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High-pressure Raman spectroscopy of ZrSiO,: Observation of the zircon to

scheelite transition at 300 K
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ABSTRACT

Raman spectra of ZrSiO, to pressures of 37 GPa are presented. At 23 = 1 GPa and 300
K, ZrSiO, undergoes a first-order phase transition from the zircon to the scheelite structure.
The phase transformation is irreversible at 300 K, and ZrSiO, (scheelite structure) is
quenchable to ambient pressure. X-ray diffraction analysis of ZrSiO, (scheelite structure)
yields lattice parameters of a = 0.4726(12) nm and ¢ = 1.0515(44) nm, in excellent
agreement with those of ZrSiO, (scheelite structure) formed under simultaneous high-
pressure and high-temperature conditions. Our results support the martensitic-type mech-
anism for the transition from zircon structure to scheelite structure proposed to explain
the shock-induced phase transformation in ZrSiO,. Apparently, zircon is one of the few
examples of a silicate that undergoes a first-order crystalline phase transformation at room
temperature under compression. Because of the close structural relationship between the
zircon and scheelite structures, this crystalline phase transition is likely to proceed by low-
energy diffusional pathways, such as those that have been proposed to generate amorphi-

zation in some silicates when compressed metastably at 300 K.

INTRODUCTION

Zirzon, ZrSiQ,, is known to undergo a phase transition
at high pressures and temperatures from shock-wave
measurements (Mashimo et al., 1983; Kusaba et al., 1983,
1986) and from high-temperature investigations in a
Bridgman-anvil apparatus (Reid and Ringwood, 1969)
and in the laser-heated diamond cell (Liu, 1979). The
high-pressure phase found from shock-recovery experi-
ments (Kusaba et al., 1985) and the quenched products
of the static, high-pressure experiments (Reid and Ring-
wood, 1969; Liu, 1979) are scheelite-structured (space
group = I4,/a). this structure is closely related to the
zircon structure (space group = I4,/amd) but is about
10% denser. In both the zircon and scheelite structures,
the (SiO,)*~ tetrahedral units are maintained and the Zr*+
is octahedrally coordinated; both structures are tetrago-
nal. However, the c¢/a ratio of zircon is 0.906, whereas
for ZrSiO, (scheelite structure) it is 2.224. One of the
most interesting aspects of the zircon-scheelite phase
transition is that it proceeds at the microsecond time scales
of shock-wave experiments, as well as under static high-
pressure and temperature conditions. Indeed, the phase
transition has been proposed to occur by a martensitic-
type mechanism (Kusaba et al., 1986) which probably
explains its occurrence under a wide variety of pressure-
temperature-time conditions. ;

This transition is not unique to ZrSiO,: many other
ABO, compounds (4 = Sc, Y, and the rare-earth ele-
ments; B = As, V) that crystallize in the zircon structure
are known to undergo transitions to the scheelite struc-
ture at high pressures and temperatures (Stubican and
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Roy, 1963a, 1963b). For example, several Raman spec-
troscopic studies of rare-earth vanadates have been car-
ried out in the diamond cell that show that the zircon to
scheelite transition occurs even at 300 Kin YVO,, TbVO,,
and DyVO, and that the scheelite structure is quenchable
to ambient pressure (Duclos et al., 1989; Jayaraman et
al., 1987).

In this study, we have compressed ZrSiO, (zircon struc-
ture) in a diamond-anvil cell at 300 K and measured
Raman spectra as a function of pressure. Our goal is to
determine the stability of this mineral at room tempera-
ture, to characterize its spectra at high pressures, and to
investigate whether it transforms to the scheelite phase
at high pressure and 300 K. Because of kinetic effects, few
silicates undergo first-order crystal to crystal phase tran-
sitions at ambient temperature under simple compres-
sion. Thus, conversion of zircon to scheelite at ambient
temperature implies an anomalous and possibly unique
silicate transformation mechanism.

EXPERIMENTAL

The ZrSiO, samples used in this study are from a sand
of unknown origin and are transparent single crystals 50—
200 pm in diameter. The lattice parameters of the starting
material were measured by X-ray diffraction and are a =
0.6600(5) nm and ¢ = 0.5978(11) nm, in good agreement
with previous measurements (JCPDS Card no. 6-266).
One single crystal of zircon was loaded into a gasketted
Mao-Bell type diamond cell with a 16:3:1 mixture of
methanol, ethanol, and H,O as a pressure medium. Sev-
eral small ruby grains (~5 pm in diameter) were included
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Fig. 1. Ambient-pressure Raman spectra for the ZrSiO, (zir-
con structure) starting material and for a sample quenched from
36.7 GPa and 300 K, which has converted to the scheelite phase.

Lists of the ambient-pressure frequencies for the two spectra are
given in Tables 1 and 2.

in the sample chamber, and the pressure was determined
using the standard ruby fluorescence technique (Mao et
al., 1978). A Coherent Innova 70-4 laser tuned to 488
nm (plasma lines were removed using an Optometrics
laser monochromator) was focused into the diamond cell
through an Olympus microscope using a Leitz UM-20
objective. The laser power at the sample was approxi-
mately 150-200 mW. Raman spectra from the zircon
were obtained in ~360° scattering geometry: the scattered
light was focused with an Olympus zoom camera lens
into the front of a Spex Triplemate spectrograph with a
1200-gr/mm holographic grating in the spectrograph stage.
The spectra were recorded with an ITT model F4146
imaging microchannel plate detector coupled with a Sur-
face Sciences Laboratory position computer and are re-
ported with a resolution of 4 cm~'.

Raman spectra were measured on four high-pressure
samples on both compression and decompression. Below
15 GPa, the pressure medium is liquid and the samples
are hydrostatic, whereas above this pressure, the medium
solidifies, and the pressures in the sample chamber be-
come quasi-hydrostatic (Fujishiro et al., 1982). There-
fore, the pressures for the Raman spectra measured below
15 GPa are accurate to within the error of the ruby flu-
orescence calibration. Above 15 GPa, Raman spectra were
measured as close to a ruby chip as possible (within 10—
20 um) to ensure good correlation between the measured
pressure and the Raman spectrum. In these samples, the
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TasLe 1. ZrSiO, (zircon structure)
dv/dP
vy {cm~1y/
{em)y* GPa)*™ vt Assignmenti
1006 48 +0.2 1.1 + 0.1 vy SiO, antisymmetric
stretch
972 41 +0.2 1.0+ 0.1 vyt SiO, symmetric stretch
436 11 +£01 057005 v, SiO, bend
355 3.2+03 21 +£03 lattice mode
335§ 1.0+03 0.7 + 0.3 lattice mode?
224 — —_ lattice mode

* All spectra are reported with a resolution of 4 cm™.
** The data fits are for alt the points below the phase transition pressure
(23.8 GPa).
1 See text for a description of the calculation.
F Assignments from Syme et al. (1977) and Dawson et al. (1971).
§ Extrapolated from high pressure: this peak is observed only above
13 GPa in zircon.

error on pressure for an individual Raman spectra was
estimated from the width of the ruby R, fluorescence peak.

In addition to the high-pressure data, ambient-pressure
Raman spectra and X-ray diffraction patterns were ob-
tained from samples quenched from 29 + 4 and 37 + 4
GPa. The X-ray patterns were obtained for the individual
diamond-cell samples using a Debye-Scherrer camera
114.6 mm in diameter and CuKa radiation.

One high-pressure and high-temperature experiment
was performed to provide a comparison with the samples
quenched from high pressure and 300 K to ensure that
the transition to the high-pressure phase was complete.
In this experiment, a sample of zircon was compressed
to 29 + 3 GPa in the diamond cell and then heated (sub-
solidus) with a Nd:YAG laser with a power of 25 W. This
sample was decompressed, and a Raman spectrum and an
X-ray pattern were obtained from the quenched sample.

RESULTS AND DISCUSSION

High-pressure Raman spectra of ZrSiO,
(zircon structure)

At ambient pressure, we observed five peaks in the
Raman spectrum of ZrSiO, (Fig. 1) in excellent agree-
ment with previous measurements (Dawson et al., 1971;
Nicola and Rutt, 1974; Syme et al., 1977). Table 1 gives
the ambient-pressure frequencies with their mode assign-
ments: the three highest frequency modes are internal
stretching and bending vibrations of the (S5iO,)*~ tetra-
hedra, whereas the modes at 355 and 224 cm~! are lattice
modes. We measured the pressure shifts of the four
strongest modes, as illustrated in Figure 2 and quantified
in Table 1. All the measured pressure shifts are positive.
We note that the highest frequency mode, the (SiO,)*~
antisymmetric stretching vibration, has one of the highest
frequencies observed for this type of vibration in any
orthosilicate, a phenomenon likely to be related to the
effect of the relatively strong Zr**-O bonds in zircon on
this stretching vibration. Also, we note that the silicate
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tetrahedra in zircon are among the most distorted of any
silicate at ambient conditions, with a mean tetrahedral
quadratic elongation of 1.02 and intratetrahedral O-Si-O
angles of 97 and 116° (Robinson et al., 1971a, 1971b).

At 15 GPa, the weak symmetric stretching vibration of
the (Si0,)*~ tetrahedron becomes unresolvable. We at-
tribute this to the loss of hydrostaticity in the sample
above 15 GPa (the freezing point of the pressure medi-
um), which causes broadening of this peak to the point
where it is unmeasurable. An additional aspect of the
high-pressure zircon spectra is the appearance at 11 GPa
of a mode at slightly lower frequency than the v, bending
vibration and the subsequent disappearance of the », vi-
bration, again at about 15 GPa. There are several possible
explanations for this behavior. One possibility is that this
is a low-frequency vibration with a large pressure shift
that has shifted into the range of our high-pressure Ra-
man measurements. However, the small change in fre-
quency of this vibration at higher pressure indicates that
this explanation is not plausible. Alternatively, the v, vi-
bration, which has E, symmetry at ambient pressure, may
split because of a distortion of the crystal structure at high
pressures. The appearance of the new band corresponds
to a reduction in the amplitude of the », vibration, which
then becomes undetectable by 15 GPa. A similar splitting
of a low-frequency mode of E, symmetry is observed in
the high-pressure spectrum of zircon-structured YVO,
(Jayaraman et al., 1987). However, in the case of YVO,,
the E, mode is thought to be accidentally degenerate, with
a mode of B,, symmetry (Elliott et al., 1972): these bands
have different pressure shifts and hence appear to split at
high pressures. This is probably not the case with ZrSiO,,
as the two analogous vibrations in this phase are sepa-
rated by ~100 cm~! (Syme et al., 1977). A linear fit of
our data on pressure vs. frequency for this new mode
predicts a v, value of 335 cm ', only about 20 cm~! lower
than the », mode; therefore, we believe the most plausible
explanation for the appearance of this band is that the
double degeneracy of the original », (E,) vibration has
been removed through crystallographic distortion.

Table 1 also includes calculated mode Griineisen pa-
rameters (v,) for zircon. Because of the pressure range of
our measurements, we assume that g, the logarithmic de-
rivative of the Griineisen parameter with volume (d In
v/d In V), is near zero for these modes. Therefore, v, =
K, (dv/dP),/v, where v, is the mode Griineisen parameter,
K, is the isothermal bulk modulus, v, is the ambient-
pressure frequency and (dv/dP), is the ambient pressure
mode shift (Table 1). For these calculations, we use a bulk
modulus of 227 + 2 GPa (Hazen and Finger, 1979). For
zircon, we have measured mode Griineisen parameters
for four modes only; therefore, we do not compare our
average spectroscopic Griineisen parameter with the ther-
modynamic Griineisen parameter (v, = a,Ks/pC;). How-
ever, previous estimates of the thermal Griineisen pa-
rameter of zircon range from v, = 0.545 to 1.09 (Falzone
and Stacey, 1982, Ozkan and Cartz, 1974; Sirdeshmukh
and Subhadra, 1975; Ozkan and Jamieson, 1978). The
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Fig. 2. Raman frequencies of ZrSiO, as a function of pres-
sure. The errors in pressure are shown for the data with an am-
bient-pressure frequency of 436 cm~'. Up to pressures of 23
GPa, ZrSiO, is with the zircon structure. The appearance of a
new vibrational mode at 612 cm~' at this pressure indicates that
a transformation to the scheelite structure has taken place.

large difference in the reported values of v is due pri-
marily to a difference of 50% in the measured value of
the volume thermal expansion coefficient between that of
Falzone and Stacey (1982) and other workers (see Sub-
barao et al., 1990, for a summary of thermal expansion
measurements on zircon). We note that the simple av-
erage of the mode Griineisen parameters of the four mea-
sured zircon vibrational modes is 1.1. It is possible that,
as in vanadates with the zircon structure, there are un-
measured lattice vibrations that exhibit soft mode behav-
ior with pressure, thus producing a low value of v,, (Du-
clos et al., 1989; Jayaraman et al., 1987).

Our vibrational mode shifts for the (SiO,)*~ internal
vibrations with pressure in zircon compare favorably with
the mode shifts of the same vibrations in other orthosil-
icates, such as olivines and garnets. For example, the shift
with pressure of the stretching frequencies (v, and »,) in
forsterite range from 1.7 to 5.2 cm~'/GPa, in fayalite
from 2.5 to 3.5 cm~!'/GPa, and in the garnets pyrope,
grossularite, and almandine, from 3.4 to 4.7 cm~'/GPa
(Hofmeister et al., 1989; Mernagh and Liu, 1990; Knittle
et al., 1992). Therefore, the large pressure shifts for the
tetrahedral vibrations in zircon, 4.8 and 4.1 cm~!'/GPa
(Table 1), are compatible with results for other silicates
containing isolated tetrahedra. For pyrope and grossular-
ite, the silicate bending modes (three total) have pressure
shifts of 3.6-3.8 cm~'/GPa; and for forsterite and fayal-
ite, the pressure shifts of the bending vibrations fall gen-
erally into two groups: those with pressure shifts of 1.0~
1.5 cm~'/GPa, and those with pressure shifts of 2.7-3.2
c¢cm~!/GPa. Thus, a small pressure shift for the (SiO,)*~
bending vibration in zircon, 1.1 cm~!/GPa, is compatible
with the results for olivines. However, the relatively high
bulk modulus of zircon produces mode Griineisen pa-
rameters that are about 10-20% larger than those of gar-
nets and 20-60% larger than those of olivine for (SiO,)*~
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Fig. 3. Representative Raman spectra through the phase
transition from zircon to scheelite structure. Spectra are pre-
sented from 200 to 800 cm~!, which is the diagnostic frequency
region for the transformation. The bottom spectrum is at 17.7
+ 0.6 GPa, within the metastability range of the phase with the
zircon-structure. The spectrum at 23.2 + 1.1 GPa shows the first
appearance of a vibration of the phase with the scheelite struc-
ture at 612 cm~!, and the spectrum at 27.4 + 2.0 GPa shows
the appearance of a second peak in the phase with the scheelite
structure at 520 cm~'. In addition, in the spectrum at 27.4 GPa,
the lowest frequency vibration of the zircon structure has be-
come undetectable. The top spectrum is at the highest pressure
of our study, 36.7 + 1.5 GPa, and is of the phase with the
scheelite structure. The strong peak that is at 460 cm~' at 17.7
GPa is not the same vibration as the peak observed at 480 cm—!
at 36.7 GPa, because of the change in phase.

stretching bands (Hofmeister et al., 1989; Mernagh and
Liu, 1990; Knittle et al., 1992). Accordingly, we infer that
the amount of compression undergone by the silicate tet-
rahedron in zircon per unit volume of compaction is more
extreme than that in other orthosilicate phases; this is
consistent with single-crystal X-ray diffraction results on
zircon to 4.8 GPa (Hazen and Finger, 1979).

Phase transformation and Raman spectra of ZrSiO,
(scheelite structure)

The most obvious change in the spectrum of ZrSiO,
occurs at 23.2 = 1.1 GPa, where a new band appears in
the spectrum at about 610 cm~!, and the frequencies of
the strong », and », vibrations shift abruptly downward
by 17 and 10 cm~!', respectively, between 23.2 and 23.8
GPa. These changes in the spectrum are consistent with
a high-pressure phase transition from the zircon structure
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to the scheelite structure, as observed for other com-
pounds with the zircon structure at 300 K (Jayaraman et
al., 1987; Duclos et al., 1989). Indeed, that the scheelite
structure is formed in these samples is confirmed by the
X-ray diffraction results on decompressed samples de-
scribed below. As pressure is increased, another new vi-
bration appears at about 520 cm~! at 27.4 + 2.0 GPa,
and the lowest frequency vibration of the zircon struc-
ture, which is extremely weak above 20 GPa, becomes
unresolvable. Figure 3 illustrates the changes in the low-
frequency region of the Raman spectra as pressure is in-
creased through the phase transition. In addition, the
highest frequency vibration also disappears above 28.5
GPa. However, the disappearance of this band may sim-
ply reflect a high degree of distortion of the SiO, tetra-
hedron in the scheelite structure at these pressures, which
produces a weakened and broadened band [no data are
presently available on the distortion of the SiO, tetrahe-
dra in ZrSiO, (scheelite structure); however, the tetrahe-
dra in germanates with the scheelite structure are consid-
erably distorted (Vandenborre et al., 1989)]. We note that
at 28.5 GPa, this vibration is at 1150 cm~!, by far the
highest frequency ever observed for a stretching vibration
of an isolated silicate tetrahedron.

The vibrational modes of the ZrSiO, (scheelite struc-
ture) are measured to nearly 37 GPa and on decompres-
sion. Figure 4 is a plot of these data, and pressure shifts
of these modes are tabulated in Table 2. The low-fre-
quency vibrations can be tracked continuously on de-
compression; however, the high-frequency SiO, internal
modes are not resolved until pressures below 6 GPa are
reached. Upon decompression, two more new modes ap-
pear in the spectra of the scheelite structure below 6 GPa,
at about 900 cm~! (v, = 880 cm~!) and 420 cm~! (y, =
392 c¢cm~'). When the sample is completely decom-
pressed, several additional peaks are resolved, particular-
ly at low frequency (see Fig. 1 and Table 2). Most of these
peaks are weak or shoulders of stronger vibrations. How-
ever, the peaks at 880 and 842 cm ! have about the same
amplitude, although only that at 880 cm~! is observed at
high pressure. It is possible that the single mode observed
at high pressure is actually two peaks, with the splitting
not being resolvable until the sample is fully decom-
pressed.

Our mode assignments for the ZrSiO, (scheelite struc-
ture) are given in Table 2. For the Raman-active modes
of scheelite structures, factor group analysis predicts sev-
en internal modes: three stretching vibrations of the
(S8i0,)*~ tetrahedra [», (A, symmetry), »; (E,), and »; (B,)]
and four bending vibrations [v,(A,), v,(B,), ».(B,), and
v,(E.)]. Additionally, six external modes are predicted:
two rotations, A, and E,, and four translations, 2B, and
2E, (cf. Porto and Scott, 1967; Liegeois-Duyckaerts and
Tarte, 1972; Vandenborre et al., 1989). It is not unusual
for all thirteen predicted Raman-active vibrations to ap-
pear in scheelite-type molybdates, tungstates, and ger-
manates (Porto and Scott, 1967; Vandenborre et al., 1989).
However, we note that we observe fourteen Raman ac-



KNITTLE AND WILLIAMS: HIGH-P RAMAN SPECTRA OF ZrSiO,

1200 T T LB L R B Iy e  ae | ™
e - ]
I vme— == 1
1000 r”- ZrSio, 5
E o—0 Scheelite structure |
& b @ compression 4
\E, 800 ..- & decompression :

)
2 4
5 ]
& b o—ws—20 -
g 600 ’__u___n/o/ )
s ——0e O

- 2. 1
j—oc—0- o O et e ST O |
400 —o— .
4 1
1m Ak dedoi s o Lo s s o b o s a s 1 o s s o 4 o o s sl s PR Y 4‘
0 p 10 15 20 25 30 35 40

Pressure (GPa)

Fig. 4. Pressure shifts of the vibrational frequencies of Zr-
SiO, (scheelite structure). The closed circles were obtained on
compression of the samples, and the open circles were obtained
on decompression. The error bars in pressure are shown for the
data points of the mode with an ambient-pressure frequency of
424 cm~!,

tive vibrations at ambient pressure (see Fig. 1 and Table
2), probably as a result of residual strain in the decom-
pressed samples: scheelite appears to be particularly sus-
ceptible to such strain-induced mode activity (e.g., Scott,
1968; Miller et al., 1973).

We assign the highest-frequency Raman vibration in
ZrSi0, (scheelite structure) to a », antisymmetric stretch
(B, symmetry), with the weak shoulder as a v, symmetric
stretch (A, symmetry). This differs from assignments for
molybdates, vanadates, and tungstates with the scheelite
and zircon structures, where v, vibrations lie at higher
frequencies than »,-derived vibrations (Porto and Scott,
1967; Miller et al., 1968; Liegeois-Duyckaerts and Tarte,
1972; Jayaraman et al., 1987; Duclos et al., 1989). How-
ever, the v, vibrations of silicates are generally higher in
frequency than their », vibrations, and from polarized
Raman studies of single crystal ZrSiO, (zircon structure),
the v, antisymmetric stretching vibration seems unques-
tionably to be at higher frequency than the », symmetric
stretching vibration (Dawson et al., 1971; Syme et al.,
1977). Thus, by analogy with ZrSiO, (zircon structure)
and because of the similarity of assignments between the
highest frequency bands in isochemical vanadates with
zircon structure and scheelite structure, we assign the
highest lying peaks in ZrSiO, (scheelite structure) to v,
vibrations. We note that in a study of germanates with
scheelite structure (including ZrGeQ,), Vandenborre et
al. (1989) assign the highest frequency vibration to a »,-
derived mode based on a normal coordinate analysis;
however, we believe that for ZrGeQ,, the highest fre-
quency mode is v;-derived rather than »,-derived.

The assignments of the modes at 880 and 842 cm~!
are uncertain: germanates with the scheelite structure have
only one vibration in their analogous spectral region
(Vandenborre et al., 1989). Therefore, the higher fre-
quency vibration at 880 cm~! is probably the second »-
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TABLE 2. ZrSiO, (scheelite structure)

dv/dP

v cm™Ty* (cm~'/GPa)"* Assignment}

1001 (s) 5.0 + 0.1 vy SiO, antisymmetric stretch
9671 (sh) — v,: Si0, symmetric stretch
880 (m) 37+12 vy Si0, antisymmetric stretch
8421 (m) — strain-activated mode?

6041 (w) —_ v,: SiO, bend
552 (m) 26+ 0.1 v,: SiO, bend
456 (m) 22+ 01 v, Si0, bend
424 (m) 1.5+ 0.1 v,: SiO, bend
392 (m) 3705 lattice mode
3431 (m) — lattice mode
320% (sh) — lattice mode
216% (m) — lattice mode
1961 (sh) — lattice mode
154+ (m) — lattice mode

* Relative peak heights estimated visually: s = strong, m = medium,
w = weak, sh = shoulder.

** The fit is to points taken on compression at and above 23.8 GPa and
those on decompression.

+ See text for a more complete description.

I Not observed at high pressure.

derived antisymmetric stretch (E, symmetry). It is pos-
sible that the other band at 842 cm~! is a strain-induced
mode. Such strain-induced mode activation has been ob-
served for CaWO, and CaMoO, with the scheelite struc-
ture where high-frequency inactive modes become acti-
vated by shear strain (Scott, 1968).

The four Raman-active vibrations at 604, 552, 456,
and 424 cm~! are probably bending modes of the SiO,
tetrahedra; however, which of these are predominately
associated with », vibrations and which with v, vibrations
is uncertain. Previous assignments of the bending vibra-
tions for scheelite-structured compounds have placed the
v, vibrations at higher frequency than the », vibrations
(Porto and Scott, 1967; Liegeois-Duyckaerts and Tarte,
1972; Miller et al., 1973; Jayaraman et al., 1987; Duclos
et al., 1989; Vandenborre et al., 1989). Additionally, in
Z1Si0, (zircon structure), v, vibrations are at higher fre-
quency than », (Syme et al., 1977; note that this assign-
ment differs from that of Dawson et al., 1971). Given the
similarities between the zircon and scheelite structures of
ZrSiQ,, we tentatively assign the two higher frequency
peaks as v, vibrations. The remaining six vibrational bands
are all external modes, in accord with the assignments of
Porto and Scott (1967) and Vandenborre et al. (1989).

X-ray diffraction results

To investigate the structure of the quenched phase of
ZrSiQ,, we measured the Raman spectrum and X-ray
diffraction patterns of samples quenched from 28 + 4
GPa and 300 K (a pressure about 4 GPa above the ap-
pearance of the new Raman peaks), 37 = 4 GPa and 300
K (the highest pressure of our study), and 29 + 3 GPa,
following laser-heating to ~1800 K. For the samples
quenched from 37 GPa and 300 K and from 29 GPa and
1800 K, the X-ray diffraction patterns contained lines of
only ZrSiO, (scheelite structure) (Table 3 lists the ob-



250

TasLE 3. X-ray diffraction pattern of ZrSiO, (scheelite structure)
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TaBLE 4. Lattice parameters of ZrSiO, (scheelite structure)

d value (A) bkl a (nm) ¢ (nm) Reference
4.339 + 0.008 101 0.4726(12) 1.0515(44) this study
2.824 + 0.005 112 0.4730 1.0480 Reid and Ringwood, 1969
2.625 + 0.004 004 0.4712(2) 1.0450(10) Liu, 1979
2.377 + 0.004 200 0.4734(1) 1.0511(1) Kusaba et al., 1985
2.082 + 0.003 21
1.906 + 0.003 105
1.814 + 0.002 213
1.763 + 0.003 204 such phase transitions in other silicates typically proceed
1.653 = 0.003 220 ;
1.555 + 0.002 116 only at temperatures greater than about 900 K (Liu and
1.442 + 0.002 312 Bassett, 1986). Second, the irreversibility of the transition

served d values and £kl assignments). The X-ray diffrac-
tion lines were relatively broad, an observation also not-
ed and analyzed for shock-generated ZrSiO, by Kusaba
et al. (1986), who concluded that this line broadening in
ZrSiO, (scheelite structure) was indicative of a high de-
gree of residual strain. The ZrSiO, with the scheelite
structure has lattice parameters of ¢ = 0.4726(12) nm and
¢ = 1.0515(44) nm, in accord with those measured in
previous experiments, as given in Table 4 (Reid and
Ringwood, 1969; Liu, 1979; Kusaba et al., 1985). In ad-
dition, the ambient-pressure Raman spectrum of the la-
ser-heated sample is identical to that of the sample
quenched from 300 K, with the exception that one ad-
ditional weak vibration is seen at 651 cm~! in the laser-
heated sample.

The X-ray pattern of the sample quenched from 28
GPa and 300 K had diffraction lines of both ZrSiO, with
the zircon structure and ZrSiO, with the scheelite struc-
ture. However, micro-Raman spectroscopy of the
quenched sample showed that the central regions of the
sample, which had been at the highest pressure, had the
Raman spectrum of only the ZrSiO, (scheelite structure).
The extreme edges of the sample (nearest the gasket) had
the Raman spectrum of only zircon. Therefore, both
phases existed in this quenched sample, but not in the
same regions.

We did not observe the further breakdown of the schee-
lite structure under laser-heating to ZrQ, (cotunnite struc-
ture) plus SiO, (stishovite), as reported by Liu (1979).
From both our X-ray diffraction and Raman spectros-
copy on the sample quenched from 29 GPa and ~ 1800
K, the ZrSiO, remains in the scheelite structure under
these conditions. We suggest that either Liu’s samples
were at higher pressures than the 20-25 GPa estimated
from spring-length calibrations or that differences in sam-
ple temperature between our study and his could control
the phases present in the two studies.

Mechanism and kinetics of the phase transformation

There are two particularly notable aspects of the phase
transformation from zircon to scheelite in ZrSiO,. First,
its occurrence at 300 K is unusual among silicates. To
our knowledge, no other silicate undergoes a first-order,
crystal to crystal phase transformation with such a large
volume change (~ 10%) by simple compression at 300 K

from zircon structure to scheelite structure is extreme: not
only is the scheelite structure quenchable in pressure at
300 K, but at ambient pressure, temperatures of greater
than ~1273 K are required to return the scheelite struc-
ture to the zircon structure (Kusaba et al., 1985). The
kinetics of this transformation are consistent with the two-
step model proposed by Kusaba et al. (1986), in which
the [110] direction of zircon is converted to the [001]
direction of scheelite by a simple shearing mechanism.
The second step (which may occur simultaneously with
the shearing) incorporates small displacements of atoms,
including rotations of SiO,-tetrahedra. In both steps, the
SiO, tetrahedral units are maintained with neither Si**
nor Zr** undergoing a change in coordination.

However, whereas the mechanism of Kusaba et al.
(1986) readily explains the rapidity of the zircon to schee-
lite transition under shock loading, it does not dictate
whether (or the degree to which) this transition is ther-
mally activated. Calculated Hugoniot temperatures of
zircon vary from ~600 to 1200 K between 30 and 50
GPa, the pressure range over which the yield of ZrSiO,
(scheelite structure) increases in shock-loaded samples
(Mashimo et al., 1983; Kusaba et al., 1985). However,
localized hot spots whose temperatures exceed calculated
Hugoniot temperatures are well known in shock-loaded
samples (e.g., Schmitt and Ahrens, 1989). Thus, these
results provide little constraint on the role of temperature
in driving this transition.

It is notable that the actual equilibrium transition pres-
sure from zircon to scheelite at 300 K is probably less
than ~12 GPa, the pressure at which this transition has
been documented to occur in high-temperature static ex-
periments (Reid and Ringwood, 1969; Liu, 1979); we as-
sume that this transformation has a positive Clapeyron
slope, as do other zircon to scheelite transitions (Stubican
and Roy, 1963a, 1963b). Thus, our observation that this
transition does not occur until near 23 GPa at 300 K
indicates that even the minor diffusional motion neces-
sary within the model of Kusaba et al. (1986) causes the
transformation to be kinetically impeded. That this tran-
sition ultimately occurs at 300 K after considerable over-
driving in pressure implies that the activation energy for
the transformation has decreased with compression to the
degree that the transition can occur at this markedly low
temperature (for silicates). In short, it appears that the
diffusional motion necessary to conduct the zircon to
scheelite transformation is associated with a sufficiently
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low-energy pathway at 23 GPa that the transformation
can proceed even at 300 K. Finally, because we observe
the transition to occur at identical pressures in different
samples (with different pressure gradients), we do not be-
lieve shear stress plays a major role in determining the
pressure of this transition at 300 X.

It is notable that such low-energy diffusional pathways
have been proposed to produce the transition at 300 K
and 20-30 GPa of quartz to an amorphous form (Binggeli
and Chelikowsky, 1991). Such amorphization has been
documented for a wide range of metastably compressed
silicates at 300 K, varying from silicates with olivine
structure to feldspars and silica polymorphs (Williams et
al.,, 1990; Williams and Jeanloz, 1989; Hemley, 1987).
We view it as likely that low-energy diffusional paths are
required to produce first-order transformations in com-
pressed silicates at 300 K, and we speculate that although
such paths may lead to amorphization in some metasta-
bly compressed silicates, the zircon structure is unique in
having a low-energy means by which it can transform to
a closely related (and considerably denser) crystal struc-
ture when compressed metastably.
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