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X-ray measurements have been carried out on paratellurite (TeO,) at pressures up to 89 + 1 kbar. Based on
both single-crystal and polycrystalline data, a phase transformation from the tetragonal P4, 212 (D4) space
group to the orthorhombic P212,2, (D',) space group is observed in the vicinity of 8 kbar; no other pressure-
induced transitions have been found. These results are consistent with recent neutron-scattering measurements,
but at variance with the only previously reported high-pressure x-ray study of this material. In addition,
ambient-pressure single-crystal measurements were performed to temperatures below 10 K with no indication
of a low-temperature structural transformation. The pressure dependences of the unit-cell parameters have
been determined both above and below the critical pressure I', . In the orthorhombic phase, the 6 axis exhibits
a negative linear compressibility and the quantity (b —a)'/ab is found to vary linearly with pressure,
extrapolating to zero at 8 + 1 kbar. Formal theoretical considerations are given for determining the order
parameter of this transition and the essential equivalence of other published theoretical treatments is
demonstrated. Single-crystal oscillation photographs indicate that in a hydrostatic environment, a domain
structure will exist above P, with strained regions at the domain interfaces which appear to fracture at about
12 kbar. Direct evidence is presented for pressure-dependent atomic motion in the orthorhombic phase. These
data can be most easily interpreted in terms of small atomic perturbations in a direction commensurate
with the acoustic phonon mode known to be associated with this transition.

I. INTRODUCTION

Tellurium dioxide is a material having three
known cxystalline forms at standard temperature
and pressure (STP). Natural Te02 has been found
to crystallize in both the rutile and brookite struc-
tures of TiO~, whereas all synthetically prepared
TeO2 forms in a slightly different tetragonal struc-
ture known as paratellurite. It is this latter form
of TeG2 which exhibits very interesting pressure
dependences of its structural and lattice-dynamical
properties. Peercy and Fritz reported that, based
on their Brillouin-scattering, ultrasonic, and di-
electric-constant measurements, paratellurite
undergoes a pressure-induced phase transition at
9 kbar, driven by a soft phonon mode, which ap-
pears to be of second order. They further note that
this is the only known example of such a transfor-
mation which can only be activated with pressure
and for which the details of the phase transition
are understood.

Ohmachi and Uchida first noted that at STP,
paratellurite has an exceptionally slow shear wave
propagating in the [110]direction; they also found
that the velocity of this wave decreases significantly
with decreasing temperature. As viewed from
below the critical pressure P, and based on the
work of Peerey and Fritz, this transformation is
known to be induced by a softening of thetransverse-
acoustic phonon wave propagating in the [110]

direction and polarized along [110]. The square of
the velocity of this particular wave is proportional
to the difference between the c» and c„elastic
constants, i.e. , pv =-,'(c»-c,a)=-C'. Peercy and
Fritz further observed that the ratio C'(P)/C'(0)
varies linearly with pressure extrapolating to zero
at 9.0 kbar. On this basis, they suggest that the
transition may be of second order.

In addition, Kabalkina, Veresehagin, and Koti-
levets reported that par atellurite undergoes a
first-order pressure-induced transition. Based
on x-ray measurements up to 60 kbar, Kabalkina
et aI,. found that at 30 kbar paratellurite transforms
from a tetragonal to an orthorhombic structure with
a.n associated 7% reduction in volume. They stated
that the high-pressure space group is Pnn~ (Q~~)
and suggested that the structure is similar to that
of CaClz. They further reported a halving of the
c axis (and hence of the unit cell) on passing from
the tetragonal to the orthorhombic lattice, in addi-
tion to a negative linear eompressiblity in the c
direction in the low-pressure phase. Kabalkina
et g/. made no mention of any other pressure-in-
duced structural transformations in this material.

Several other groups have carried out work on
paratellurite concurrently with, and independently
of, the present work. Worlton and Beyerlein~ (WB)
initiated experiments on elastic neutron time-of-
flight studies shortly before our own studies began.
Meehan, Birgeneau, Bonner, Taub, and Axes
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(MBBTA) have reported both elastic and inelastic
neutron scattering measurements. Both groups as
well as Fritz and Peercy (FP) have also introduced
phenomenological theories to describe the transition
based on Landau order-parameter theory. (See
also Anderson and Blount mho discussed the case
of a strain-induced structural transition. )

Our results on the crystallographic description of
the transition are in close agreement mith those of
SB and MBBTA and all groups observe the transi-
tion at - 9 kbar in agreement with Peercy and
Fritz. In concurrence with%'B, we identify the
high-pressure orthorhombic phase as belonging to
the P2i2&2& space group, although our arguments
are based on group-theoretical considerations.

MBBTA took data with the objective of studying
the pressure dependence of the dispersion rela-
tions for those phonon modes previously shomn to
soften at 9 kbar. They found a very small pres-
sure dependence and thus concluded that the soften-
ing seen by Peercy and Fritz must be restricted
to only the long lattice waves. Fritz and Peercy
have also found that none of the optic modes with
J3, symmetry, i.e. , those with the correct sym-
metry for the transition, soften in the lom-pressure
phase.

The purpose of this paper is to amplify on our
earlier reports ' and to provide additional infor-
mation concerning the phase transition in paratellu-
rite. In this work, x-ray measurements are re-
ported up to pressures of 89+ 1 kbar and at ambient
pressure to temperatures below 10 K. Data have
been collected from both single crystals and poly-
crystalline samples obtained from tmo different
sources. A high-pressure domain structure is ob-
served and the x-ray results axe analyzed in terms
of symmetry modifications, linear compressibili-
ties, and px essure-dependent atomic motion.
Formal theoretical considerations are given for
determining the order parameter of this transition
and compaxison is made with previous theor'etical
RnRlyses.

II. EXPERIMENTAL PROCEDURES

A. Paratellurite samples

Data were collected from both polycrystalline
and single-crystal Te02 samples obtained from
two different sources. The polycrystalline mate-
rial was purchased as "ultrapure" from Ventron
Corp. Ventron analyses of typical Te+ samples
supplied under this classification reveal less than
2 ppm each of Fe and Se, and less than 3 ppm of
other metals. A least-squares analysis of the
measured TeO2 powder pattern based on a tetragonal
lattice yielded the following unit-cell parameters:
a =4.8092+0.0025 A and c =7.6122+0.0068 p.
These compare favorably with the published values

of 4.810 and 7.613 A for a and c, respectively.
The polycrystalline TeOz powder used in this inves-
tigation was reground and passed through a 400-
mesh sieve.

The single-crystal samples mere supplied by
Fritz of Sandia Laboratories and came from the
same batch used in the aforementioned investiga-
tions. The crystals used in this mork mere genex-
ally less than 0.2 mm on an edge and mere selected
on the basis of good optical and x-ray quality.

8. Pressure generation and measurement

Two types of diamond anvil pressure cells were
used: One is fabricated of Be and is similar to the
design developed by Weir, Piermarini, and Block
the other is a modified version of the cell used by
Bassett, Takahashi, and Stook. ' The modifications
in the latter case relate to improved x-ray colli-
mation and diamond-seating arrangements. Ex-
plicit details of the high-pressure x-ray systems
will be discussed elsemhere. i6

In all cases a gasket mas used to contain the
pressure and for all single-crystal work, and most
of the polycrystalline work, a hydraulic Quid was
used to fill the pressure cavity-a mixture of 4:1 by
volume of methanol: ethanol with a & 10% by volume
of added glycerine. A few polycrystalline samples
mere also run in the absence of a fluid without
any appreciable change in the observed compres-
sibilities.

In addition to the sample, a polycrystalline cali-
brant was also contained in the pressure cavity;
NaCl and CsCl were used interchangeably for this
purpose. The pressure mas computed from the
measured shift in the diffraction lines of the cali-
brant with the aid of the equation of state calcula-
tions of Decker. The overall uncertainty in the
evaluation of the pressure is estimated to be less
than a 1 kbar and a 0. 5 kbar for the polycrystalline
and single-crystal studies, respectively.

C. Data collection Photographic measurements

X-ray data were collected from both the poly-
crystalline and single-crystal samples by conven-
tional photographic techniques. The pressure cav-
ities mere irradiated through the diamondanvils with
Zr-filtered radiation from a Mo x-ray tube operated
at 48 kV and 14 mA. Exposure times were typi-
cally about 15 to 20 h in the caseof thepolycrystal-
line studies. Single-crystal data were collected on
oscillation photographs recorded with the Be cell
mounted on an x-ray diffractometer. The oscilla-
tion angle mas 30' and little difficulty mas experi-
enced in indexing the photographs.

Each pressure run mas started at a small pos-
itive pressure; this wRs necessary to seRl the
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cell. Data were recorded at fixed values of pres-
sure at 296 K and each series of photographs mas
concluded with at least one ambient pressure mea-
surement for purposes of calibration. A correc-
tion was applied for the small displacement of the
scattering center with increasing load.

The relative positions of the powder 1.ines in the
one case, and of the single-crystal reflections in
the other, were measured on a semiautomated
microdensitometer. The instrumental exror in the
position determination of the microdensitometer
mas one micron.

D. Intensity measurements

The relative intensities of selected TeO& powder
lines were determined as a function of pressure by
three different methods. In one case, apolycrystal. -
line sample mas contained in the Be cell on the dif-
fractometer and irradiated with Zr -filter ed radia-
tion from the Mo x-ray tube. The intensities mere
measured with a Nal(Tl) detector and associated
pulse-height analyzing electronics by step scanning
in 28 thxough the peaks while, at the same time
slomly osciQating in ~ so as tooptimizethe random-
ness of the TeOz particle orientations. The angu-
lar increment between s'teps ln 28 was *
Smooth curves were drawn through a plot of the
individual data points. In those cases mhere the
resolution of adjacent peaks mas not complete,
peak overlap mas corrected for by assuming the
peaks to be symmetric and by subsequent extrap-
olation. In cases where the peaks were clearly
defined, they did appear to be symmetric about
their maxima. A linear background correction
mas applied and the integrated intensities were
determined by mechanical integration of the in-
tensity contours with the aid of a planometer.

The intensities were also measured with a Si(Li)
energy sensitive detector mith a measured resolu-
tion of 175+6 eV. In this case, the incident Mo
radiation was unfiltered and the data mere recorded
at fixed 28 position. The data mere collected mith

a multichannel analyzer set for 67. 2 eV per channel
resolution. In most cases, the integrated intensities
were determined from Gaussian curves fitted to the
recorded spectrum mith appropriate background
corrections. In a few instances, where the sepa-
rate peak contours mere not adequate]y resolved,
the background corrected peak heights were con-
sidered.

A third estimate of the relative intensities mas
made from densitometer tracings of selected pom-
dex' photographs. Although no effort mas made to
calibrate the densitometer values in terms of ab-
solute intensities, it mas noted that the regions of
interest on the films were far from being totally
exposed. The integrated intensities mere deter-
mined by mechanical integration of the densitometer

curves. As in the previous meansurements mith
the polychromatic radiation, in those instances
where the peaks of interest were too close to allow
adequate resolution, the intensities mere determined
directly from the peak heights above background.

III. RESULTS AND DISCUSSION

A. Phase transformation

The low-pressure (P & 8 kbar) polycrystalline
and single-crystal photographs mere readily in-
dexed on the basis of the known tetragonal struc-
ture A. t elevated pressures (P &10 kbar), it was
observed that those powder lines with h ck split,
the amount of splitting being obviously pressure
dependent; (hhl) lines however did not split.
This line splitting mas reversible on cycling
through the 8-10 kbar region. All the photographs
showing the splitting could be indexed on the basis
of an orthorhombic lattice. These observations
therefore support the conjectux es of Peercy and
Fritz eoncexning the probable lattice symmetry of
the phase above 9 kbar and the subsequent mea-
surements of %B and MBBTA.

Data mere recox'ded at pressures up to 89+ 1 kbar.
No evidence mas found for the first-order transi-
tion at - 30 kbar reported by Kabalkina ef al. even
when their expex i.mental conditions mere approxi-
mately duplicated by squeezing directly onto the
mixed sample and ealibrant pomder. In such ex-
periments the sample environment would be non-
hydrostatic. Even so, the second-order transition
at 8-10 kbar mas still observed. The reason for
the discrepancy between this work and that of
Kabalkina et g/. is unclear.

Based on elevated temierature measurements to
80 'C, Peercy and Fritz have reported that the
slope of the phase boundary in the P-T plane is
dT/dP, =+190 K/kbar. Assuming that the slope
does not change significantly at reduced tempera-
tures, one mould not expect to initiate this transi-
tion at cryogenic temperatures without application
of several kbar pressure. Ne confirm that the
transition is not activated at ambient pressure and
temperatures below 10 K, i.e. , single-crystal
oscillation photographs recorded at 296 and & 10 K
show no indication of a structural modification nor
any significant atomic rearrangements. This ob-
servation is consistent with the recent tempexature
dependent dielectric constant measurements of
Peercy, Fritz, and Samara. 0

B. Compressibilities

Both the polycrysta1. line and single-crystal photo-
gxaphs mere indexed on the bases of a tetragonal
lattice below the transition and an orthorhombic
lattice above. The procedure mas to determine the
values of the unit-cell parameters which gave the
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FIG. 1. Pressure dependence of the unit-ceH parame-
ters in the tetragonal (P & 8+1 kbar; open symbols) and
orthorhombic phase (P & 8 +1 kbar; solid symbols).

best least-squares fit to all the data recorded from
the same photograph. The resulting unit-cell pa-
rameters are plotted versus pressure in Fig. 1;
the error bars are computed directly from the
least-squares analyses. Data from four different
samples, two polycrystalline and two single crys-
tals, are shown in the figure.

The solid curves drawn through the curves in
Fig. 1 constitute the best least-squares fit to all
the data in the respective structural phases. The
measured pressure dependences of the a axis in
the tetragonal phase and of the e axis over the
entire pressure range are best represented'by
first-order polynomials. The standard errors of
estimate are 0.34% and 0.68% for the a and c axes,
respectively, in the tetragonal phase, and 0.60%
for the c axis in the orthorhombic phase. The mea-
sured pressure dependences of the a and 5 axes in
the orthorhombic structure are more accurately
represented by second-order polynomials, the
standard errors of estimate being 0.651 and 0.69k,
respectively. The curvature of the orthorhombic
a and 5 axes is uncertain below 14 kbar; for this
reason, the curves are shown dashed in this region.
Similarly, the amount of data above 50 kbar is
limited and the curves are shown dashed in the
higher-pressure regions also.

Within the common pressure range (P» 20 kbar),
the values of a(P) and b(P) reported here are in
agreement with the elastic neutron scattering mea-

surements of MBBTA; we also agree with the unit-
cell para. meter values determined by WB up to their
pressure limit of 32. 5 kbar.

The linear compressibilities in the tetragonal
phase, k, and k„can be estimated from our low-
pressure data: although our experimental uncer-
tainty is large in this instance, approximate values
are 5x10 and Gx10 kbar ~, respectively. These
results can be compared with the linear compres-
sibilities determined from the elastic constant data
of Ohmachi and Uchida, ' viz. , (8.10+0.39)x10 '
kbar and (6.11+0. 66) x10 kbar ~ for 0, and 0„
respectively. Excellent agreement is seen between
the linear compressibilities in the c direction and,
although the value of k, determined from the elastic
constant data is substantially greater than that
determined from the x-ray measurements, this
difference is probably within our experimental un-
certainty. Neither the results reported here, nor
those of other workers, ' * confirm the negative
compressibility observed in the tetragonal e direc-
tion by Kabalkina et al. The reason for this dis-
crepancy is again unclear.

One of the most important features of our results
concerns the pressure dependence of the a and 5
lattice parameters in the orthorhombic structure.
Based on the polynomials representing the a(P) and
b(P) curves, we find that in the pressure range
14&P&22 kbar, thequantity [(6—a) /ab] (=—qa) varies
linearly with pressure [Our. determination of the
curvature of a(P)and b(P) below 14 kbar is uncer-
tain; above 22 kbar the slope of the g (P) curve
exhibits a gradual increase. J Section III D and a
simple extension of C shows that: q is a suitable
order parameter for discussion of this phase transi-
tion and; in view of the linearity found in C'(P)/
C'(0) for P & P, (Ref. 2), q is expected to vary
linearly with pressure for P &P,. In the linear
region, qa is represented by the equation g2= (2.0
x10 kbar ~) P-1.6x10 '. Assuming that this
linear relation is maintained down to the critical
pressure, we report that P, = 8+ 1 kbar, where the
error is estimated from the uncertainty in our mea-
surement of the pressure. This is in agreement
with the 9-kbar value reported by Peercy and Fritz.

We note that the other groups previously men-
tioned also report functions of a and 5 which ex-
hibit linear pressure dependences: MBBTA plot
(a/6 —1)~, whereas WB consider [(6-a)/aoj . Ex-
perimentally, there is little difference among the
parameters considered and in the following we adopt
yet another definition, used by WB, for q.

C. Theoretical considerations of the transition

Each of the aforementioned groups working on
paratellurite (MBTTA, WB, and FP) have devel-
oped phenomenological expressions involving or-
der parameters to describe the transition. Al-
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though differences may appear to exist in these
previous treatments, we shall demonstrate that the
various expressions previously developed are essen-
tially equivalent and, in so doing, present a more
rigorous treatment of the problem and clarify cer-
tain aspects of the previous treatments. Moreover,
the phenomenological expressions developed in this
section could also be useful, not only fox determin-
ing the order parameter, but also for evaluating
the discontinuities in both the c-axis linear compres-
siblity and the basal plane compressibility through
the phase transition.

Previous approaches to this problem have been
as follows: FP and%'B each started with a strain-
energy involving expansion from an unstable tetrago-
nal state at the pressure of interest (i.e. , P& P,)
and considered only quadratic and higher-order
stxain terms. They then proceeded to minimize
the strain energy with respect to the strain, which
they associated with primary- and secondary-order
parameters. There were small differences in the
approaches used by these workers: most notably
WB included terms in c-axis strain, while FP ne-
glected such terms but expanded to higher orders
in basal strains. On the other hand MBBTA set up
a strain energy expansion about the P=O state and
obtained three equilibrium equations for the pres-
sure, the solution of which yielded an expression
for the strains from th4. ir initial state.

Starting with the basic expression of MBBTA for
the equilibrium conditions (although we do not fol-
low their approach in detail), it will be shown that
the minimization conditions of WB and FP result.
The pressure is defined as follows~':

p=-T, = — -' " (i=1, 2, 2), (1)
V ev;„-0

where u~ is the strain energy density considered
by MBBTA, Vo and V are the equilibrium volumes
at zero pressure and p, respectively, and the v;
represent strains from the finite pressure equilib-
rium configuration. This expression reduces to
Eq. (4. 6) of Barron and Kein ' if it is noted that
Vouu = W(v ) —Wo where W(v ) is the energy of the
strained state and Wo that of the zero px essure
equilibrium state. Either free (Helmholtz) or in-
ternal energies are considered depending on
whether isothermal or adiabatic changes, respec-
tively, are made in performing the derivatives of
Eq. (1).

Clearly, Eq. (1) remains unchanged if Vouu is
replaced by W(v) —Wr where Wr is the appropriate en-
ergy (free or internal) associated with the tetragonal
state (which is unstable for P &P,) at the pressure
of interest and, by definition, is independent of
v. Thus, Eq. (1) becomes

8(W(v ) —W, )
y-o

Our choice of variables is governed by their simpl. e
transformation properties, i.e. , I transforms as
8& and ab and e both transform as A, &

with respect
to the tetragonal point group operations, and by
the simplicity of our following derivation based on
them. No odd terms in Z' appear in Eq. (3) because
of the required invariance of W with respect to the
tetragonal symmetry operations.

The tetragonal state of interest is determined by
Eq. (2)with bsetequaltoa, oruponuse of Eq. (3),

1 8Wo(ab, e)
V 81n(ab, c)

where the relations, v, =da/a, etc. , were also
used. Writing the solutions to Eq. (4) as ar and
cr it is also apparent that WT = Wo(ar, er).

Next upon writing a, b, and c in Eq. (3) as ar
+~a, aT+db, and cT+~c, the followi. ng expansion
is obtained:

W - W, = —P~V+ —,[~(ab)] + —
! 2 (~c)

1 8'W, , 1 8-N,
2! 8(ab)' 2! 8c

8 W
+ —, , +P 4(ab) &c+ —W~~(ar, cr) 1'2

ejabj ec T p T

W eW"
+ —, ~(ab)1'+ —, — (~c)r'2! 8(ab) 2! 8c

where hV =abc -ar cr and where Eq. (4) was used.
It should also be understood that the derivatives
appearing in Eq. (5) are evaluated in the tetragonal
state. Equation (5) can be written in the form:

W —Wr = —P&V+ Vr use (St, S2, 2!),

where u&& is identified as the strain energy term
used by WB which is defined by comparing Eqs. (5)
and (6) and where we use the following notation:

e (ab)/a', = S, ,

P 2/a2 ~2

(Ga)

(6b)

For a general strained state W may be considered
to depend on all the unit-cell parameters. In view
of the fact that only diagonal components of the
strain tensor v;(i= 1, 2, 3) must be considered in
Eqs. (1) and (2), we may consider the energy in
any strained state of interest to be a function of the
lattice parameters a, 5, and c along the three Car-
tesian crystallographic axes. We note that a, b,
and c depend linearly on v„v~, and v3, respectively.
Next we note that a change of variables to ab, a —5,
and c allows us to write the expansion

W(a, b, e) = Wo(ab, c) + -' W" (ab, c) 1"' (3)

+~ W' (ab, c) 1'+ ~ ~ ~,
where
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6c/cr = S,. (6c) D. Group-theoretical considerations

Clearly, these equations lead to

(6)

(9)

Setting i= 3 and using (9), we find in a similar man-
ner

We mention that the same result is obtained with
the replacement of S~ by (e, +e2).

Both sets of workers WB and FP obtained spe-
cific solutions for the discontinuities in compres-
siblilities. The present analysis can also give
such values. However, in calculating specific
values for these quantities, values for the second-
and higher-order elastic constants are needed near
p = p, . Accurate data on the uniaxial stress depen-
dence of ct, -c,2 would be particularly helpful in
calculating these discontinuities. In the absence of
these data, no numerical considerations are made.

It is clear from Eq. (6) that u„s represents the
change in the Gibbs function (iosthermal case) or
enthalpy (adiabatic case) between the orthorhombic
state and the unstable tetragonal state at the same
pressure for p &p, .

Two minor differences between the expression for
uw~ used by us and that used by WB and FP should
be mentioned. The first is that we have not ignored
terms linear in p as the other authors apparently
have done. Additional terms linear in p will appear
upon expressing the coefficients of the strains in
Eqs. (5) and (6) in terms of the tetragonal state
elastic constants. The magnitudes of these terms
near the transition pressure are probably about
10% of the corresponding elastic constant terms.
In addition our parameter S~ differs from the cor-
responding strain parameter E, + &2 of WB and FP
by the term (e~e2) which is clearly negligible near
the transition pressure (here e, and e2 describe
basal plane strains of the tetragonal state) and hence
there is nosignificant difference among the WB,
FP, and our choice of parameters.

Next, the equation of state is considered. Sub-
stituting (5) into (2) yields for i = l, 2, respectively,

V~ ab 8u~

a euws

ay &g

Our analyses in this section mainly follow Bir-
man's treatment of second-order transitions.
We note that, if this is indeed a second-order tran-
sition, then in the Landau theory' the crystal
space group in the less symmetric phase will be a
subgroup of the more symmetric space group.
The space group of the low-pressure structure is
known to be P4~2~2 (D4) (Ref. I). As tabulated in
the International Tables for X-~y Crystallography,
there are six subgroups of the P4, 2,2 (D4) space
group, Based on our x-ray data, the less sym-
metric phase in this case is orthorhombic; only
two of the aforementioned six subgroups, P2y2y2y

(D2) and C222~ (D2), correspond to orthorhombic
lattices.

An additional condition for this transition to be
second-order is that a nonidentity representation
of the point group of the low-pressure structure
subduce the identity representation of thepoint group
of the high-pressure structure. The point group
D4 of the space group D4 has four one-dimensional
representations: A„A~, B„and B~; and one two-
dimensional representation: E (Ref. 24). Of the
subgroups D2 and D2, the first corresponds to a lo»
of the two diagonal symmetry axes and the second
to a loss of the x and y directional axes of the group
D4. It can then be shown that only the identity
representation A~ and the representation B, of D4

subduce the identity representation of the point
group of D~ and only A~ and B2 of D4 subduce the
identity representation of the point group of D', .
Therefore there exists in this case a one-to-one
correspondence between the possible group repre-
sentation associated with the transition and the less
symmetric space group. Finally, we note that the
order parameter for this transition, i.e. , &~ —E2,
as evident from the work of Peercy and Fritz,
has transformation properties associated with B,
and therefore on this basis the less symmetric
phase must have the Dz space group.

This selection of the space group in the less sym-
metric phase and hence, from the above, the nec-
essary transformation properties of the order pa-
rameter is further confirmed by the fact that the
alternate choice, viz. , C222, (Dz) corresponds to
a c-face-centered lattice which, in turn, requires
the absence of all reflections for which (8+ 0) is
odd. These reflections were seen in both the
single-crystal and polycrystalline measurements.
Our conclusion with regard to the symmetry species
involved in the transition and the high-pressure
structure is also in agreement with that of Worlton
and Beyerlein. However, we disagree with the
arguments which are used in their characterization
of the strain symmetry, i.e. , since the strain in
the presence of two degenerate normal modes is a
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sum of strains, use of a product representation
seems physically unreasonable.

E. Domain structure

The high-pressure single-crystal oscillation
photographs revealed an interesting feature of this
transition. The line splitting observed in the pow-
der photographs is attributed to the tetragonal-to-
orthorhombic distortion and, of course, will mani-
fest itself on the oscillation photographs in terms
of relatively different displacements for different
(kkl) reflections. However, in fact, it was found

that within a few kilobars above P„a distinct
pressure dependent splitting was observed in all
(kkl) reflections where ho k, whereas the (kkl)
reflections did not split. For the higher-order
reflections (28 & 25'), and the ICo, —Ko. z doublet was
resolved on the oscillation photographs and the
splitting seen in these higher-order reflections was
present in both members of the doublet. If one
member of a split reflection pair was indexed as
(kkl), the other was found to correspond to (kkl).
As long as the sample pressure remained within a
few kilobars of P„ this splitting was completely
reversible. It was also reproduced in more than
one crystal. It was further observed that, if the
pressure in the chamber was increased above 12
kbar, then (i) the splitting was no longer reversible
and (ii) the remaining, previously unsplit, reflec-
tions also divided irreversibly.

Our interpretation of these observations is as
follows: in the high-pressure phase paratellurite
may be referred to as being "ferroic" in that it has
two stable orientation states in the absence of an
applied stress, cf. Ref. 25. Thus, we suggest
that, on passing from the prototypic phase through
the critical pressure, the selection of orientation
state, i.e. , which of the two equivalent a axes in
the tetragonalphase is to form the new 5 axis in the
orthorhombic phase, is made arbitrarily at each of
the various nucleation sites. Therefore, above the
critical pressure, the original single crystal is
subdivided into domains which are related to one
another by an interchange of a-b axes. Clearly,
since the linear compressibility of the n axis is
positive whereas that of the b axis is negative
(see Fig. 1), the strain at the interface between
the domains will exhibit a strong pressure depen-
dence. We suggest that above 12 kbar, the elastic
limit is exceeded at the interface and permanent
fracture results, leading to the irreversible split-
ting.

This explanation is partially confirmed by visual
observations and subsequent microphotographs.
Under microscopic examination it was clear that,
what had originally been a region of uniform optical
transparency, after pressurization above about 12
kbar showed several smaller optically uniform

regions, separated by regions of varying transpar-
ency, thus suggesting the presence of several cry-
stallites in the cell. It is conjectured that, if a
small bias were applied in the prototypic phase and
maintained through the transition, e. g. , a small
uniaxial strain in a, [100] direction, then the same
orientation would be selected at all nucleation sites
and a single crystal would be preserved into the
orthorhombic phase. It is noted that P eer cy and
Fritz suspected the existence of a domain struc-
ture in the high-pressure phase. It is unclear
however why McWhan et al. did not observe a
similar phenomenon in their hydrostatic measure-
ments. They do report an increase in the crystal
mosaicity with repeated pressure cycling, but ap-
parently their single crystal remained intact up
to 20 kbar.

F. Internal atomic motion

It was noted in a number of high-pressure powder
photographs that, in additon to the tetragonal-to-
orthorhombic line splitting, there was an apparent
pressure dependent intensity variation between cer-
tain split pairs, viz. , (012, 102) and (122, 212). In-
terpretation of these observations is complicated
somewhat by the fact that in each case, there is an
additional line which cannot be distinguished from
the lower angle member of each pair, i.e. . even
at elevated pressures, the (111)and the (004) lines
are unresolved from the (012) and (112) lines, re-
spectively. Despite this fact however, it is ap-
parent that the intensity ratios of (Io,2+I», ) to I,~
and (I~zz+Io04) to I2,2 both increase with increasing
pressure. Such effects can be most simply under-
stood in terms of atomic displacements within the
unit cell.

In consideration of the significance of these in-
tensity variations, an effort was made to quantita-
tively characterize the pressure dependence. At-
tention was focused exclusively on the (122, 212)
pair because it could be more easily resolved due
to its larger diffraction angle. The three methods
used to assess the intensities have been discussed
above. We note that, in those instances where (be-
cause of the inadequate resolution of the (212) peak
from the (122+004) pair) the peak maxima were
used instead of the integrated intensities, the
resulting intensity ratios represent a lower esti-
mate of the true integrated intensity ratio. Al-
though there is some scatter in the various mea-
surements, the data, which have been corrected
for both Lorentz and polarization effects, yield a
measured intensity ratio R ~, which increases from
a value in excess of 1.4 near 20 kbar to something
above 1.8 at 40 kbar. (Because of the close proxim-
ity in 20 of the lines under consideration, an ab-
sorption correction was believed to be unnecessary. )
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The implications of this intensity variation have
been considered in terms of the internal atomic
coordinates. Because the x-ray scattering factor
of the 0 atoms is so much smaller than that for the
Te atoms, e. g. , (2fp/fT, ) = 0.05 in the region of
interest, it is clear that 8 g [= (8Igpp+2Ippy)/

8Ip~p] will be most responsive to small displace-
ments of the Te atoms. Moreover, we note that
the (002) reflection, which is forbidden in the
tetragonal structure, is not observed, even at the
highest pressures; this suggests that any possible
Te-atom displacements in the [001] direction, and
associated variations in IO04, are probably small.

Starting with the STP atomic positional param-
eters as specified in Ref. 1, the intensity ratio
B,~ has been evaluated for a large number of
small positional pex'turbations of both the Te and
0 atoms. Generally, it is found that the greatest
variation in It«, is effected by displacing the Te
atoms in the [110]direction, i.e. , this is the
smallest structural modification which gives results
consistent with our experimental observations.
This is also consistent with the softening of the
shear constant C'.

By way of comparison, we note that %'orlton
and Beyerlein~ concluded, from their elastic neu-
tx'on scattering data, that the 0 atoms undergo
large displacements through the transition, whereas
the motion of the Te atoms is comparatively small.
Based on our limited intensity data, we are not in
a position to refute this. However, we do find that,
based on their results, 9„,increases from 1.28
at 8 kbar to 1.34 at 19.8 kbar. The latter value is
slightly below our minimuxn estimate of 1.4 at
20 kbar.

In view of the fact that we, as well as VYorlton
and Beyerlein, find there are internal displace-
ments associated with this transition it is clear
that some coupling exists between the J3~ type
elastic strain and some of the five B& zone center
optic modes. 26 Thus, on the basis of this evidence
alone there is a possiblity that an optic mode helps
drive the transition through a decrease of its fre-

quency with pressure. However, Raman scattering
measur ements show that there is no sof tening of the
B& optic modes with application of pressure and
hence the optic modes do not play an important role
in the transition.

IV. CONCLUSIONS

Ne note that at 8 + 1 kbar, paratellurite trans-
forms from its known tetragonal P4~@2 (D4) space
group to the orthorhombic P2, 2, 2, (Dp) space group.
The linear compressiblity of the b axis in the high-
pressure phase is negative and the quantity (5 -a) /
g5 varies linearly with pressure extrapolating to
zero at 8+1 kbar. This linear relationship supports
the idea that this is a second-order phase transi-
tion. These results are consistent with recent
neutron scattering measurements on paratellurite,
but at variance with the only previously repox ted
high-pressure x-ray study of this material.
Specifically, we do not support the first-order
transition reported by Kabalkina et al. 4 at 30 kbar.
%e demonstrate the essential equivalence of pub-
lished theoretical treatments of this phase transi-
tion. In the presence of a hydrostatic pressure
environment above the critical pressure we find
that a single crystal will subdivide into a number
of em*lier crystallite domains of alternating a and
6 axes and further that the strained, noncrystalline
interdomain regions will fracture at pressures in
excess of about 12 kbar. Finally, we find that there
is atomic motion within the, unit cell above the
critical pressure.
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