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The effect of pressure on atomic positions and lattice parameters is determined for trigonal Se under

pressures from 0 to 86 kbar and for trigonal Te from 0 to 40 kbar by single-crystal x-ray diffraction using a
diamond anvil high-pressure cell in a standard precession camera. The structural data confirm the lattice-

dynamical homology that had been observed in the variation of the Raman frequencies at low pressures.

However, the strongly nonlinear variations in the interatomic distances and the bond angles show deviations

from a structural homology as the high-pressure phase transitions are approached.

I. INTRODUCTION

a-Se and a- Te, the stable forms at atmospheric
pressures, have a trigonal structure with the space
gx'oup ' I 3~21-D3 ox' P3221-D3. Prominent fea-
tures of these structures are infinite helices par-
allel to the c axis with three atoms per turn (Fig.
1) at the positions (u, 0, 0). The atomic-position
parameter u is related by u = q ja to the radius q
of the helices.

The lattice dynamics of these strongly aniso-
tropic structures have been described by several
model calculations using either the valence-force-
field' ' (VFF) or empirical-pseudopotential meth-
ods' (EPM). These models" were compared with
experimental data, including variations of the l.at-
tice parameters a and c,' of the Haman frequen-
cies, ' and of the elastic constants' under pres-
sure. Since, however, no data, were available on

the variation of the third structural parameter,
the atomic-position parameter u, all previous dis-
cussions had to make one or another assumption
about the variation of this parameter under pres-
sure. From a microscopic point of view and by
comparison between Se and Te, it appeared to be
most reasonable to assume a strong variation in
the (next-nearest-neighbor) interchain distance ff,
a small variation in the (nearest-neighbor) inter-
chain distance v, and no variation in the intrachain
angle 8.' These assumptions were supported by
the close homology that was found for the lattice
dynamics of Se and Te."0

Integrated intensity measurements of the (100)
and (101) x-ray diffraction peaks of polycrystalline.
Se samples under quasihydrostatic pressures up to
52 kbar indicated, however, " that the intrachain
angle 6 may vary even more than the intrachain
distance Ã' under pressure. The accuracy of these
measurements was limited by pressure gradients,
texture, and the fact that only one intensity ratio
had been studied. More accurate results could be
expected to be obtained from x-ray diffraction on
single crystals under hydrostatic pressures. De-
tails of this technique and experimental results
for Se and Te are presented in the next sections.
Various aspects of the structural homology in Se
and Te and their implications for the lattice-dyna-
mical models are discussed in the last section.

qg

FIG. l. Structure of trigonal Se and Ye.

II. EXPERIMENTAL

A. Samples

Crystals of Te had been grown by the Czochralski
method and were characterized by a hole concen-
tration of 10" cm ' and a dislocation concentration
of 10' cm '." The crystals were cut by an acid
saw to plates of about 1 mm thickness parallel to
the (201) plane. Diffraction patterns of the (hof)
plane were taken with these crystals. Doukhan
acid" was used to reduce the thickness of the plate
to 0.045 mm, which is optimized for measure-
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monds. " At 100 kbar, only two independent re-
flections could be identified. These reflections
were used for the determinations of the lattice
constants at this pressure. In the Te experiment, '
the first-order phase transition at about 40 kbar
limited the pressure range. Three measurements
were taken with Te on decreasing pressure. The
good agreement between the compression and de-
compression measurements showed that hysteresis
effects could be ignored.

C. X-ray diffraction

For the x-ray diffraction measurements with
filtered Mo Kcy radiation, the diamond anvil device
was mounted on a commerical goniometer head in
a Stoe precession camera which was used with a
crystal to film distance of 75 mm. Experimental
details including information about orientation and
centering procedures have been given else-
where. ""A collimator with 0.5 mrn diameter
was used in front of the high-pressure device.
Furthermore, the gasket screened parts of the ra-
diation, which was scattered from the incoming
beam in the Be backing. The transmittance of the
diamond anvil device for Mo Kn was about 1&$0.
The used precession angles were limited by geo-
metry, depending on how much the arcs of the
goniometer head had to be moved away fro~ their
0 positions to orient the crystal together with the
dj.amond cell.

%he Se experiment was carried out with preces-
sion angles of typically 23'. Eve with this large
angle, only eight independent reflections could be
measured in the (hhl) plane.

In the case of Te, up to 25 independent reflec-
tions were observed at precession angles. up to 20'
in the (hOl) plane. However, owing to changes of
the crystal orientation under pressure, the pre-
cession angles had to be reduced down to 15 .
Therefore, only 13 independent reflections could
be followed through all the pressure runs on Te.

The x-ray reflection patterns were collected on
x-ray film (Agfa Curix RP2). Exposure times of
typically 17 h provided a signal-to-noise ratio
which was sufficient to identify also the weakest
reflections in the (hhl) plane of Se and the (hOf)
plane of Te. The diffraction patterns were evalu-
ated with an automatic densitometer (Syntex AD1),
which measured the optical density of the x-ray
reflection spots on the film. ~e optical density
is proportional to the x-ray intensity as long as
the x-ray film is not saturated. Therefore, the
optical densities in the center of the strongest x-
ray reflections [(003) in Se and (101) in Te] were
measured first to guarantee that no saturation oc-
curred.

and their pressure dependepces,

dJ3„

dP P=p

at 1 bar. The B„and 8„' are calculated from the
relations

The standard deviations of the least-squares fits
are given in parentheses in Table II. The errors

TABLE I. Lattice parameters of trigonal Se and Te
under pressure. The numbers in parentheses represent
only the standard deviations of the refinements.

P (kbar) ~ (A) c (A) c/'~ v (A')

Te

0
1.2

25.8
41.5
49.9
65.7
77.0
86.4
99.8

0
3.8
6.0

12.6
14.8
18.8
22.6
26.2
29.4
34.1
38.2

4.368(3)
4.343 (1)
4.052(1)
3.956(1)
3.91O(1)
3.846 (1)
3.810(1)
3.vvg(1)
3.V45(1)

4.451(1)

4.3es{1)
4.331(1)
4.312(1)
4.280{1)
4.258 (1)
4.238(1)
4.225(1)
4.2O4{1)
4.191(1)

4.958(4)
4.g64(2)
5.o38(3)
5.O69(2)
5.080(1)
5.oe5(2)
5.11O(2)
5.1Og(2)
5.119{3)

5.926(2)
5.934{2)
5.e41(2)
5.951(2)
5.957 (2)
5.967 (2)
5.966{2)
5.969{2)
5.975(2)
5.9V2(2)
5.981(2)

1.135
1.143
1.243
1.281
1.299
1.339
1.341
1.352
1.367

1.331
1.345
1.351
1.374
1.381
1.394
1.401
1.408
1.414
1.421
1.427

81.92
81.09
71.64
68.70
67.25
65.25
64.22
63.19
62.17

101.67
99.99
99.52
96.67
95.92
94.66
93.68
92.84
92.37
91.41
90.98

III. VARIATIONS OF THE LATTICE PARAMETERS

The lattice constants a and c were calculated
from the d», values by least-squares ref ine-
ments. " Thereby, the complete data sets were
used, i.e., eight pairs of reflections for Se and
13-25 for Te. The results are listed in Table I
together with calculated a/c and V values. Third-
order polynomials,

nx/x, = A„p+A„p'+ A„,p',
were used for the fit of the high-pressure data x.
represents either a, c„or the volume V, ~ is de-
f ined by ~ = x —x„x, is the value of x at 1 bar,
P is the pressure, and the A„; are the adjustable
parameters. The A„s for Se and Te are tabulated
in Table II together with the values for the iso-
thermal compression moduli,

dp8 =-x-x p
p=o
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FIG. 3. Variation of the lattice parameters a and c
and the atom-position parameter q for Se and Te under

pressure.

in the coefficients of the polynomial fit include the
error of the lattice-constant and pressure deter-
mination. The variation of a and c under pressure
is shown in Fig. 3 and compared with earlier data
for Se" and for Te.' It should be noted that the
present data for Te agree well with the earlier
results, " "whereas the data for Se show signifi-
cant differences, which may be related in fact to
different bulk properties of the actual Se samples"
and to nonhydrostatic strain effects in the previous
studies. The present bulk modulus B„ofSe is in

good agreement with the results of a piston cylin-
der high-pressure study, "where the density of the
crystal had been measured also at atmospheric
pressure and good agreement had been found with

the x-ray density of the trigonal modification. The
nonhydrostatic powder x-ray'" and neutron stud-
ies, ' on the other hand, give higher B„values than

the present results. The difference could result
from the effects of encapsulation of the Se in

NaCl. '" This assumption is supported by the fact
that the neutron data with a Se-to-NaCl mixture of
9:1 are in better agreement with our results than
the x-ray data with an 18:1 mixture, and both val-
ues fit into the range between the present value of
B„=149kbar for Se and the value of B„=237kbar
for NaCl. Some of the earlier Se samples"'" may
have in fact included amorphous contributions, "
which were responsible for the low values of the
respective bulk moduli. The pressure dependences
of the dielectric constants e. , and eii as well as of
some interband transition energies were derived
recently"" for Se from band calculations using
empirical pseudopotentials and the literature val-
ues'" for the bulk modulus of Se. The compari-
son of these results with recent ref lectivity data"
showed large discrepancies, which are reduced
when the present data are used. A comparison of
the present compressibility value for Se with elas-
tic constants indicates that the literature values"
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for Cyy+ Cy2 and C33 would have to be increased by
30 and 10/0 to be consistent with the present com-
pressibility value. The use of partly amorphous
Se crystals in the previous measurements"'"
could possibly account for these differences. The
present values for the pressure dependence of the
bulk modulus B„' should be compared with previous
results only in those cases where the B„values
themselves are consistent. '" Therefore, the good
agreement with some of the B„' values is purely
accidental. "
IV. VARIATION OF THE ATOMIC-POSITION PARAMETER

The determination of the atomic-position param-
eter u from the relative intensities includes cor-
rections in polarization and Lorentz factors (PL)
and for absorption effects. - The PL correction was
carried out using standard formulas for the pre-
cession method. The absorption correction was
based on an empirical formula. ""Thereby, only
absorption due to the crystal itself was taken into
account, since the absorbing parts of the diamond
anvil cell have approximately spherical symmetry
as long as shadowing due to the gasket can be neg-
lected. 'Ihe absorption correction factors of Se

and Te varied from 1.0 to 1.61 and from 1.0 to
2.49, respectively. '

Shadowing from the gasket
was minimized by careful flat and central mount-
ings of the crystals with respect to the diamonds
and the whole in the gasket. Outer-most reflec-
tions which could have been affected by shadowing
were eliminated when the intensities of equivalent
reflections showed significant differences.

All structure calculations were performed on a
Honeywell-Bull 66/60 computer using the x-ray
system. " Since refined B factors showed strong
statistical variations for Te, estimated B factors
were used in this case. These values decreased
from 1.27 to 0.81 under pressure. This variation
affected the u parameter by only 0.1/0.

In the structure calculations for Se, the isotropic
B factor was used as free parameter, since the
scatter of the B values was much smaller than in
evaluations of the Te data. The B factors showed
a systematic decrease from 2.0 at atmospheric
pressure to 0.66 at 86.4 kbar. This decrease re-
flects, at least roughly, the increase of the Debye
temperature for Se under high pressure. A stand-
ard weighting procedure was used in the evaluation
of the Se data. The weighting factor was calculated
from the observed structure factors F,b, by

TABLE III. Comparison of measured (Fob, ) and calculated (F~c ) x-ray diffraction intensities and corresponding atom
parameter g for trigonal Te under pressure. The asterisk denotes the zero-pressure literature values. 4

p Oba
103

Fobs

102
Fobs Fcatc

101 100 104 103 102 202

F~c Fobs Fcsk Fobs Fcs&c Fob s Fcalc obs cs]c

0
3.8
6.0

12.6
14.8
18.8
22.6
26.2
29.4
34.1
38.2

27.5
26.1 27.1
25.5 26.2
25.2 25.7
26.9 24.6
27.2 24.4
27.4 24.1
23.3 24.0
25.9 24.2
25.1 23.5
30 ~ 5 24.5

106.3
108.8
107.5
111.2
111.0
115.7
116.2
111.0
116.1
110.7

108.1
108.8
109.5
110.2
110.8
111~ 1
111.3
111.5
111.4
111.8
111.5

27.5
24.9 27.1
23.8 26.4
23.7 25.8
20.7 25.0
21.8 24.7
22.8 24.4
21.6 24.3
21.2 24.4
21.9 23.8
23.4 24.6

36.9
33.0
34.1
29.6
29.1

, 31.7
26.8
30.7
29.1
28.3

37'.3
36.5
35.2
34 ~ 1
32.7
32.2
31.7
31.5
31.8
30.7
32.0

78.7
84.2 80.0
84.9 81.0
84.9 82.3
80.9 83.1
79.0 83.8
81.0 84.1
80.1 84.2
79.4 84.6
84.6 85.1
87.8 85.0

27.5 24.6
27.7 27.1 24.3 24.3
33 0 26 2 25 5 23 6
27.9 25.7 24.3 23.2
27 6 24 6 23 9 22 5
24.8 24.4 24.3 22.3
27.5 24 ~ 1 25.7 23.0
22.5 24.0 25.8 22.0
23.5 24.2 23.9 22.1
290 235 242 215
27.6 24.5 25.3 22.3

71.8
73.2 '73.1
79.4 74.8
80.0 76.2
80.0 77.8
81.3 78.4
81.6 78.8
75 ~ 0 79.1
77.5 78.8
80.8 80 ~ 0
79 ~ 0 78.7

201

obs cRlc

200

Fobs Fcatc

202

Fobs Fcgc

2P1

obs calc

003
Fobs F~c

R
factor

0
3.8
6.0

12.6
14.8
18.8
22.6
26.2
29.4
34.1
38.2

57.4
56.4 56.4
53.3 54.6
55.3 53.2
51.7 51.1
50.4 50.5
48.3 49.8
46.7 49.5
47.5 50.0
44.2 48.3
44.2 50.2

33.9
33.8

32.1 33.4
33.5 33.1
29.8 32.5
30.2 32.3
31.3 32.1
27.4 32.0
31.8 32.1
32.6 31.5
34.4 32.2

53.0
54.8
50.3 50.7
48.3 49.6
47.6 47.7
46.9 47.2
42.3 46.5

. 50.5 46.3
47.0 46.7
44.2 45.2
47.6 47 ~ 1

79.9
74 ~ 7
80.2
80.6
79.5
78.8
82.5
82 ~ 5
80.4
80.4

77.7 106.3
78.8 1P5.8 107.1
80.5 107.3 107.6
81.7 106.9 108.4
83.4 111.5 108.7
83.9 115.6 109.1
84.3 110.4 109.3
84.5 111.1 109.5
84.2 117.9 109.7
85.3 109.6 109.8
83.9 111.7 110.0

0.025
0.044
0.030
0.038
0.045
0.049
0.056
0 ~ 039
0.042
0.048

0.2633*
0.2652 (11)
0.2676(21)
0.2693(12)
0.2719(15)
0.2727(20)
0.2735 (20)
0.2738 (21)
0.2"734(19)
0.2753(18)
0.2729 (20)
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FIG. 4. Variation of the intrachain bond angle 0 and
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Te under pressure.

W„b, = F,b, (heal)/Fob, (003) .
This weighting procedure allows for the fact that
low-intensity reflections include larger relative
errors in the evaluation of the films by the densito-
meter. The use of this procedure changed the u
values typically by less than one standard devia-
tion.

Tables III and IV represent the observed and
calculated structure factors together with the reli-
ability factor R and the resulting u parameter for
Te and Se. Table III includes only the data for re-
duced data sets of 13 reflections, since the use of
the complete data sets with different reflections
being included for the different pressures in-
creased only the scatter of the u value for Te.

The data of Se and Te in Tables III and IV show
a strong increase of the atom-position parameter
u under high pressure and a weakening of this in-
crease from about 20 kbar for Te and from about
40 kbar for Se. The present standard deviations
for the u values of &Qp for Se and &1/0 for Te are
considerably smaller than those given previously
for Se." The intra- and interchain distances r and
A as well as the intrachain bond angle 8 can be cal-
culated from results given in the Tables I, III, and
IV by the use of the relations

r = [3(ua)'+ —'c']'~'

A = [a'(1 —3u) +r'] '~',

8 = [2 cos '(3ua/2r)] .

The changes of these parameters under pressure
are plotted for Se and Te in Fig. 4. The compari-
son with the earlier data" for Se indicates good
agreement for the values of 8 and 8; however, the
present data for r show no pronounced maximum
at about 18 kbar. "
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V. DISCUSSION
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u = q/a, of the c/a ratio, and of the intrachain bond angle
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comparison with the structural homology (dashed line) .
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The major effect of pressure on the structure of
Se and Te is definitely the strong decrease in the
interchain distances which can be represented
either -as a strong decrease in the lattice constant
a or in the interchain neighbor distance R. On the
other hand, there is a very weak decrease in the
chain radius q =ua of about 0.1 A in the pressure
range from 0 to 90 kbar in Se and of about 0.04 A
from 0 to 40 kbar in Te. .This decrease of q shows
up in the initial pressure range as an increase of
c and is responsible at higher pressure also for
the increase of 8. The increase of the c/a ratio
therefore represents primarily a decrease in the
lattice anisotropy under pressure.

Previous investigations" on Se and Te indicated
that the lattice dynamics of both elements follow
closely a "homologous" behavior similar to the
kind of homology that was noticed before for the
group-IVB elements. "'" The homology implies in
both cases that a simple scaling of masses, force
constants, and lattice parameters sufficies to find
"corresponding states" for the lattice dynamics of
these elements. The difference in the c/a ratios
for Se and Te at normal pressure and the homolo-
gous change in these c/a ratios with pressure were
taken as support for the assumption that Se under
pressure becomes more similar to Te." Since the

knowledge about the effect of pressure on the
structural parameters of Se and Te was very lim-
ited, " some reasonable assumptions had to be
made'" to establish the close lattice-dynamical
homology for Se and Te under pressure. The
present data, however, allow for a detailed analy-
sis of these assumptions.

Within these models, "a measure for the differ-
ence in the bonding within and between the chains
is given by the anisotropy parameter A/r —1.
Equal inter- and intrachain bond lengths, i.e., R/r
—1=0, result in an atomic-position parameter u

This structure is rhombohedral with space
group 83m-D3~ and one atom at the origin of the
rhombohedral unit cell.

The heavy lines in Fig. 5 show the actual varia-
tion of the atomic-position parameter u, of the c/a
ratio, and of the intrachain bond angle 8 for Se and
Te with respect to the anisotropy parameter A/r
—1. 'Ihe broken curves represent a homologous
variation with constant 0 = 103.2 . Obviously, the
deviations from this homologous variation are
small at low pressure. Under higher pressures,
for Se from about 40 kbar on and for Te from about
20 kbar on, deviations from thy structural homo-
logy are seen most clearly in the variation of the
bond angle with respect to A/r —1.

For the following discussion of the approach to
a structure with higher symmetry, only the hexa-
gonal coordinate system is used. The variation of
the atomic-position parameter u indicates that
both Se and Te show only a slight tendency to ap-
proach the rhombohedral structure with u = —', and
that the phase transitions into the metallic high-
pressure phases at 140 kbar for Se,"and at 40
kbar for Te,"occur at values of u which are still
far away from the rhombohedral value —,'. The
variations of c/a and 8 show no tendency to ap-
proach either the rhombohedral P-Po structure"
(u= —', , c/a =0.967, 8=81') or the simple-cubic o.-
Po structure (u= —', , c/a=~ =1.23, 8=90'). The
strong increases of both c/a and 8 under pressure
close to the phase transitions may therefore rather
indicate a tendency to approach an fcc close pack-
ing of the atoms corresponding to u- —', , c/a —v 6
= 2.45, and 8 —120 .

In fact, recent empirical-pseudopotential and
tight-binding band-structure calculations' for Se
and Te led also to the conclusion that the differ-
ences in the bonds within and between the chains
should decrease strongly under pressure. There-
by, a strong increase in the admixture of d char-
acter to the bonding p orbitals should be responsi-
ble for the strong increase of the bond angle 8 un-
der pressure. From the fact that these changes
result in strong deviations from the homologous
variation of the lattice parameters for Se and Te
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FIG. 6. Variation of the Raman frequencies (Ref. 9)
with respect to the anisotropy parameter R/r —1 and
comparison with the lattice-dynamical homology (dashed
line) .

where M stands for the mass of the atoms and the
coefficients G„represent purely geometrical fac-
tors which depend for Se and Te, for instance,
only on R/r and 8. If identical values of R/r and
(9 characterize the corresponding states of Se and
Te, the homology of the frequencies therefore im-
plies a similar homology of the force constants.
To prove or disprove a lattice-dynamical homology
of Se and Te, one has to compare the phonon fre-
quencies of both-substances in corresponding
states. The discussion of the structural homology

under pressure, one may expect also strong de-
viations from the lattice-dynamical homology
which was observed at low pressures. "

A perfect-lattice-dynamical homology for Se and
Te would require"'"'" that all the phonon fre-
quencies ~se of Se can be scg,led to the values cu„'
of Te in "corresponding states" by only one em-
pirical scaling factor,

S = ((gP~/(g)s')'(M '/M '),
independent of the mode and the k-vector index n,
where M ' and M ' are the Te and Se masses, re-
spectively. Within the valence-force-field (VFF)
models, ' ' the phonon frequencies &„are related
to the force constants K by simple relations of
the type

M&u„= Q G„K

in the previous section showed in fact that hydro-
static pressures will not transform Se into a struc-
tural state which corresponds exactly to the struc-
ture of Te at low pressure. However, the devia-
tions from the structural homology were small
when the low-pressure data are extrapolated with
respect to the anisotropy pa.rameter R/r —1, un-
der the assumption of no variation in (9. From this
point of view, one expects that a lattice-dynamical
homology may be observed only in simple extra-
polations of the low-pressure data for the phonon
frequencies. Furthermore, there is no physical
reason to assume a linear variation of either the
geometrical factors G„or the force constants K
with respect to either pressure, volume, or aniso-
tropy parameter R/r —1. If one assumes just for
simplicity a linear variation of both the G„'s and
the K 's with respect to R/r —1, one obtains the
linear variation of the squared phonon frequencies
&„', which is used in Fig. 6 with the S value of the
E' modes S~ = 0.65. Figure 6 points out clearly
that in fact all pressure dependences of the Haman-
active modes' in Se and Te follow closely this
siniple homology within the given accuracy and
pressure range. The linear extrapolation of the
A y mode far beyond the phase trans itions in Se and
Te indicates, however, that these phase transi-
tions occur most likely before the A, and E' modes
become degenerate, in contrast to an earlier ex-
trapolation" which found a correlation between
the transition pressures and the points where the
A y

E' splitting extrapolates towards z er o. On the
other hand, the present linear extrapolation leads
still to an (unreasonable) crossover of the A, and
E' modes at a finite value of R/r —1, whereas
both modes should become degenerate only for
vanishing anisotropy parameter. In fact, the
strongly nonlinear variation of R/r with respect
to pressure as well as the deviations of the bond
angles 8 from a constant value under high pres-
sures (Fig. 5) pointed already to the fact that one
should also expect nonlinear variations of the force
constants and geometrical factors not only with re-
spect to pressure, but also with respect to R/r as
the phase transitions are approached.

This fact can be seen most clearly by inspection
of the relation'

dr dR 2Ks —8Q K„s
dP dP Q K„—8K„

which correlates pressure derivatives of r and R
with the geometrical factor Q= (Rjr)2u/(1 —2u) and
the three force constants K„, Ks and K„„ofthis
VFF model. ' From Fig. 4, one can infer that both
the first and second derivatives of ~ with respect
to pressure are very small at low pressures com-
pared with the respective derivatives of R. This
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experimental fact results in two conditions on the
force constants at low pressures:

Ks = 4QK„„, K„' = 4QK„'„+4Q'ff'„s,

whereby K~, K„'~, and Q' represent the pressure
derivatives at low pressures. The strong variation
of r close to the phase transition can be accounted
for within this model' by a finite value of the sec-
ond derivative of at least one of the force con-
stants. The large variation in A under pressure
favors thereby a dominant contribution from K&.
A finite (positive) value of this term would also
account for a weaker decrease of the A, mode at
higher pressures.

Raman measurements on Se and Te in an ex-
tended pressure range up to the phase transitions

would definitely allow for a more quantitative test
of the present VFF models, and should further-
more point out more clearly the limits of the lat-
tice-dynamical homology.
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