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Lattice parameters of TeO, have been measured from O to 32.5 kbar by time-of-flight neutron diffraction.
Atomic-position parameters have also been measured to 20 kbar for both the low-pressure tetragonal
paratellurite phase and the high-pressure orthorhombic phase, which we determined to have a structure
belonging to the Dj(P2,2,2,) space group. We found no hysteresisin the lattice parameters or position
parameters in cycling through the transition. We also found that (b-a)?/ a3 in the high-pressure phase varied
linearly with pressure with a slope of 2.53(1) X 10~*/kbar, going to zero at 9.1 kbar. We detected no
discontinuity in volume or the ¢ parameter, but observed anomalies in the slopes dV/dP, d(a+ b)/dP, and
dc/dP. All of these observations are additional experimental evidence for the continuous nature of the
transition. The observed Dj structure of the high-pressure phase is a subgroup of order 2 of the Dﬁ
paratellurite phase which means that the free energy is an even function of the order parameter, but third-
order terms coupling the primary order parameter with secondary or induced order parameters can still be
formed. These can be nonzero without affecting the second-order nature of the transition. The primary order
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parameter 7, = e, — e, and the two induced order parameters which we observed, 7, = e, + e, and 1; = e;, have

been used to derive a Landau-like free-energy expansion describing the thermodynamics of the transition.
Very little displacement of the Te atoms was observed in going through the transition, but the oxygen atoms
underwent large displacements as a function of pressure. There is no change of size of the unit cell at the

transition so it is a pure strain transition of the type first discussed by Anderson and Blount.

I. INTRODUCTION

Paratellurite (TeO,) has a low-velocity acoustic
shear mode which propagates along (110) and cor-
responds to the effective elastic constant
-‘z-(Cu -C,,). Ultrasonic measurements at high
pressure by Peercy and Fritz! show that C,,-C,
decreases linearly with pressure, going to zero
at a pressure of 9 kbar. The effect of temperature
on this pressure-induced transition is slight.
Peercy and Fritz! suggested that the condensation
of this vibrational mode gives rise to a second-
order transition at P,=9 kbar and that the resultant
static displacements lower the tetragonal sym-
metry to orthorhombic with a change in point-
group symmetry from D, to D,. Boccara® had
previously shown that a condensation of the mode
corresponding to 3(C,, - C,,) would produce this
change in point-group symmetry.

We have made neutron-diffraction measure-
ments on TeO, at pressures up to 32.5 kbar in
order to determine the pressure dependence of
the lattice parameters and to determine the struc-
ture of the high-pressure phase. The present
work shows that the space group changes from
the paratellurite D}(P4,2,2) structure to the ortho-
rhombic D$(P2,2,2,) structure. The tetragonal
lattice parameter a splits into the unequal a and
b orthorhombic lattice parameters, and the quanti-
ty (b —a)? varies linearly with pressure in the
high-pressure phase, extrapolating smoothly to
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zero at F,=9.1 kbar. No discontinuities were ob-
served in the volume (V=abc) or in the parameters
(a + b) or ¢, but there were discontinuities in the
pressure derivatives of these quantities. These
observations can be explained in the framework

of a Landau-like model® starting from a series
expansion of the strain energy density.* The
primary order parameter in the model is asso-
ciated with the orthorhombic splitting (b —a), while
the small discontinuities in slope which were ob-
served for the quantities (a + b) and c reflect the
coupling of two secondary order parameters to

the primary order parameter.

The elastic powder diffraction measurements
also yielded the pressure dependence of the
atomic-position parameters and of the Debye-
Waller factors. The Te positions showed little
variation with pressure and exhibited a small
Debye-Waller factor in all cases. The oxygen
atoms which are located on 8b sites in the tetra-
gonal (D}) phase are on two inequivalent 4a sites
in the orthorhombic (D3) phase. The displace-
ment of the oxygen atoms with pressure is quite
pronounced, and in the high-pressure phase, the
two types of oxygens split in position at a greater
rate than that associated with the lattice-parame-
ter splitting. The Debye-Waller factor for the
oxygen atoms shows a marked rise in the vicinity
of the transition. These observations indicate
that it is the motion of the oxygen atoms which is
the driving force behind the transition.
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II. TeO,: EXPERIMENTAL

High-pressure neutron-diffraction measure-
ments on TeO, were carried out at the CP-5 re-
search reactor at Argonne using the piston-cylin-
der high-pressure apparatus with the time-of-
flight diffractometer® described previously. The
sample material was powdered paratellurite,
with a stated impurity level of less than 7 ppm,
obtained from Alpha Inorganics. Three sets of
measurements employing liquid pressure-trans-
mitting media were made using two different
liquids.

In the first two sets of measurements, the TeO,
powder sample was wet-packed with liquid CS,
into a Teflon capsule together with pellets of CsCl,
which was used as a pressure calibrant. Each
CsCl pellet was about 35 in. thick and separated
sections of the TeO, powder sample which com-
prised about 80% of the sample chamber volume.
The capsule, with initial dimensions of 0.254-in.
i.d.x0.303-in. 0.d.X2 in. long, was sealed with an
unsupported area-seal-type cap with an O-ring
for making the low-pressure seal. The Teflon was
surrounded by .0.002 in. of Pb foil in order to re-
duce friction with the cylinder walls. Good qual-
ity data was obtained for 13 pressures from 1 to
32.5 kbar. An orthorhombic distortion from the
tetragonal unit cell of paratellurite, which was
first observed at a pressure just above 9 kbar,
exhibited a quadratic pressure dependence at all
pressures up to 32.5 kbar. A good fit to the data
in the high-pressure phase was obtained using the
D% space group. The measurements using the
CS, pressure fluid are only quasihydrostatic at
pressures greater than P=12.5 kbar, where CS,
solidifies at room temperature.® The appearance
of additional coherent scattering from solid CS,
hampered the analysis of the data for the high-
pressure phase which did not yield good values
for atomic-position parameters. A measurément
made on decreasing the pressure to P=17.5 kbar,
after the TeO, had transformed to the high-pres-
sure phase and after the CS, had solidified,
showed no hysteresis in the TeO, lattice parame-
ters. This is additional evidence that the transi-
tion is continuous.

Recent improvements on the inpile collimators
which resulted in a fourfold gain in intensity led
us to repeat the measurements in order to try to
obtain good values for the position parameters
in the high-pressure phase. Deuterated methanol,
which remains fluid throughout the pressure
range of our equipment,” was used as the pres-
sure medium. Excellent quality data at pressures
up to 20 kbar were obtained. The values for pos-
ition parameters showed a consistent variation

with pressure in both phases, with no discontinuity
at the transition. Debye-Waller factors were
also obtained in each phase.

Table I summarizes the lattice-parameter data
from all three sets of measurements. Previous
x-ray and neutron-diffraction data at room tem-
perature and pressure are included for compar-
ison. The rebuilding of the diffractometer in the
period between the CS, and D-methanol runs re-

- sulted in a change in instrument calibration which

led to a slight shift in the zero-pressure values
for the TeO, lattice parameters. The most recent
set of measurements showed less scatter due to
improved statistics and the use of D methanol,

so the figures and tables in the remaining sections
include only the data from the final set of mea-
surements. The 265 =60° diffraction patterns for
the measurement at P =6.9 kbar in the low-pres-
sure phase and at P=19.8 kbar in the high-pres-
sure phase are shown in Figs. 1 and 2. The solid
curves show the least-squares profile refinements
for the D} and D} space groups, respectively.
The collimation provided by the steel binding ring
eliminated diffraction peaks due to scattering
from the pressure cell in the 265 =60° pattern.
The data for the 265 =30° scattering angle in-
cluded some pressure cell peaks, as well as one
weak Teflon peak at 4.869 k.

The use of hydrostatic pressure is important
for this study. A preliminary set of measure-
ments without a pressure fluid in which CsCl alone
was used as the pressure medium showed a dis-
tortion at a much lower pressure than P,=9.0
kbar reported by Peercy and Fritz,' and the data
were of poor quality due to the nonuniform stress.

Each neutron-diffraction pattern was fit with
a profile-refinement program using methods sim-
ilar to those described previously.® Our methods
differ from those of Rietveld® in several ways.

We include three background parameters in our
fitting function and include provisions for sub-
tracting lines due to the pressure calibrant and/or
the pressure cell. We have not included any cor-
rections for preferred orientation, site occupancy,
or peak asymmetry. These corrections would
probably enable us to obtain a lower R value and
improved accuracy, but since they do not change
with pressure, their inclusion would not improve
the precision of our measurement of pressure-
dependent effects. Our room-temperature and
pressure-position parameters for TeO, are in good
agreement with measurements of Liecejewicz,'®
as shown in Table II.

III. CELL DEFORMATION

The data at 19.8 kbar shown in Fig. 2 clearly
show the splitting of all lines of the type (kkl) and
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TABLE I. Lattice parameters of TeO,.
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P (kbar) a (A) b A) c A) v (&%)
1. Csy, medium
0 4.,8105(6) 7.6102(21) 176.11(9)
2.3(3) 4.8003(8) 7.5958(27) 175.03(12)
3.8(2) 4.7971(7) 7.5889(23) 174.64(11)
5.9(2) 4.7887(6) 7.5860(20) 173.96(9)
7.5(2) 4,7854(6) 7.5853(19) 173.70(9)
8.6(2) 4.7833(8) 7.5750 (23) 173.31(10)
10.1(2) 4.7283(19) 4.8234(16) 7.5808(34) 172.89(20)
11.3(2) 4.6978(15) 4.8355(12) 7.5704(30) 171.97(17)
13.9(2) 4.6616(12) 4.8492(11) 7.5483(27) 170.63(14)
19.3(3) 4.6024(16) 4.8669(15) 7.5418(33) 168.93(18)
24.2(3) 4.5680 (14) 4.8740 (15) 7.5435(24) 167.95(16)
30.3(3) 4.5321(16) 4.8822(15) 7.5366(23) 166.76(16)
32.5(4) 4.5247(21) 4,8832(20) 7.5374(32) 166.54(22)
2. D-Methanol medium
0 4.8052(3) 7.6021(8) 175.53(4)
4.2(2) 4,79113) 7.5868(8) 174.15(4)
6.9(2) 4.7833(2) 7.5729(8) 173.27(3)
9.8(2) 4,7418(9) 4.8051(9) 7.5632(10) 172.33(9)
11.4(2) 4,7085(7) 4,8234(7) 7.5525(11) 171.53(7)
13.6(2) 4.6753(8) 4.8366(8) 7.5468(13) 170.65(9)
16.6(2) 4.,6410(7) 4.8504(7) 7.5364(12) 169.65(7)
19.8(2) 4.6053(6) 4.8557(6) 7.5300 (10) 168.39(7)
3. Leciejewicz (neutron diffraction)
0 4.796 7.626 175.41
4. Stehlik and Balak (x-ray diffraction)
0 4.805 7.609 175.68

(nk0) but no splitting of lines of the type (hhl)
which would occur if the transformation was of

the type a’=v2 a.!! Except for the splitting men-
tioned no lines appeared or disappeared in either
the 265 =60° or the 205 =30° patterns. The pres-
ence of any superlattice peaks at large plane
spacings associated with an increase in unit-cell
dimensions would have been evident in the 265 =30°
pattern. The observed splitting means that the

transformation involved is merely a deformation
of the unit cell, and the transition is a pure strain
transition of the type discussed by Anderson and
Blount!? and by Boccara.?

Figure 3 shows the TeO, lattice parameters
versus hydrostatic pressure to 20 kbar. The
primary feature is the splitting of the tetragonal
a lattice parameter into the unequal ¢ and b
orthorhombic parameters which begins at P~9
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FIG. 1. Time-of-flight
neutron-diffraction pattern
of TeO, at 6.9 kbar and
23°C. The solid curve is
the least-squares profile
refinement using the D}
space group. The pluses
are the raw data points
after subtraction of back-
grounds. The vertical lines
and triangles indicate the
positions of the TeO, and
CsCl peaks. Indexing of
TeO, peaks is given in

Co ' round brackets and of CsCl

1 1 1 1 1

.293 1.436 1.560 1.723 1.866 2.009
D-VALUE (A)

2.152 2,285 2.438 2.581 2.724 2.867 3.010 3.153 3.297 3.440

in square brackets.
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FIG. 2. Profile refinement
of the 19.8 kbar pattern of
TeO,. Note the splitting of
lines of the type k%! while
the lines of the type Zhil
show no splitting,
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kbar and increases rapidly with pressure. The

b parameter increases with pressure above 9
kbar and exceeds the room-pressure value of the
tetragonal a at a pressure only 1 kbar above the
transition. Two secondary features are evident.
The quantity (a + b)/2a, shows a more rapid de-
crease with pressure in the high-pressure phase
than does a/a, in the low-pressure phase. The

¢ parameter shows a similar behavior with a
more rapid decrease with pressure in the high-

TABLE II. TeO, structural parameters at 1 bar and
19.8 kbar.

This work at 1 bar
Atom X ¥ z B

Te 0.025(1)
0.187(1) 0.63(15)

o 0.139(1) 0.262(1)
a=4.8052(3), ¢=17.6021(8), V =175.563(4).
Leciejewicz at 1 bar (Ref. 10)
Atom x y z B
Te 0.020(3) 0.0
o 0.142(2) 0.268(2) 0.182(2) 0.0

a=4.796, ¢c=1.626, V =175.41.

Space group: Di(P4,2,2), Te atoms in 4a positions
and oxygen atoms in 8b positions (Ref. 11).

This work at 19.8 kbar

Atom X Y z B
Te 0.274(2) 0.012(3) 0.117(2) 0.0

o(1) 0.406(2) 0.234(2) 0.333(1) 1.08(16)
0(2) 0.549(2)  0.120(2)  0.940(1)  1.08(16)

a=4.6053(6), b =4.8557(6), ¢="7.5300(10), V =168.39(7).

Space group: Dj or P2,2,2, with origin as specified
in Ref. 11. Atoms are in general positions (4a).

.293 1.U36 1.580 1.723 1.866 2.009 2.152 2.295 2J~13§ 2.581 2.724

2.867 3.010 3.153 3.297 3.u440

pressure phase.

The anomalies in the pressure derivatives of
the lattice parameters lead to an anomaly in
dV/dP, as shown in Fig. 4. These slope dis-
continuities alone give only a rough indication of
the transition pressure E, which can be obtained

1.000¢ T T T | T
0.996

0.992

0.988e e, 1
1.01
1.00¢
0.99
0.98
0.97

0.96

I | I
o 4 8 I2

PRESSURE (kbar)

L I
16 20 24

FIG. 3. Lattice parameters of TeO, vs pressure to
20 kbar. The solid curves are guides to the eye. The
dashed line indicates the extrapolation of the tetragonal
a value into the high-pressure phase region to indicate
the change in slope of (a+b)/2a,. Standard deviations ar¢
smaller than the points.
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much more accurately from a plot of (b —a)?/a,?
vs P and the extrapolation of the resulting
straight line as shown in Fig. 4. A linear least-
squares fit to these data yields [(b —a)/a,]?
=-2.30(1)x 1073 + 2.53(1)x10™* P (P in kbar).

This goes to zero at a pressure of P, =9.1(2) kbar,
in good agreement with the elastic-constant mea-
surements of Peercy and Fritz.!

IV. SPACE GROUP AND ATOMIC DISPLACEMENTS

In Sec. III, we showed that the 9 kbar transition
in TeO, is a transition involving a deformation of
the unit cell from tetragonal to orthorhombic. The
soft mode involved has been shown by Peercy and
Fritz! to correspond to the effective elastic con-
stant 3(C,, - C,,). Boccara? has shown that in this
situation, the point group must change from
D,(422) to D,(222) and that the transition can be
second order.

Of the D, space groups, observed selection
rules in our powder-diffraction data rule out
space groups D3-D$. Space groups D }-D3 allow
extra lines which are not observed, and they can-

1.000x I | 1 | l
0.984

0.968

0.952 N

o N

32

(2 100 :

o
T
!

| | | L I
o 4 8 12 16 20 24
PRESSURE (kbar)

FIG. 4. V/V, and [(b -—a)/a()? vs pressure. In the
lower part of the figure, the solid straight line is the
least-squares-fitting result [(b —a)/ag]?=~2,30(1) x 1073
+2,53(1) x10™4 X P(P in kbar). Standard deviations are
smaller than the data points.

not be obtained by a small distortion of D} with-
out large displacements of the atoms. The space
group D }(P2,2,2)) is the only remaining possibil-
ity for the high-pressure phase. We note that
D% is a subgroup of D} and is therefore compatible
with a second-order transition.

The starting values for the profile refinement
of the high-pressure phase data with the D% space
group were obtained from the low-pressure phase
parameters by shifting the origin and relating the
space-group operations in the two phases. The
fractional translations associated with each ro-
tational symmetry operation can be separated into
components parallel and perpendicular to the ro-
tation axis. The component parallel to the rota-
tion axis is independent of the choice of origin.
Comparison of the perpendicular components of
the fractional translations for the operations in
each space group as given in the International
Tables!! reveals that the origin of the unit cell for
D# is shifted by (4, 0, 5) from the D origin. The
unit cell showing the projection of the atoms on
the x-y plane in the high-pressure phase is shown
in Fig. 5. Table II lists the atomic-position pa-
rameters, lattice parameters, and Debye-Waller
factors for the D} phase of TeO, at 19.8 kbar.

Figures 6 and 7 show the atomic-position pa-
rameters versus pressure to 20 kbar. Error bars

@/Te

O

a,a

FIG. 5. Projection of the TeO, unit cell onto the x-y
plane. The different choices of origin for I} and D}
are indicated by the unprimed and primed a and b axes.
The numbers inside the large circles representing the
large oxygen atoms indicate typical values of the fraction-
al z coordinates in the Dj phase. There are twelve atoms
in the primitive unit cell in both phases, The numbers in
parentheses indicate which oxygen atoms are inequivalent
in the high-pressure phase,
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on the data points indicate the standard deviations
obtained in the nonlinear least-squares fitting.
These do not take into account systematic errors,
but are a good indication of the precision of the
measurements, except for the data at 9.8 kbar.
Here the distortion only slightly broadens the
lines, and the values for the position parameters
affecting the relative intensities of the twinned
lines are probably influenced by the fact that the
individual peaks are not perfectly Gaussian. With
the exception of the values at 9.8 kbar, the posi-
tion parameters show a smooth change with pres-
sure, which illustrates clearly the details of the
transition process. The position parameters in
the high-pressure phase have been plotted in such
a way as to show their equivalence to the parame-
ters in the low-pressure phase at the transition.
The splitting of the x-y plane parameters is
emphasized by the fact that they are given in frac-
tional units of @ and b, but the same type of split-
ting results for the oxygen atoms if the parameters
are plotted in absolute units.

0410 T T T T J
- S R
0.390&_¢o—<
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X- 7
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0] 4 8 12 6 20 24

PRESSURE (kbar)

FIG. 6. Pressure dependence of the x and y atomic-
position coordinates in TeO, in the D} and Dj phases.
x4 and ¥, refer to the Te coordinates, while x,, y, refer
to coordinates of O(1) and x3, y3 refer to coordinates of
0O(2). The circles enclosing an ¥ at P=0 are the values
of Leciejewicz.10 Where not indicated by error bars, the
standard deviations are smaller than the points. The
points just above the transition are most uncertain be-
cause the diffraction lines were only slightly broadened.

140 — ] l I
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N .I_—
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FIG, 7. Fractional z coordinates of the Te (z,) and O
(2, and z,) atoms in the Df and Dj phases of TeO,, In
the low-pressure D} phase, 2, is fixed by symmetry at
0.125, The circled x’s are the values of Leciejewicz.!?
Where not indicated by error bars, the standard devia-
tions are smaller than the points,

From the pressure variation of the position
parameters, it is clear that it is the motion of
the oxygen atoms which is primarily responsible
for the transition. This is also illustrated by the
increase in the Debye-Waller factor for the ox-
ygen atoms in the region of the transition, as
shown in Fig. 8. The Debye-Waller factor for the

T T I T
B(O)

of b
ok 19 | ;

| | 1 1 1
O 4 8 12 16 20 24

PRESSURE (kbar)

FIG. 8. Oxygen Debye-Waller factors obtained in the
least-squares profile refinement of the TeO, data. Al-
though the uncertainties are large, it is clear that there
is an increase near the transition, The Te Debye-Waller
factors were smaller than their standard deviations in
all cases. leciejewicz took both B(Te) and B(O) equal to
zero in his fitting.1?




12 STRUCTURE AND ORDER PARAMETERS IN THE... 1905

Te atoms vanished in all fits to the data in both
phases, indicating that the statistical uncertainty
in this parameter is larger than its magnitude.

V. LANDAU THEORY FOR A PURE STRAIN TRANSITION

The elastic-constant measurements of Peercy
and Fritz' indicate that the pressure-induced phase
transition in TeO, is driven by the softening of the
acoustic phonon mode with the effective elastic
constant 3(C,, ~C,,). Recent inelastic neutron-
scattering measurements’® show that complete
softening of this mode is restricted to a narrow
region at the Brillouin-zone center. From our
neutron-diffraction measurements, an orthorhom-
bic distortion (b —a#0) of the tetragonal sym-
metry with no abrupt change in unit-cell dimen-
sions sets in for P> P,, so that (b —a)® varies
linearly with pressure, going smoothly to zero as
P~ P, from the high-pressure side. The fore-
going is strong experimental evidence that the
phase transition at P, =9 kbar in TeQ, is a pure
strain transition of the type discussed by Anderson
and Blount'? and by Boccara? in the framework of
the Landau theory for continuous phase transi-
tions.® There are several symmetry require-
ments which must be obeyed. In Sec. IV, we
showed that the space group in the high-pressure
phase is D3, satisfying the requirement that the
space group for the low-symmetry phase be a
subgroup of the high-symmetry phase.’* The re-
quirement that no third-order invariants can be
formed from the order parameter is automatically
satisfied in TeO,, since the order of D is one
half the order of D}.? The transition can still be
first order if the coefficient of the fourth-order
term in the free-energy expansion is negative. In
order for a strain component to be an order pa-

rameter, it must violate the symmetry of the
high-symmetry phase.? In TeO,, the soft mode is
the twofold degenerate E mode, corresponding

to the effective elastic constant 3(C,, - C,).
These modes are infrared and Raman active.
Since they are degenerate, the strain produced by
them is caused by a combination of two sym-
metry-equivalent acoustic modes so that the sym-
metry of the strain is given by EXE=A +A,+ B,
+ B,. From the compatibility table,'® the sym-
metry of the strain in the low-symmetry phase
must be A, + B,, since in going from the high- to
the low-symmetry-phase space group, A,, B,
-~A,and A,, B,~B,."

The soft mode of vibration condenses out at the
transformation point resulting in a static distor-
tion for which the static displacements must have
exactly the symmetry properties of the soft mode.
The primary order parameter is chosen according-
ly and corresponds to the strain n,=e, - e,, where
e, and e, are strain components taken along the
two equal axes of the tetragonal cell. This strain
leads to a splitting of the tetragonal lattice pa-
rameter a into the unequal a and b axes of the
orthorhombic cell. In addition to this distortion,
we have observed small anomalies in
d[(a +b)/2a,]/dp and in d(c/c,)/dp (Fig. 3). These
anomalies are associated with n,=e, + e, and 1,
=e, strains, respectively, where ¢, is the strain
component along the ¢ axis. The latter two
strains do not violate the tetragonal symmetry
and therefore cannot represent primary order
parameters. Fritz and Peercy'® have worked out
the structural features for a transition charac-
terized by the primary order parameter n, and
one secondary order parameter 71,. Extending
their theory to include an additional secondary or
induced order parameter 1, the expression for
the elastic energy becomes

U= %[% (Cu - cxzmi + %(Cn + C12)"7§ + 2013772173 + Casng] + % [% (Cu1 - Cuz)nz"ﬁ + (Cus - Clza)na"ﬁ]

+ E*f[é(cuu - 401112 + 301122)77?] .

Here we have kept terms up to fourth order in the
primary order parameter and up to second order
in the induced order parameters. In Fritz and
Peercy’s theory, the various elastic constants
appearing in Eq. (1) are assumed to be pressure
dependent, and thus for a given pressure, the
quantities e,, e,, e;, orn,, M, and n; represent
small deviations of the strains from their tetra-
gonal phase values at that particular pressure.
Using 7); to denote the equilibrium value of the ith

(1)

order parameter, the equilibrium configuration
of the lattice in terms of the 7,’s is

a=ar(1+37M,-37,),
b=ar(1+37,+37)), ()
c=cp(l+7,),

where ar and ¢y are the background tetragonal
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phase lattice parameters at a particular pres-
sure. For a particular pressure, the 7;’s are
found by minimizing the elastic energy U in Eq.
(1) with respect to n,, n,, and n,. The trivial

solution 7, =7, =7, =0 represents the equilibrium
values for the order parameters in the high-sym-
metry phase, while the equilibrium solutions for
the low-symmetry phase are

7—7‘? = '(Cu - C12)[% (Cu + C12)Cas - Cfs] /D = "(cu - C12) (A/D):
ﬁz = "% (Cn - c12)[C13(C113 - c123) 'é CSS(Clll - Cuz)] /D = "% (Cu - Clz)(B/D) ’ (3)
-ﬁs =3 (Cu - Cl2)[ (Cn + cxz)(cus = Cp3) - 013(0111 - cuz)]/D =4 (C“ - C12)(C/D) ’

where
D=4(Cp;,~C1p) B-4(Crys=Cras)C+ 3574,
4)

and
v=% Chn- 4C ;5 +3C 15,) - ®)

The two secondary order parameters 1, and 7,
are proportional to (C,, -~ C,,) and therefore can
be written in terms of the primary order parame-
ter n,. Eq. (3) becomes

M=t (B/AM?, TMy=-%(C/AM?,
(6)
ﬁi = (A/D)[(cux - Cuz)/(cu + C12)](P - Pc)’

where in the last relation, Eq. (6), we have used
Fritz and Peercy’s result that in the vicinity of
F, the pressure dependence of C,, - C,, is given
by "(Cu =Cp)=(Cyy; =C )P - Pc)/(Cu +Ch).
Several important features of our neutron-dif-
fraction measurements are predicted by Eq. (6).
First, the primary order parameter 7?2
=[(b-a)/ar]? is linear in P - P, in the vicinity
of P,, as shown in Fig. 3. Second, there are two
secondary order parameters 7, =—(2/a,)
x[ar—(a +b)/2] and 7, =-(1/c)(cr - ¢) which are
represented respectively by the slope change in
(a+b)/2a,vs P and in ¢/c, vs P at the transition
(Fig. 3). The linear dependence of 1, on P - P,
predicted by Eq. (6) is well born out experimental-
ly for pressures up to 20 kbar. The pressure
derivative of ¢/c, does increase on passing into
the high-pressure phase (Fig. 3), verifying the
existence of the order parameter 7,, but the
anomaly in ¢/c, vs P is too small to allow a
meaningful determination of its pressure depen-
dence.

[
VI. DISCUSSION

We have confirmed that the 9 kbar transition in
TeO, is a pure strain transition causing a defor-
mation of the unit cell of the type discussed by
Anderson and Blount.!? Elastic-constant measure-
ments made to within 0.05 kbar of the transition
extrapolate to a common pressure value.!” Any
discontinuity in the soft-mode elastic constant
must be less than 10° dyn/cm? which is three
orders of magnitude below typical shear constants
for ionic crystals.’” While this is still the most
precise indication of the second-order nature of
the transition, we have added strong evidence for
a continuous transition by measuring the pressure
dependence of the strain order parameter in the
high-pressure phase and finding that it extracts
linearly to zero at P,. We have also found that the
high-pressure structure is completely compatible
with the symmetry requirements for a second-
order transition and that all lattice parameters
exhibit the behavior expected in a second-order
transition.

We believe that it is now clear that TeO, under-
goes a continuous transition at 9 kbar, going from
the D3(P4,2,2) paratellurite structure to the
D3(P2,2,2)) structure. The transition is induced
by the soft acoustic shear mode corresponding to
C'=3(C,;-C,,), and the primary order parameter
is (b ~a)/a,, which is the strain induced by the
condensation of the C’ shear mode. Both the strain
and the shear mode velocity exhibit mean-field
behavior over a wide pressure range. Small
anomalies in the derivatives of 3(a + b) and c in-
dicate that these are secondary order parameters
involved in the transition. Measurements of
Debye~Waller factors and atomic-position parame-
ters indicate that it is the motion of the oxygen
atoms which is the driving force behind the transi-
tion.
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