered light exhibits a charac-
teristic granular pattern. If the target moves
slowly, the granularity also appears to move.
If the target moves so rapidly that the granular-
ity changes in a time shorter than the response
time of the eye, the granularity disappears, and
one sees a uniform scattered-intensity distribu-
tion. (This effect, which arises from the spatial
coherence of laser light, was discussed by Rig-
den and Gordon in 1962.)"

We observed that when the crystal was below
the transition temperature, the scattering col-
umn appeared to be homogeneous. [A photograph
of the scattering column with 15-min exposure
is shown in Fig. 2(a). The bright specks are
crystal imperfections. ] When the crystal was
heated to the transition temperature the "fog
zone" which appeared was found not to be uni-
form, but to exhibit the characteristic granular-
ity associated with elastic scattering. ~- Figure
2(b) is a photograph of the scattering column in
the fog zone with 2-sec exposure. The granular-
ity is apparent in the photograph.

In Fig. 2(c) we show a photograph with 5-min
exposure in the P phase. In addition to the specks
caused by imperfections, there is some residual
structure visible which slowly disappears as the
temperature is further increased. On cooling,
the above sequence is reversed, with the fog
zone reappearing at a lower temperature, as we
indicated earlier.

Interpretation. —The persistence of static
granularity for many seconds in the light scat-
tered from the fog zone suggests that the intense
scattering is completely elastic, originating
from some essentially static phenomenon rather
than from thermodynamic fluctuations of the or-
der parameter. A probable explanation of this
effect was suggested by Young, who performed
extensive x-ray measurements on quartz through
o.-P transition. ~~ Young found that as the transi-
tion is approached from below, the structure
separates into domains of Dauphin's (or electri-
cal) twins. The twins, which are related by 180'
rotation about the C axis, correspond to oppo-
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we believe that quartz does not exhibit critical
opalescence in the usual sense of diverging fluc-
tuations of the order parameter, despite the ex-
cellent agreement between the observed scatter-
ing intensity and the theoretical prediction based
on the assumption of critical-point fluctuations.
(2) The intense scattering which is observed
near the transition temperature is probably a
consequence of the extensive microtwinning of
the Dauphin's type that occurs near the transi-
tion. (3) The hysteresis observed in the Raman
and Brillouin experiments suggests that the tran-
sition is first order rather than second order.
However, this distinction is not really adequate
since the phenomenon of microdomain formation
considerably complicates the description of the
transition.

FIG. 2. Photographs of the scattering column in
0

crystalline quartz illuminate'd by a 6328-A He-Ne la-
ser beam. (a) T &T~, 15-min exposure; (b) T =T,
2-sec exposure; (c) T &T~, 5-min exposure.

site signs of the order parameter g. As the tran-
sition is approached, the domain size decreases
and the density of domain walls increases.

Presumably, the inhomogeneous strains pre-
sent in the domain walls perturb the dielectric
constant locally leading to large light-scattering
efficiencies, an effect which we have previously
observed in ferroelectric triglycine sulfate. "
Thus, it is the domain walls produced by the mi-
crotwinning which we believe to be responsible
for the observed opalescence. An analogous ef-
fect could occur in a fluid just below the critical
point in the absence of gravity. The fluid might
break up into droplets whose surfaces would pro-
duce anomalous scattering. Such an effect would
occur very close to Tz since it would only be-
come energetically possible as the surface ten-
sion vanishes.

Conclusions. —(1) Because of the static granu-
larity of the light scattered from the fog zone,
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We develop a set of formulas which relate the first two volume derivatives of the tem-
perature-independent Gruneisen parameter y to other more readily measurable quanti-
ties. For a quasiharmonic solid in the classical temperature region, these relations
are exact and permit accurate calculations of y to second order in compression.

The temperature-independent Gruneisen param-
eter y appears as the coefficient of the thermal-
pressure term of a quasiharmonic (qh) solid in
the classical region of temperature T. For such
a solid the relationship between pressure P,
specific volume V, and temperature T is given
exactly by'

the energy EI, behind the shock front is given by'

(u /U)
p s

where Ez is the initial value of specific energy.
The relative compression x is given by'

P =P (x) + p. (y/x)E (x, T),
2

x=1—u /U,
S

(6)

where x = V/V;, Vi is the specific volume under
normal conditions, ET(x, T) is the thermal ener-
gy, p;=1/V;, and P, (x) is a function of volume
only. The total energy E(x, T) is given by~

E(x, T)=E (x)+E (x, T), (2)

where Eo(x) is a function only of volume. With
(1) and (2) it follows immediately that

Since in this (the qh) approximation y is indepen-
dent of T and is therefore a function of volume
only, its values can be ascertained if the deriva-
tive (8P/8E)x can be evaluated along any path for
which the relationship between P, E, and x is
given. At present this is most easily done at in-
dividual points along the Hugoniot. For materi-
als of low yield point which are initially at nor-
mal pressure and then subjected to shock com-
pression, the hydrostatic shock pressure PI is
given by

P =p.tf u
z sP' (4)

where Us is the shock velocity and uP is the ve-
locity of matter behind the shock front. Likewise

P = p. C .2(1—V/V. )[I—5 (1—V/V )]

E =E.+
2

P„(1-V/V. )
2

2p.
2

To evaluate y in this approximation it is only
necessary to calculate the variation of P& and E&
with the initial conditions (i.e. , the initial tem-

The relationship between Us and up is given by

an expression of the form

U =C+bu +bu + ~ ~ ~

s i 1P 2P
where Ci is the bulk sound speed (i.e. , Ci' =&s/
p, , where B is the isentropic bulk modulus) in
the normal state and b, and b, are functions only
of the initial conditions. Since in this develop-
ment the initial pressure is always (effectively)
zero, the quantities Ez Cz pz &x and b may
be viewed as functions only of the temperature
T; along the zero-pressure isobar. With the re-
lations (4) through (7) it is possible to find ana-
lytic expressions for Py as a function of x and

Ep, as a function of x which depend only on the ini-
tial temperature Tz. For example, if &s is ap-
proximated by only the first two terms in the ex-
pansion (7), one can derive the expressions
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