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Rhombohedral to simple-cubic phase transition in arsenic under pressure
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We have measured powder x-ray diffraction data and Raman spectra of arsenic at pressures up to
33 GPa. X-ray data show a rhombohedral (A7) to simple-cubic transition at 25+1 GPa (relative
volume V/V0=0. 772). An upper limit for the volume change hV/Vo at the transition is given by
the experimental uncertainty of 0.5%. We propose an empirical relation between the structural u

parameter and rhombohedral angle a of the A7 structure, which is used to estimate the overall vari-

ation of first- and second-neighbor bond distances under pressure. The two Raman-active funda-

mentals of the rhombohedral phase shift to lower frequency for pressures up to 24 GPa, but remain

at finite values. Near this pressure, the Raman intensity decreases drastically and the two modes are
no longer observed at higher pressures. The Raman data are consistent with a phase transition to a
monatomic phase near 25 GPa. Results are discussed in light of several recent first-principles calcu-
lations of the phase stability and mode softening of arsenic under pressure.

I. INTRODUCTION

The semimetallic elements As, Sb, and Bi crystallize in
the rhombohedral A7 ("ct-arsenic" ) crystal structure. '

This trigonal structure can be derived from a simple-
cubic (sc) a-polonium structure by a rhombohedral dis-
tortion along the [111]direction and a simultaneous rela-
tive displacement of (111) planes towards each other in
pairs along [111](see Fig. 1), resulting in a distorted octa-
hedral (3+3) coordination. In terms of symmetry the
transition from sc to A7 involves two steps. The first
one leads from space group Pm3m to the translationally
equivalent subgroup of index 4 (space group R 3m, simple
rhombohedral P-polonium structure, Z=1), the second
step leads to the isomorphic subgroup of index 2 (Z=2).
The A7 structure can be described as consisting of layers
of six-membered rings in chair conformation with in-
tralayer (nearest-neighbor) and interlayer (second-
neighbor) bond lengths d, and d2, respectively. In a co-
valent picture, the nearly orthogonal bond directions sug-
gest that the bonds are predominantly formed from p or-
bitals. The sc-to-A7 distortion removes p-orbital degen-
eracy and results in the formation of three saturated
nearest-neighbor bonds.

The suppression of the Peierls-like distortion of the As
lattice under hydrostatic pressure, which is expected to
eventually result in the formation of a simple-cubic lat-
tice, has beeu the subject of continuous experimental and
theoretical interest. An A7-to-sc phase transition has
been observed in two other group-V elements, at 11 GPa
in phosphorous' '" and at 7 GPa in antimony. ' A sc
phase is not found among the various high-pressure
phases of Bi. ' In the group of IV-VI binary compounds
an analogous phase change from the rhombohedral to the
NaC1-type structure induced by temperature' or pres-
sure' is reported, e.g., GeTe and SnTe, and the ferroelec-
tric properties and soft-mode behavior of these polar ma-

TABLE I. Crystallographic data for the rhombohedral phase
(space group R3m) of As, Sb, and Bi at normal pressure and
T=293 K. The axes refer to a trigonal setting of the unit cell.

Parameter

a (pm)
c (pm)
u parameter
dl (pm)
d2 (pm)
d, /d,

'Reference 17.
Reference 18.

'Reference 19.

As'

375.98
1054.75

0.227 07
251.6
312.1

1.240

Sbb

430.84
1127.4

0.233 49
290.8
335.5

1.154

Bi'

454.6
1186.2

0.233 92
307.1

352.9
1.149

terials have been studied in detail. ' The ratios d2/d,
listed in Table I indicate a larger stability of the A7 struc-
ture with respect to sc in As as compared to Sb and Bi.
Hence, one expects an A7-sc transformation in As to
take place at higher pressures than in Sb.

For As it was shown earlier that the A7 x-ray
diffraction pattern changes gradually under pressure in
the direction towards a sc one. ' A metastable tetrago-
nal phase of As has been reported, which is obtained by
pressure quenching from about 15 GPa. Its structure is
possibly similar to that of the Sb-III phase stable between
8.5 and 28 GPa. ' The pressure dependence of the su-
perconducting transition temperature of As measured by
%'ittig and co-workers ' indicates a phase change at
about 20—24 GPa. Several first-principles calculations of
the relative stability of the A7 and sc structure of As
have been reported recently. These calculations show
that the lowering of symmetry from sc to A7 goes along
with a splitting of the 4p valence states and a strong de-
crease of the electronic density of states near the Fermi
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(o) (cj

level EI . The corresponding lowering of the band-
structure energy then stabilizes the rhombohedral distor-
tion. ' The calculations of Needs et a/. performed for
relative volumes V/Vo) 0.8 show the A7 structure to be
more stable relative to sc. Chang and Cohen predict
that at about V/Vo =0.72 (P =35 GPa) the sc phase will

become stable against a second-order-like displacive tran-
sition towards an A7 structure. According to Mattheiss
et al. an A7-to-sc transition is predicted at V/Vo=0. 8

(P = 19 GPa). More recent energy-dispersive x-ray
diffraction studies suggest that the A7 structure of As is
stable up to 34 GPa ( V/Vo =0.74), where it undergoes a
transition to sc involving a large discontinuity in specific
volume of about 5%.

In this paper we report an independent angle-
dispersive powder x-ray diffraction (XRD) study and a

Raman investigation of As for pressures up to -30 GPa.
The motivation for a combined XRD and Raman study is
as follows: (i) In general terms, a phase transition from
A7 to sc in As may be considered as a prototype example
for a pressure-induced suppression of a Peierls-type dis-

tortion in a layered elemental solid involving a
semimetal-to-metal transition as well as strong electron-
phonon coupling and phonon softening (see, e.g. , Refs. 6
and 7). (ii) The apparent discrepancy between the stabili-

ty of the A7 structure up to -34 GPa (Ref. 9) and a pos-
sible phase transition near 20—24 GPa as indicated by the
superconducting behavior ' needs to be explained. (iii)
Arsenic in the A7 structure has two Raman-active zone-
center phonon modes. High-pressure Raman spectros-
copy not only provides important information on the
softening ' of these modes, but also gives independent
evidence for the occurrence of a structural phase transi-
tion. In particular, a pressure-induced transition to the
sc or simple rhombohedral structure is expected to mani-
fest itself in a vanishing of the Raman activity due to
zone-center optical modes. (iv) The recent application of
various first-principles calculational methods to the
problem of phase stability, structural properties, and
phonons of A7-As stimulates detailed studies of the
high-pressure behavior of As using different experimental
methods.

The paper is organized as follows: After giving some
experimental details (Sec. II), the XRD results are
presented in Sec. III and the pressure dependence of
Raman-active phonons is discussed in Sec. IV.

II. EXPERIMENTAL DETAILS

FIG. 1. The rhombohedral A7 structure of As can be derived
from the simple-cubic lattice (a) by a rhombohedral distortion
along the [111]direction and (b) a pairing of (111)lattice planes
along the same direction. The resulting structure [(c) and (d)]
consists of buckled layers with in-plane bond length dl (heavy
lines) and interlayer nearest-neighbor bond length d2. Shaded
planes in (d) indicate the distorted cube. The [111]direction
refers to both the sc lattice and the A7 lattice in the rhom-
bohedral setting.

Samples for high-pressure studies were prepared from
a Bridgman-grown single crystal. A gasketed diamond-
window high-pressure cell was used for both x-ray
diffraction and Raman measurements. Samples were em-
bedded in a 4:1 methanol-ethanol pressure medium,
which provides hydrostatic conditions up to —10 GPa
and nearly isotropic conditions at higher pressures. Pres-
sures were measured by the standard ruby luminescence
method. For XRD investigations the single-crystal ma-
terial was powdered. The powder pattern was observed
down to a d spacing of 130 ptn using an angle-dispersive
diffraction geometry (Debye-Scherrer method, filtered
Mo Ea radiation) and a position-sensitive proportional
counter system. Experimental errors in absolute lattice
parameters and unit-cell volumes are estimated to be
-0.15 and -0.5%, respectively. Raman measurements
were performed in backscattering geometry with the
cleaved basal plane of a single-crystal sample oriented
perpendicular to the laser beam. The excitation wave-
length was 514.5 or 488 nm. Raman spectra were mea-
sured with a multichannel spectrometer system (Mepsic-
ron imaging resistive anode photomultiplier coupled to a
Spex triplemate spectrometer). All tneasurements were
made at room temperature.

III. X-RAY DIFFRACTION RESULTS

In discussing the results of x-ray diffraction studies we
refer to both the rhombohedral and the trigonal setting of
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the space group R 3m. In terms of the rhombohedral lat-
tice parameter a,h, and angle a,h the trigonal lattice
parameters are given by

a„;s=2a,„, sin(a, „, /2),

(c/a)„; =I9[4sin (u,h, /2)] ' —3I'

In the rhombohedral description the atoms occupy the
Wyckoff 2c sites +(u, u, u), in the trigonal setting the 6c
sites +(0,0, u). The simple-cubic structure is given by
u =0.25 and by a =60 or c/a =&2 X v 3. For more de-
tails about the various descriptions of the A7 structure
see Refs. 6 and 8.

The lattice parameters of As were determined from the
strongest observed Bragg reflections by least-squares
methods. Up to 3 GPa the (113), (015), (110), (104), and
(012) reflections were taken into account. A higher pres-
sures, lattice parameters were calculated from the (110),
(104), and (012) reflections only, because the other
reflections became very weak. Under these conditions
the very gradual change of the diffraction pattern from
A7 towards sc requires a careful analysis of the (110)and
(104) reflections in order to determine the pressure at
which the A7-sc phase transition occurs. Figure 2 shows
the 28 distance 5, of the (110) and (104) reflections and
the distance of both reflections with the added —,

' full

width at half maximum (FWHM) of each peak (62) as a
function of pressure. With increasing pressure, the 28
splitting 6& becomes smaller. At 25 GPa the peak dis-
tance decreases rapidly by 0.35' as indicated by the corre-
sponding change in the total width hz of the two overlap-
ping reflections. Above 25 GPa we observe a peak profile

typical for a single diffraction line and the FWHM
remains essentially constant as the pressure increases fur-
ther. Thus, we conclude that the phase transition from
the rhombohedral A7 structure to the sc phase occurs
near 25 GPa, where the (110) and (104) reflections of the
A7 structure merge into the (110) reflection of the sc lat-
tice. At pressures above 25 GPa we observe the three
reflections (100), (110), and (111)of the simple-cubic lat-
tice. For two different sample loadings the transitions
pressure differed by less than 1.5 GPa. The phase transi-
tion is reversible. For decreasing pressure the splitting of
the cubic (110) reflection is clearly observed again at 23
GPa. Thus, any hysteresis in the phase change is less
than 2 GPa. We can rule out the possibility of an inter-
mediate simple rhombohedral phase.

The relative change of the trigonal lattice parameters a
and c as a function of pressure is shown in Fig. 3. For the
cubic lattice we give the a and c parameters for the
(pseudo-) trigonal setting with a„;s=a«b&2 and

c«,s =2a,„b&3. The solid lines for the A7 phase refer to
the result of fitting the one-dimensional analog of a
Murnaghan-type relation to the experimental data. Pa-
rameters are given in Table II. There is substantial
disagreement between our parameters Pz and inverse
linear compressibilities derived from low-pressure x-ray
data as well as elastic constants ' at ambient pressure
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PRESSURE (GPa)FIG. 2. Pressure dependence of x-ray diffraction peaks of As.

The lower curve (crosses) gives the 20 splitting b, l between (110)
and (104) reflections in the A7 structure (P&25 GPa). The
upper curve (circles) represents the angle difference b2 between
points taken at half-height at the low and high angle side of the
(104) and (110) reflections, respectively (see inset). Open and
solid circles represent data from two different runs.

FIG. 3. Relative change of the a and c axes of As as a func-
tion of pressure. Axes refer to the trigonal setting. Solid lines

represent the results of least-squares fits of a Murnaghan-type
relation (Ref. 30) to the experimental data (see Table II for pa-
rameters).



5538 H. J. BEISTER, K. STROSSNER, AND K. SYASSEN 41

Property

Bp (GPa)
B'
Po, (GPa)
pl
Pp( (GPa)

P (GPa)
~T/~O

Experiment
This work Literature

58(4)
3.3(4)

470(10)
1 (fixed)

63(2)
9.4(4)

25(1)
0.772

59', 38 55.6'
4.4'

210', 910

38', 42

~ 34&

Calculation

43 77'

19', 35f
0.80', 0.72

'Reference 31 (elastic constants).
Reference 4 (single-crystal XRD, P=0.31 GPa).

'Reference 9 (powder XRD, P ~40 GPa).
Reference 6.

'Reference 8.
'Reference 7.

TABLE II. Summary of experimental and calculated high-
pressure properties of arsenic. The quantities Bp and Bp are
bulk modulus and its pressure derivative at zero pressure, re-
spectively, and po and p' are the inverse linear compressibility
and its pressure derivative (see Ref. 30) for compression parallel
and perpendicular to the trigonal axis. The quantities PT and

VT / Vp are pressure and relative volume, respectively, at the
A7-to-sc phase transition.

structure from powder data is diScult, because absorp-
tion and some preferential orientation effects lead to un-
certain intensities of x-ray diffraction peaks. As a conse-
quence we do not attempt to directly determine the varia-
tion of the bond lengths of As in the A7 structure from
the present experimental data.

Intuitively, one may expect that the variation of the u

parameter is coupled to the change in the rhombohedral
angle u, because both quantities are a measure of the dis-
tortion from simple cubic induced by the same chemical
bonding scheme. %e propose an empirical relation be-
tween the u parameter and a of the A7 structure given by
the solid line in Fig. 6(a). The relation is obtained from
the zero-pressure structural data' ' for the group-V
elements (300 and 4 K) and the assumption that u =0.25
for a =60'. This u (a) dependence appears reasonable be-
cause (i) the experimental data for Sb under pressure3~ 33

follow the empirical relation, at least for a (59', and (ii)
the calculated values of Needs et al. for As suggest a
very similar behavior, except for a small offset to lower u

values [see Fig. 6(a)]. Based on the empirical u (a) rela-

(see Table II). High-resolution lattice-parameter mea-
surements would be helpful in clarifying the situation, in
particular, with respect to a possible anomalous compres-
sion behavior of As at low pressures.

The strongly different axial compressibilities in the A7
phase (Fig. 3) obviously reflect the difference between
weak interlayer and stronger intralayer bonding. At the
A7-to-sc transition we find an increase of the a axis by
about 0.5% and a decrease of the c axis which is about
twice as large. The lattice constants at the phase transi-
tion are a„; =358.9(5) pm and c,„; =893.7(13) pm for
the A7 phase and a,„b =255.0(4) ptn. The latter value is
slightly larger compared to the shorter bond length in As
at normal pressure (see Table I).

Within experimental uncertainty of 0.5%%uo in volume,
we observe no discontinuity in the change of the relative
volume V/Vo, as shown in Fig 4. The s.olid line refers to
the result of fitting a Murnaghan relation to the experi-
mental data (see Table II for parameters). For the bulk
modulus 80 we find good agreement between the present
result and data of Ref. 9. At the phase transition the rel-
ative volume of the A7 phase [ V/Vo =0.772(7)] is slight-

ly below the transition volume at T=O K (V/Vo =0.8)
calculated by Mattheiss et al.

Figure 5 shows the rhombohedral angle a as a function
of relative volume V/Vo. The angle a increases steadily
from 54.13' at ambient pressure to 59' just before the
phase transition, where it adopts the cubic value of
+=60'. We note the surprisingly good agreement be-
tween present results and earlier work of McWhan (see
Fig. 5) who just reports the variation of a for volumes
down to V/Vo=0. 8 without giving further details of his
work like pressure-volume data, etc.

A determination of the free u parameter of the arsenic
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FIG. 4. The pressure-volume relation of arsenic at 300 K.
The solid line represents the result of a least-squares fit of a
Murnaghan equation (Ref. 30) to the experimental data (see
Table II for parameters) ~
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phase under strongly nonhydrostatic conditions or under
rapid decompression. The results for the pressure depen-
dence of the superconducting transition temperature T,
obtained in an earlier investigation differ from those of
Wittig. ' This possibly indicates that under certain
conditions a different phase may be present in As at pres-
sures above 12 GPa. Furthermore, it remains to be inves-
tigated, whether As at very high pressures undergoes the
predicted transition from sc to bcc, which is also ob-
served for Sb (Ref. 22) and Bi (Ref. 9) near 28 and 7.7
GPa, respectively.

56 IV. RAMAN SPECTRA UNDER PRESSURE

-0.05 -0.1

I I

-0.15 - 0.2 -0.2S -0.3
hVl Vo

The rhombohedral lattice of arsenic with two atoms
per unit cell has three Raman-active zone-center
modes, ' an A, mode at -253-257 cm ' and a two-

0.250

FIG. 5. The rhombohedral angle a of As as a function of
volume. Solid line is a guide to the eye for present data points
(open circles). Crosses represent earlier data by McWhan (Ref.
5).

tion we estimate the relative changes of the distances d
&

and dz between first- and second-nearest-neighbor atoms
as a function of pressure, as shown in Fig. 6(b). The dis-
tance d2 decreases monotonically, by about 15% up to 25
GPa. The distance d, also decreases throughout the sta-
bility range of the A7 structure, the maximum change,
however, being only —1.5% at 25 GPa. At the A7-to-sc
transition dz decreases by -3%%uo, whereas the shortest
bond length d& increases by -2.5%. This behavior is
reasonable in view of the general tendency shown by co-
valent solids where a pressure-induced breakdown of
directional bonding and increase in coordination number
results in an increase of the nearest-neighbor bond dis-
tance.

Morosin and Schirber have obtained the change of the
u parameter from single-crystal investigations of As for
pressures up to 0.31 GPa. They find an increase of u in
qualitative agreement with the empirical u(a) relation
proposed above. A quantitative comparison of distances

and d2 with those derived from their data is not mean-
ingful because their axial compressibilities differ
significantly from the corresponding results obtained in
this study (see Table II).

We emphasize that the pressure dependences of bond
distances shown in Fig. 6(b) is only an estimate of the
overall behavior in the stability range of the A7 struc-
ture. Single-crystal diffraction studies of As performed
for a larger pressure range compared to that covered in
Ref. 4 may we11 reveal more subtle effects in the pressure
dependence of the bond lengths.

In closing this section, we note that under the nearly
hydrostatic conditions of our experiment we did not ob-
serve the tetragonal phase of As. However, no at-
tempts were made to investigate the existence of this
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FIG. 6. (a) Internal parameter u as a function of the rhom-
bohedral angle a for group-V elemental solids. Solid symbols
refer to zero-pressure data at 300 and 4 K and the solid line is a
smooth curve through these points including the simple-cubic
point. Open squares correspond to high-pressure data for Sb
(Refs. 31 and 32). Open diamonds represent calculated results
for As (Ref. 6) and the triangle refers to the result of Ref. 4. {b)
First- and second-nearest-neighbor distance in rhombohedral
As as a function of pressure, as calculated from the experimen-
tal lattice parameters under pressure using the empirical u (a)
relation shown by the solid line in (a). The dashed line
represents the simple-cubic lattice constant.
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FIG. 8. Raman line frequencies of arsenic as a function of
pressure. Data below 25 Gpa refer to the two Raman-active
modes of rhombohedral As. In the simple-cubic phase, stable
above 25 GPa, only a very weak and broad band is observed (see

Fig. 7) and the corresponding data refer to the Raman shift of
its maximum. Solid and dashed lines through the data points
are a guide to the eye.

FIG. 7. Raman spectra of arsenic at different pressures
(T=300 K). Vertical dashed lines indicate Raman shifts of the
E~ and A, g modes at zero pressure.

fold degenerate E mode at —193—197 cm '. For pho-
nons propagating along the trigonal axis (i.e., perpendicu-
lar to the layers) of the rhombohedral lattice, the A,
mode belongs to a pure longitudinal motion of the atom
planes and thus is related to the Peierls-like atomic dis-
placements as indicated by arrows in Fig. 1(b). In the sc
lattice, this mode corresponds to LA phonons with wave
vector at the corner (R point) of the Brillouin zone. The
two E modes of the A7 lattice correspond to transverse
motions. Raman scattering experiments at moderate
pressures (P ~0.7 GPa) have shown that both modes
soften with increasing pressure, a behavior which is
also predicted for the A, mode on the basis of total en-

ergy calculations using the frozen phonon method.
Raman spectra of As at different pressures are sho~n

in Fig. 7. We find the frequencies of the two optical
modes at normal pressure coo( A, g ) =256(1) cm ' and
coo(F~ ) = 196(1) cm ' in agreement with Zitter 5 and

I

Richter et al. For increasing pressure, both optical
modes decrease in frequency, the total relative shift being
about —17 and —30% for the A, and Eg modes, re-
spectively, at 24 GPa. For pressures above -24 GPa,
the two Raman modes of A7-As vanish, consistent with a
change of crystal symmetry. At higher pressures we ob-
serve only a broad feature, which is very weak as evi-
denced by the decrease of the signal-to-noise ratio of the
spectra in Fig. 7. This band moves to higher frequency
with increasing pressure. Within the mutual uncertainty
of the two experiments, the phase-transition pressure
determined from Raman measurements ( -24 GPa)
agrees with the x-ray diffraction result reported above.

The pressure dependence of the two mode frequencies
in the A7 phase, as well as the frequency of the broad Ra-
man band observed in the sc phase, are shown in Fig. 8.
In agreement with the results obtained by Richter et al.
in the pressure range up to 0.7 GPa the initial decrease in
mode frequency is stronger for the E mode compared to
the A, mode. Up to 10 GPa the pressure dependence is
sublinear and can be described by b,co(P)=b P+c P
with first- and second-order coefBcients given by

b = —2.3(1) cm '/GPa, c =0.05(1) cm '/GPa for the A, mode,

b = —4.0(2) cm '/GPa, c =0.11(2) cm '/GPa for the E mode .

The mode softening becomes more pronounced, especial-
ly for the transverse E mode, in the pressure range be-
tween 20 and 24 GPa, where the line width also increases
significantly (see spectra in Fig. 7). Under the given ex-
perimental conditions (quasihydrostatic pressure), the
two mode frequencies remain at finite value at the phase

transition. The pressure shift of the Raman bands is re-
versible upon decreasing the pressure.

The broad Raman band in the sc phase is likely to arise
from disorder-induced scattering, thus reflecting a max-
imum in the phonon density of states. This interpreta-
tion is supported by the fact that as a function of pressure
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the frequency of the A, mode joins smoothly into the
frequency of the broad band in simple cubic, as would be
expected due to the unfolding of the Brillouin zone at the
A7-to-sc transition.

Figure 9 shows the dependence of the A7 mode fre-
quencies as a function of relative volume V/Vo. The
slope in the linear part of the frequency versus volume
data (0.88 ~ V/Vo ~ 1) corresponds to average mode
Griineisen parameters y = —(hco/coo)/(6 V/Vo) of

y= —0.45(5) for the A, mode

y= —1.15(5) for the Eg mode .

The overall dependence of the A, mode frequency on
volume is similar to the behavior calculated by Needs
et al. (see dashed line in Fig. 9), but the mode softening
is less pronounced in the experimental results. In the cal-
culation of Chang and Cohen the stability of the sc
phase was investigated in terms of total energy changes
with respect to the longitudinal phonon displacement (see
Fig. 1) corresponding to the sc-to-A7 distortion. The
force constant for this phonon displacement was found to

3 0.75

LU

3
O
~ 0.70

O
uJ

0.65—
LU
0
U

I
I
I

I Tc
I
I
I
I
I
I

~ I
~ ~ I

I
I
I
I
I
I
II

/
/

/
///

I
~ I I

10 15 20
PRESSURE (GPa)

I

25

FIG. 10. The ratio R of the Eg and A, g phonon frequencies
of As as a function of pressure. The solid line is a guide to the
eye. The dashed line gives the variation of the superconducting
transition temperature according to Wittig (Ref. 23).
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FIG. 9. Raman line frequencies of As in the A7 phase as a
function of relative volume. Solid lines are a guide to the eye.
The slope in the straight line sections for 0.88 (V/V0 ( 1 corre-
sponds to mode Gruneisen parameters y(A, g)= —0.45 and

y(Eg )= —1.15. The dashed line for the A
&g

mode is taken from
the calculation of Needs et al. (Ref. 6).

become positive (corresponding to the stability of the sc
lattice) only at pressures above 35 GPa. Thus, this treat-
ment of the relative stability of A7 and sc in terms of a
second-order displacive phase transition overestimates
the transition pressure.

Figure 10 shows the ratio of the Raman frequencies
R =co(Eg)/co(A~g) of the A7 phase as a function of
pressure. The frequency ratio R decreases from 0.76 at
normal pressure to 0.69 at about 10 GPa, and then
remains nearly constant up to 22 GPa, which is close to
the phase-transition pressure. Differences in electron-
phonon coupling for the longitudinal and transverse
modes may be responsible for the peculiar pressure
dependence of the frequency ratio R . The pressure
dependence of the lattice parameters (see Fig. 3) does not
show, within experimental accuracy, any evidence for
anomalous behavior near 10 GPa. This, however, does
not rule out the possibility that subtle effects in the first-
and second-neighbor bond distances are related to the
change in slope of the pressure dependence of the fre-
quency ratio R„near 10 GPa. The linewidth of the Ra-
man lines increases continuously with pressure, in partic-
ular, close to the phase transition; this may be another in-
dication for an increasing electron-phonon coupling un-
der pressure.

In this context we point out that As is observed to be-
come superconducting near 11 GPa and the transition
temperature raises steadily up to 2.5 K at about 20 GPa
(see data of Ref. 23 shown in Fig. 10). Thus, there is a
near coincidence between the onset of superconductivity
and the change of slope of the R „(P)curve in Fig. 10. At
about 20—24 GPa T, becomes independent of pressure,
which was taken as an indication for a structural phase
transition. ' At around 20 GPa the pressure in the T,
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measurements is probably underestimated by 10—15%
relative to the ruby scale used in the present experi-
ment. Thus, we find excellent agreement between
phase-transition pressures observed in our x-ray
diffraction and Raman scattering experiments and the in-
direct evidence for a phase transition from the T, mea-
surements of Refs. 23 and 24.

V. CONCLUSIONS

We have performed x-ray diffraction and Raman stud-
ies of As under pressure (T=300 Il ). X-ray diffraction
data show a phase transition from the A7 to the sc phase
at Pr =25+1 GPa ( V/Vo =0.772). This value is
significantly lower than the previous experimental results
of 32 GPa & P~ & 36 GPa, but in good agreement with a
phase transition indicated by the pressure dependence of
the superconducting transition temperature. ' The
upper limit for the volume change at the phase change is
less than 0.5%, much lower than the value of 5% report-
ed in Ref. 9. We propose an empirical relation between
the u parameter and rhombohedral angle u of the A7
structure, which is used to roughly estimate the overall
change of first- and second-neighbor distances in the A7
phase as a function of pressure. The frequencies of the

Raman-active A
&

and E zone-center phonons of the A7
lattice decrease by about 17 and 30%, respectively, for
pressures between 0 and 24 GPa. The frequency ratio of
the Raman modes when plotted as a function of pressure,
shows a pronounced change in slope near 10 GPa, which
is close to the onset of superconductivity in As. The
softening of the A, mode under pressure is qualitatively
similar, but less pronounced, compared to the behavior
predicted in first-principles calculations. Except for a
very weak and broad band which we attribute to
disorder-induced scattering, Raman modes are no longer
observed at pressures above 24 GPa. Thus, the Raman
data are consistent with a transition to a simple-cubic
phase near this pressure. X-ray and Raman data suggest
that the A7-to-sc transition is of first order or very close
to first order. Under pressure, As exhibits pronounced
changes in the optical response, both in the stability
range of the A7 phase and at the A7-sc transition.
These results will be reported in a forthcoming paper.
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