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The phonon spectrum of solid As4O6 (arsenolite, Fd3m, Z 5 8)
ambient and high pressures is studied with Raman and infrared
spectroscopies and analyzed in relation to the vibrational spec-
trum of the adamantane As4O6 molecule in the vapor state. The
behavior of arsenolite upon compression can be interpreted as
a result of an enhancement of intermolecular interactions be-
tween two equivalent As4O6 molecules at Td symmetry sites of
the 99primitive:: unit cell. The enforced interactions between the
molecules through intermolecular O2O repulsions lead to
a large increase of correlation 5eld splittings of the internal
vibrations due to the predominant bending and bridge stretching
deformations. Eventually, at about 6 GPa they lift degeneracies
of the internal modes and lower the symmetry of the crystal
lattice. The observed phase transition in solid As4O6 is reversible
without any hysteresis. ( 1999 Academic Press

INTRODUCTION

The structure of solid As
4
O

6
(arsenolite, Fd3m, Z"8,

¹
.
"547 K) is obtained by putting the adamantane As

4
O

6
molecule into the position of carbon atoms in the diamond
lattice, the intermolecular O2O distance being equal to
3.022 As (1}3). The other two polymorphs of As

2
O

3
are

related to As
2
S
3

orpiment: As
2
O

3
claudetite(I) (P2

1
/n,

Z"4, ¹
.
"587.5 K) and As

2
O

3
claudetite(II) (P2

1
/n,

Z"4, ¹
.
"583.5 K) (3}6). Claudetite(I), claudetite(II),

and orpiment have similar puckered-layered structures, in
which a 63 net of As atoms is joined through the X(X: O, S)
atoms. They di!er in the arrangement of the As atoms above
and below the mean plane of the X atoms. Arsenolite is
obtained from a vapor phase or from solutions (1). Its
formation depends on kinetic factors, since claudetite(I) is
the thermodynamically stable phase at ambient pressure
and room temperature. The irreversible transformation of
arsenolite into claudetite(I), catalyzed by water, occurs at
453 K (1). The reversibility of the arsenolitePclauditite
1Currently at Max-Planck-Institut fuK r FestkoK rperforschung, Heisenber-
gstrasse 1, D-70569 Stuttgart, Germany.
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reaction is facilitated by shear stress (7). Further reversible
(I)P(II) transition in claudetite takes place at 513 K (4).

Amorphous As
2
O

3
can be prepared by either As

4
O

6
vapor deposition or by cooling the As

2
O

3
melt (1). Neutron

di!raction (8) and infrared (9) studies of the structure of
vitreous As

2
O

3
disagree with each ohter. According to

Clare et al. (8), the neutron data con"rms the presence of
three-membered rings of AsO

3
units similar to those in the

As
4
O

6
molecule, the basic building block in arsenolite.

From comparison of the IR spectrum of the glassy form
with those of the cubic and monoclinic polymorphs, Lezal
and Konak (9) concluded that the structure of amorphous
As

2
O

3
is related to disordered claudetites. However, they

did notice that the As
2
O

3
glass recrystallizes into arsenolite.

On the other hand, the Raman spectrum of vitreous As
2
O

3
can be explained with a dynamical model assuming various
disordered domains related to both the three-dimensional
arsenolite and layered claudetite-like structures (10}15).

Adamantane-like building blocks are present in numer-
ous inorganic solids. They can also be found in the cubic
forms of antimony and bismuth trioxides, that along with
arsenic and phosphorus trioxides are examples of inorganic
cage structures and prototype solid state systems (3).
P
4
O

6`n
molecules (n"0}4) and solid (n"1}4) possess the

adamantane cages with additional oxygen atoms (n"1}4),
that are localized in peripheral positions and linked to the
cages through pentavalent phosphous atoms (16}18). These
terminally bound oxygens can be substituted by chalcogens
(S, Se) (19) or organic azides (20). Compressibility and vibra-
tional modes of molecular solids are of intrinsic interest
because they provide a convenient way to investigate &&inter-
nal'' modes of the molecules embeded in a crystal matrix,
along with the &&external'' oscillations derived from hindered
translations and rotations of the molecular units. Studies
within a series of related solids could provide invaluable
information on the response of structures and chemical
bonding to external pressure. This is especially important
for the synthesis of semiconducting crystalline and amorph-
ous materials in the mixed oxide systems based on phos-
phorus, arsenic, and vanadium (21, 22) utilizing high-pressure



TABLE 1
Observed Vibrational Bands (cm21) in Vapor and Solid Phases

of As4O6 at Ambient Pressure

Vapor Solid

Internal modes
A

1
(l

1
): 555a A

1'
: 559; A

26
: n.a.

A
1
(l

2
): 381a A

1'
: 368; A

26
: n.a.

E(l
3
): n.o.a E

'
: n.o.; E

6
: n.a.

E(l
4
): 185a E

'
: 182; E

6
: n.a.

F
1
(l

5
): n.a. F

1'
: n.a.; F

26
: n.a.

F
1
(l

6
): n.a. F

1'
: n.a.; F

26
: n.a.

F
2
(l

7
): 833.2b F

2'
: 780; F

16
: 793

F
2
(l

10
): 495.6b F

2'
: 469; F

16
: 480

F
2
(l

9
): 372.9b F

2'
: 413; F

16
: 340

F
2
(l

8
): 255.0b F

2'
: 266; F

16
: 255

Rotational/librational modes
F
1
: n.a. F

1'
: n.a.; F

26
: n.a.

Translational modes
F
2
: n.o. F

2'
: 82; F

26
: acoustic

Note. n.a., not active; n.o., not observed.
aRef. (26).
bRef. (25).
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techniques (23). In this study, the phonon spectrum of solid
As

4
O

6
at ambient and high pressures is analyzed in relation

to the vibrational spectrum of the As
4
O

6
molecule in the

vapor state. The combined use of infrared spectroscopy in
the FAR- and MID-regions (below and above about
500 cm~1, respectively) and Raman spectroscopy to investi-
gate a high-pressure behavior of a molecular solid is pre-
sented for the "rst time.

EXPERIMENTAL

Polycrystalline sample of arsenolite was prepared by rec-
rystallization of the As

2
O

3
starting material (1), purchased

from Aldrich. Raman spectra, with spectral resolution of
about 2 cm~1, were collected using an XY Dilor Raman
spectrometer (1800 groove/mm grattings) in backscattering
geometry with CCD signal detection. Raman scattering was
excited using an Ar` laser at a wavelength of 514.5 nm.
Infrared measurements were performed on a Bruker 113v
instrument. The transmittance spectra in the 200}700 cm~1

range were collected using a Mylar beam splitter (6mm), Si
bolometer detector, and ceramic global source. The run
conditions were: 128 scans with spectral resolution 4 cm~1

and a spectral aperture open to 10 mm. The transmittance
spectra in the 500}1700 cm~1 range were collected using
a Ge-coated KBr beamsplitter, DTGS detector with a KBr
window, and ceramic globar source. The run conditions
were: 2048 scans with spectral resolution 4 cm~1 and a spec-
tral aperture open to 10 mm. During all the high-pressure
experiments, the sample and the pressure transmitting
medium CsI, both carefully dried, were loaded into a
Mao}Bell-type diamond cell with type II-a diamonds, bril-
liant cut with 600-mm culets, and a sample chamber dia-
meter of 250 mm. Pressures were determined from the
R

1
ruby #uorescence line (24). For both series of infrared

measurements, carried out without any additional beam con-
densing optics, the reference spectra were collected through
a gasketed diamond cell loaded only with CsI and ruby chips.

RESULTS AND DISCUSSION

The free M
4
O

6
molecule (M: P, As) has ¹

$
point group

symmetry and can be pictured as four M atoms in a cage
tetrahedral arrangement, interconnected by six O atoms at
the vertices of an octahedron with each oxygen atom equi-
distant from its two M neighbors (2, 17, 25). The internal
vibrations of this molecule the !

*/5
"2A

1
#2E#2F

1
#

4F
2
, where the A

1
and E modes are Raman active only,

while the F
2

modes are both Raman and infrared active.
The rotational and translational modes are !

305
"F

1
and

!
53!/4

"F
2
, respectively. The Raman and infrared frequen-

cies of the internal modes in the As
4
O

6
vapor were meas-

ured and assigned by Brumbach and Rosenblatt (26) and
Konings et al. (25) (Table 1).
Figure 1 shows calculated atomic displacements for the
F
2

modes in the As
4
O

6
&&free'' molecule, using a valence

force "eld (27) comprised of the terms due to the As}O
stretching, O}As}O bending, As}O}As bending, As}O/
O}As}O stretching}bending interaction, As}O/As}O}As
stretching}bending interaction, and O}As}O/As}O}As be-
nding}bending interaction. The re"ned force terms from the
starting values given for the As}O stretching (31) N/m),
O}As}O bending (3.2 N/m), and As}O}As bending
(2.3 N/m) by Lucovsky and Galeneer (10) are 37.97, 10.92,
7.92, 2.26, 5.04, and 0.00 N/m, respectively. The calculated
wavenumbers in cm~1 are: 543 (A

1
), 357 (A

1
), 478 (E), 216

(E), 836 (F
2
), 508 (F

2
), 368 (F

2
), and 259 (F

2
). As seen from

the comparison of the calculated values with the values
observed by Brumbach and Rosenblatt (26) and Konings et
al. (25) (Table 1), the agreement is reasonable, taking into
account the fact that the measured wavenumbers come
from two di!erent data sets. The l

7
(833.2 cm~1), l

10
(495.6 cm~1), l

9
(372.9 cm~1), and l

8
(255.0 cm~1) modes in

the notation given by Konings et al. (25) can be attributed to
the predominant As}O stretching vibrations, O}As}O
bridge stretching, As}O}As bridge stretching, and As}O}As
bending oscillations, respectively. Similar assignment of the
F
2

modes was proposed earlier for P
4
O

6
(17, 28).

In the primitive unit cell of solid As
4
O

6
derived from the

face-centered one (Fd3m, O7
h
, Z"8) (2), the two equivalent

As
4
O

6
molecules occupy the T

d
symmetry sites, with the

intermolecular O2O distance equal to 3.022 As . The inter-
nal modes in arsenolite are distributed as !

*/5
"2A

1'
#

2E
'
#2F

1'
#4F

2'
#2A

26
#2E

6
#2F

26
#4F

16
, where the

A
1'

, E
'
, and F

2'
modes are Raman active, while the



FIG. 1. Atomic displacements (ticks) for the F
2
modes in the As

4
O

6
molecule. Filled symbols are the As atoms and open symbols are the O atoms. The

lengths of the ticks indicate relative magnitudes of the atomic displacements from equilibrium.
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F
16

modes are infrared active. The librational, translational,
and acoustic modes are !

-*"
"F

1'
#F

26
, !

53!/4
"F

2'
, and

!
!#0645*#

"F
16

, respectively. The correlation of the modes in
As

4
O

6
from a &&free'' molecule into a crystal demonstrates

that the only optically active &&external' translational mode
in the solid should be observed in its Raman spectrum, while
all four infrared active modes are the internal modes (Table
1). The correlation "eld splitting of the F

2'
and F

16
vibra-

tions in the crystal originates from a wavenumber separ-
ation of the infrared active (out-of-phase) and Raman active
(in-phase) components of the same F

2
internal modes of the

&&free'' molecule (Fig. 1).
The observed Raman spectrum in this study (Table 1, Fig.

2) is in agreement with the measurements by Beattie et al.
(29), who used single-crystal polarization data to assign the
fundamentals of the As

4
O

6
crystal as F

2'
: 268, 470,

780 cm~1; E
'
: 184 cm~1; A

1'
: 370, 560 cm~1. The band at

82 cm~1 was assigned to the translational mode by Brum-
bach and Rosenblatt (26). The weak Raman band at
413 cm~1 (Table 1, Fig. 2), previously ambigously attributed
to the E

'
type (26, 29), is in fact the internal F

2'
mode, based

on its pressure dependence (see below). There are only four
observed infrared bands in solid As

4
O

6
(Table 1, Figs. 3 and

4) as predicted by factor group analysis (the shoulder fea-
tures between 500 and 550 cm~1 are artifacts due to the very
low transmission of the Mylar beam splitter at this
wavenumber range). Remarkable di!erences, including the
number of bands, were found in earlier infrared transmission



FIG. 2. Raman spectra of solid As
4
O

6
as a function of pressure.

FIG. 3. Far-infrared spectra of solid As
4
O

6
as a function of pressure.
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studies of arsenolite, dependent on whether nujol mull slur-
ries or KBr pellets were used to measure the spectra (9). The
infrared spectrum of solid As

4
O

6
is very similar to the

fundamental one of the &&free'' molecule (25), providing that
the high purity sample and dry CsI solid solvent are used for
data collection (Table 1, Figs. 3 and 4). The presence of
a weak l

7
#l

8
combination band, visible in the infrared

spectrum of the As
4
O

6
vapor above 558 K (25), can be

obscured in the spectra of this study due to the interference
fringes from multiple re#ections of the infrared light be-
tween diamond culets (Fig. 4).

Raman spectra of arsenolite were measured up to 16GPa
(Figs. 2 and 5). Upon compression, the l

2
mode (A

1'
) at

368 cm~1 and the l
4

mode (E
'
) at 182 cm~1 shift to lower

wavenumbers. The l
4

mode and the l
8

mode (F
2'

) at
266 cm~1 split into two components at above 6 GPa (lifting
of mode degeneracy). When pressure is applied, the band at
413 cm~1 shifts upward in wavenumbers, while the band at
469 cm~1 shifts downward. These two bands are heading
into a collision at about 6}8 GPa. The crossing, however,
does not occur and the two bands repel each other with the
lower wavenumber band gaining intensity from the higher
wavenumber band. Such a behavior can be explained by the
same symmetry of the two separate modes. In previous
studies, the band at 413 cm~1 was questionably assigned to
the E

'
symmetry type (26, 29). However, based on its pres-

sure dependence, it is rather of the F
2'

type corresponding
to the As}O}As stretching l

9
oscillation. The splitting of the

l
4

and l
8

modes, and the avoidance of crossing for the l
9

and l
10

modes at about 6}8 GPa are an indication for
a pressure-induced structural change in the molecular lat-
tice of solid As

4
O

6
. In addition, a very weak new band is

observed at about 80 cm~1 above approximately 12 GPa,
that, along with the band at 82 cm~1 already observed at
ambient conditions, can be assigned to the translational
modes of the As

4
O

6
molecule. This band is probably too

weak in intensity to be observed at lower pressures, at
around 6 GPa. As seen from the results of factor group
analysis, there is only one external mode optically active in
the cubic lattice of arsenolite.



FIG. 4. Mid-infrared spectra of solid As
4
O

6
as a function of pressure.

FIG. 5. Pressure dependence of Raman bands in solid As
4
O

6
. The error

in wavenumbers is equal to the resolution for the Raman experiments,
which is about 2 cm~1. The lines are guides for the eyes.
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Infrared transmission spectra of solid As
4
O

6
in the

500}1200 cm~1 and 100}700 cm~1 wavenumber ranges
were recorded up to 13.1 and 16.0 GPa, respectively (Figs. 3,
4, and 6). At ambient and near-ambient pressures, the
l
8

band at 255 cm~1 resembles a re#ectance feature and,
unlike its Raman active counterpart, does not split into two
bands upon further compression. Instead, it broadens and
becomes more symmetric as a result of an increase of the
mode damping. Similar behavior is observed for the l

10
and

l
9

bands. It is remarkable that these two bands diverge with
increasing pressure and the l

9
band due to the As}O}As

stretching mode shifts to lower frequencies. At pressures up
to about 7 GPa, the principal l

7
band slightly decreases in

wavenumbers and eventually splits into two components at
about 8 GPa with the lower wavenumber and exhibiting
a negative pressure shift. It is to be noted that all the
pressure-induced changes observed both in Raman and
infrared spectra are reversible with no hysteresis.

The internal modes are sensitive to changes in environ-
ment perturbations of a molecule in a crystal. Correlation
"eld splitting (Davydov splitting) e!ects are due to long-
range interactions with internal vibrations of equivalent
molecules in the same unit cell of a crystal (30). This "eld
leads to a wavenumber separation of the infrared and
Raman active components of the same internal modes.
These interactions may be largely a!ected by pressure, since
their potential energy, dependent on whether the internal
vibrations of equivalent molecules in the unit cell are in
phase (Raman active modes) or out of phase (infrared active
modes), could change during compression. Using Raman
and infrared data on the pressure dependence of the internal
modes in arsenolite with two equivalent As

4
O

6
molecules in

the primitive unit cell, the plot in Fig. 7 can be constructed,
showing the absolute di!erence in wavenumbers between
the infrared and Raman components of the l

7
, l

8
, l

9
and

l
10

internal vibrations (Fig. 1) as a function of pressure up to
6 GPa, to the onset of a pressure-induced structural trans-
formation. It is remarkable that the Davydov splitting
largely increases for the l

8
, l

9
, and l

10
modes assigned to

the predominant As}O}As bending, As}O}As stretching,
and O}As}O stretching oscillations, respectively. It is doub-
led on average for all these modes at 6 GPa, but it remains
approximately constant for the As}O stretching l

7
mode.

The above observations on high pressure vibrational be-
havior of solid As

4
O

6
, i.e., lifting of mode degeneracies and



FIG. 6. Pressure dependence of infrared bands in solid As
4
O

6
. The

error in wavenumbers is equal to the resolution for the infrared experi-
ments, which is 4 cm~1. The lines are guides for the eyes.

FIG. 7. Davydov splittings of the l
7
, l

8
, l

9
, and l

10
internal modes in

solid As
4
O

6
as a function of pressure. The combined error in wavenumbers

is equal to the sum of the resolutions for the infrared and Raman experi-
ments, which is about 6 cm~1.
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negative pressure shifts of some of the internal oscillations,
can be interpreted as a result of an enhancement of the
intermolecular interactions between the two equivalent
As

4
O

6
molecules at the T

d
symmetry sites of the primitive

unit cell (Fd3m, O7
h
, Z"8). The largely increased Davydov

splittings for the l
8
, l

9
, and l

10
modes are clear evidence for

an internal strain of the molecules due to their bending and
bridge stretching deformations under compression. The
enforced interactions between the molecules through the
enhanced intermolecular O2O repulsions lead to an in-
crease of a separation between the in-phase (Raman active)
and out-of-phase (infrared active) components of the inter-
nal vibrations. Eventually at about 6 GPa, they lift degen-
eracies of the internal modes and lower the symmetry of the
crystal lattice. Such a structural change is consistent with
the appearance of an additional translational oscillation of
the As

4
O

6
molecule. Since the distortion of the As

4
O

6
crystal lattice is associated with the perturbations of the
molecular environment but not with signi"cant, if any, rela-
tive displacements of the As and/or O atoms, the observed
phase transition is reversible without any hysteresis. The
splitting of the internal E

'
mode (l

4
) upon compression

would imply the tetragonal distortion of the molecular
structure, e.g., the O

h
PD

4h
point group symmetry lower-

ing. On the other hand, lack of a drastic change in the
number of the observed Raman and infrared bands would
suggest that the number of molecular groups in the primi-
tive unit cell remains constant (Z

13*.*5*7%
"2), e.g., the

D
2d

symmetry site of the As
4
O

6
molecules in D

4h
point

group (T
d
PD

2d
).

The stability of the adamantane-like structure in solid
As

4
O

6
found here indicates that, unlike shear stress (7),

hydrostatic (or nearly hydrostatic) compression does not
facilitate the arsenolite}claudetite transformation at room
temperature. This, along with the observation that crystal-
line and glassy As

2
S
3

phases tend to increase their dimen-
sionality under pressure (31, 32), implies that the changes in
the dynamics of vitreous As

2
O

3
should not be expected in

the arsenolite-like disordered domains, but rather in the
claudetite-like ones, in which the density #uctuates due to
the conformational transitions between claudetite(I)-like
and claudetite(II)-like states (14, 15). On could predict that
a model assuming the presence of three-membered rings of
AsO

3
units similar to those in the As

4
O

6
molecule (8) would

explain the structure of amorphous As
2
O

3
at high pressures.

This also implies that in the V
2
O

5
-bearing As

2
O

3
amorph-

ous systems, their semiconducting and magnetic properties
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due to the presence of vanadium atoms in di!erent valence
states (21, 22) should be expected to change with increasing
pressure because of local transformations in the vanadium
coordination spheres (23) but not because of major changes
within the As

2
O

3
network. For instance, at ambient pres-

sure the semiconducting properties arise from a hopping
process of unpaired electrons between the V5` and V4`

cations. A strong electron}phonon coupling is observed and
the actual charge carriers are small polarons and their
mobility depends on the thermal activation of the frame-
work distortions and associated vibrations (33, 34). In gen-
eral, the e!ect of high pressure on vanadium systems is an
impedement of the thermally activated mobile species (23).
A high-pressure study on the mixed As

2
O

3
}V

2
O

5
systems is

currently under way with a point of interest to elucidate the
pressure}composition correlation of their semiconducting
and magnetic properties.
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