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Rutile-type Ge@ was found to undergo a proper ferroelastic transition at(26.GPa from Raman spec-
troscopic measurements. TBg, optic mode softens up to this pressure and then becomes aAharmde.
The square of these mode frequencies varies linearly with pressure in accordance with the soft-mode theory of
second-order phase transitions. The present results have enabled a systematic relationship between the square
of the soft-mode frequency at ambient pressure and the critical pressure in the homologous sgriéeGiO
and SnQ to be identified[S0163-182818)50230-5

[. INTRODUCTION ing the transition pressure and the second-order nature of the
rutile to CaC} transition in silicat=>"®In particular, the re-
There is a great deal of interest in the high-pressure tranported transition pressure varies greatly as a function of the
sitions of silica due to the possible geophysical repercussiongressure-transmitting medium used. Values of 50 &B8,
of such transitions. Stishovitghe high-pressure, tetragonal, GPa’ and 100 GP4Ref. 1) were reported for experiments
rutile-structured phase of silitavas found to transform re- using neon, hydrogen, and no medium, respectively. Studies
versibly to an orthorhombic, Ca&type phase at a pressure of ferroelastic transitions at high pressure are difficult as they
of about 100 GPa by x-ray powder diffractibrin contrast, are highly sensitive to deviatoric strés2° In all such stud-
theoretical calculations and Raman spectroscopides, it is essential to use pressure-transmitting media that ap-
experiments® indicate that this transition occurs at 50 GPa.proximate as closely as possible hydrostatic conditions. The
Landau theory predicts that a transition from the rutile-typetransition in silica presents particular problems as it occurs
[P4,/mnm(Di}), Z=2] to a CaCjtype [Pnnm(D32), well above the solidification pressure of all potential,
Z=2] structure should be a second-order, proper ferroelastipressure-transmitting media. It is thus of interest to investi-
transition and involve the softening of the Raman-acByg  gate the behavior of silica analogs, which undergo the same
mode?® The order parameter for this transition is the spon-transition at lower pressures. The most appropriate model
taneous straiess=(a—b)/(a+b), which is ofB;; symme-  compound for stishovite is rutile-type GeCRutile-type to
try (a and b are unit cell constants of the orthorhombic CaCl-type transitions at high pressure have been reported
CaCl-type phase The B,; mode does indeed soften in for the other group 14 dioxides, Sj@*’ SnQ,'° and
stishovité'® and at the transition it becomes a h#gmode. PbO,.!! Preliminary, x-ray diffraction experiments under
There is considerable disagreement, however, between th@nhydrostatic conditions indicate that rutile-type Ge3o
results of different studies using various techniques, concerrtransforms to an orthorhombic Ca@ype phase at high
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TABLE I. Raman data for Gegat high pressure.

Rutile type(0.1 MP3 CaCl, type[34.22) GP4q

Mode v (cmY) dv/dP (cm YGPa) Mode v (cmY) dv/dP (cm YGPa)
Bog 8731) 4.253) Big 10121) 3.4(2)

Aqg 701(1) 3.463) Ay 815(1) 2.82)

Big 171(1) * A 155(1) *

*See discussion in the text.

pressuré? however, due to the lack of hydrostaticity, the . RESULTS AND DISCUSSION
equilibrium transition pressure could not be determined. Ra-
man experiments up to a maximum of 11.7 GPa indicate  Rutile-structured germanium dioxide is composed of
that theB, 4 mode in Ge@softens with pressure. The present columns of edge-sharing Ggctahedra_along, which
Raman spectroscopic results obtained using helium as a hgre crosslinked along thg¢110] and [110] directions.
drostatic, pressure-transmitting medium indicate that thisGroup theory predicts that a rutile-structured crystal
compound transforms at 26 GPa and that the transition [P4,/mnm(D}}), Z=2] will have four Raman active
is second order. These results permit systematic behavior imodes: I'gamari=A1g+ B1g+ Bag+ Eg. Up to the present,
the homologous series SjOGeG, and Sn@ to be identi-  only the first three modes have been observed for Gt
fied. this study, Raman lines were observed at@y,3701(1), and
171(1) cm! at ambient pressure, which are, respectively,
theB,y, A1y, andB;4 modes. As in previous work the =
Il. EXPERIMENT mode was too weak to be detected. The two higher-
frequency modes involve Ge-O stretching in the Getta-
High-pressure experiments were performed in ahedra, whereas thB,; mode corresponds to the libration of
membrane-type, diamond-anvil cell. Rutile-type Ge@las  the columns of octahedra about their twofold axes along
prepared from the quartz-type phagRroduits Touzart & The condensation of this libration at high pressure would
Matignon, purity 99.999%in a belt-type apparatus at 3.0 Yield a static, orthorhombic, Cagtype distortion of the
GPa and 585 °C. The grey material recovered was subséutile-type structure as found by x-ray diffractiéhThe two
quently annealed at 900 °C in air at ambient pressure. Th#ormer modes were found to harden with increasing pressure.
resulting white product was entirely in the rutile-type phaseTheir pressure dependences, Table I, were found to be linear
and no impurities were detected by x-ray diffraction or Ra-Within experimental error and are in agreement with the val-
man spectroscopy indicating a chemical and phase purity df€s obtained previously in experiments up to 11.7 &Pa.
at least 99.9%. The widths of the x-ray diffraction lines of The softB;y mode exhibited a nonlinear pressure depen-
this phase are consistent with a crystallite size of the order olence and was found to decrease in frequency up td26.7
70 nm. Samples were loaded along with a ruby crystal using?Pa (Fig. 1). Above this pressure, this mode began to
helium as a pressure transmitting medium in 50480~ harden, thereby indicating that the transition had occurred.
diameter holes of stainless steel gaskets, which had beehe soft-mode behavior and the absence of discontinuities in
preindented to a thickness of about M. Several loadings the frequencies of the hard modes are consistent with a
were performed and great effort was made in order to avoigecond-order phase transition. In addition, no hysteresis was
contact between the sample and the gasket or the diamor@pserved on decompression. No new modes appeared above
anvils. Such contact was easily detected as it yielded asynihe transition pressure. Group theory predicts that the
metric peak shapes and, in extreme cases, additional peak@Ch-type phase identified by x-ray diffractith
shifted to positions at which they would be expected at lowefPnnm(D33), Z=2] should have six Raman-active modes:
pressures. Pressures were measured based on the shifts of lhgmai= 2A¢g+2B14+ Byg+ Bsg. The two Ay modes corre-
ruby R, and R, fluorescence line¥ No broadening of the sponds to thé\,4 and theB,;4 modes of the tetragonal phase,
ruby lines was observed up to the maximum pressurevhile oneB,;; mode corresponds to the tetragoBg} mode.
reached of 34.2 GPa. Raman experiments were performed ifhe other three predicted modes arise from the unobserved
back-scattering geometry using a Jobin Yvon Model U 100GetragonalEg mode and an inactivé,y mode which could
double monochromator with a supernotch filter and a liquid-explain why they were not detected.
nitrogen-cooled CCD. The 488.0 and 514.5 nm lines of an The decrease im»/dP for the hard modes above the
argon-ion laser were used for excitation. The spectrometgrhase transition indicates reduced compression of the Ge-O
was calibrated using a standard neon lamp. The Raman scdtends in the octahedra. This reduction in compressibility of
tering and ruby fluorescence data were fitted to Lorentzianthe Ge-O bonds is a consequence of the additional compres-
and the resulting peak positions have an uncertainty of lession mechanism available above the transition pressure.
than=1 cm L. The contribution to the pressure error due toWhereas in the rutile-type phase the columns of edge-sharing
measurement uncertainty is less thaf.2 GPa. Uncertain- octahedra are fixed, in the high-pressure phase they gradually
ties in measured values and standard deviations for calcuit about their two-fold axes. This process is favored by the
lated values are given in parentheses. application of pressure as the gradual increase in angle to
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FIG. 1. Observed Raman modes of Gef3 a function of pres- FIG. 2. Square of th8, soft-mode and correspondirg, hard-

sure. Open symbols refer to points obtained upon compression anflode frequencies in Ge@s a function of pressure. Legend as for
solid symbols to those obtained on decompression. Synibasad Fig. 1.

[0 correspond to the rutile-type and Ca®lpe phases, respectively.

Solid lines represent least-squares fits to the data. The spectral re-

gion containing the very weaR,, mode was not investigated in all 60000
runs due to the long acquisition time needed. Diamdrds repre- sio
sent the values obtained in Ref. 13 at the maximum pressure at- 1Y,
tained of 11.7 GPa.

50000 -
close to 10° yields a hexagonal close-packed oxygen
sublattice>1°

The soft-mode theory of second-order phase transitions 40000 -

predicts that the soft mode in the paraelastic phase (
should have the following pressure dependence;: @
Vf,z ko| P—Pp|, while for the corresponding mode in the fer-
roelastic phasef): v?=k|P— Py, whereP, andP; are the o _ 30000
pressures at which the modes for each phase become un-
stable anck, andk; are constants. These relationships hold
for both the paraelastic low-pressure phase and the ferroelas-
tic high-pressure phase over the entire pressure ranges that
they are observe(Fig. 2). The lines intersect at the critical
pressure ;) of 26.712) GPa and the slopés, andk; are
—631(4) and 1503(52) cn?/GPa, respectivelyP, and Py 10000 Sno,
were found to be 46(2) and 18.24) GPa, respectively. The
ratio k¢ /k,= —2.4(1), which is close to the value of-2
predicted by Landau theoly and the critical pressure is
close to the predicted value, P =1/3(P,+2P;) 0 L ! . ! '
=27.8(3) GPa. The soft-mode frequency &, is 0 10 20 30 40 50 60
112(1) cm!, which is 0.661) times its ambient pressure P. (GPa)

value, vy. The behavior in silica is very similar with the ¢

soft-mode frequency decreasing to 70% of its ambient pres- F|G. 3. Square of th&,, soft-mode frequency at ambient pres-
sure valué’. Calculations for silicd are in agreement with sure as a function of critical pressure for rutile-type SiGeO,
this observation as they indicate that the elastic shear moduénd SnQ. Note: P, was obtained from Raman spectroscopic mea-
lus (C1;—C12)/2 goes to zero well before the soft-mode fre- surements for SiQand GeQ and from x-ray diffraction for Sn®

(cmr

GeO,

(VB19)0

20000
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guency. This implies the softening of a transverse acoustiportional to the square of the soft-mode frequency &t0.
mode. Similarly, at the well-known, second-order, As the soft modes do not go to zero at the critical pressure,
CaCl-type to rutile-type transition in Cagat high tempera-  systematic behavior ik,, k¢, P,, andP; is also implied,
ture, the optic-mode softening was also incomplete and avhich is due to the similarities in the structural and vibra-
significant difference betweeh, andT, was foundt® It can  tional properties of these dioxides. The present result also
be noted that a rather unusual rat|o of the slombg/dT  supports the validity of the phase transition pressure of 50
below and abover. of —6.5, was obtained. The present GPa obtained for Si9from Raman scattering measurements
results indicate that GeQundergoes a second-order, fer- using neon as a pressure-transmitting medium.
roelastic phase transition at 2&Y GPa and the behavior of
this compound mirrors that of silica. IV. CONCLUSIONS

Rutile-type to CaGkttype phase transitions are observed
in the homologous group 14 dioxides Si@nd SnQ. The
critical pressure in silica obtained under the conditions clos

est to hydrostatic is 50 GPa using neon as a pressur o ot th o mode and p
transmitting medium in a Raman spectroscopic stup0,  Irequencies of thd,, soft mode and the corresponding

was found from x-ray diffraction measurements to transformfard mode varies linearly with pressure over the entire pres-
at 11.8 GPa under hydrostatic conditidfisThe B,y soft surg rai?ge tha}t they z(:jwe gbserr:/ed as predicted by the soft-
made theory of second-order phase transitions. A systematic

r1n203de ls'l observed at 231.6¢ihin SO, (Ref 3) and relationship betweenifg )2 and P, is identified for SiQ

cm ~in SnG, (Ref. 16 at ambient pressure. The follow- TBy/0 T Te z
ing relationship is obtained from soft-mode theory: GeO, and SnQ. This result indicates that the behavior of
v?x|P—P,|. If we select ambient pressure in order to com-stishovite at high pressure closely mirrors that of its heavier
pare these dioxides, the experimental results on the homoldomologues GePand SnQ.
gous series Si§) GeQ, and SnQ@ indicate that (/B )0

*|Po—P¢|, which reduces to g, )OocP (Fig. 3. There is

thus systematic behavior in thls series of homologous com- We would like to thank the European Union for funding
pounds, which undergo a second-order phase transitiothis experiment under Contract No. ERB FM GE CT
driven by a soft mode, with the critical pressure being pro-950017.

The present Raman spectroscopic investigation of 5eO
up to 34.22) GPa indicates that a second-order, proper fer-
oelastic transition occurs at 262f GPa. The square of the
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