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Synchrotron infrared spectroscopy of the pressure-induced insulator-metal transitions in glassy
As,S; and As,Se;
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Optical reflectivity and absorption measurements of glassy As,S; and As,Se; from 0.18 to 1.4 eV to 57 GPa
reveal closure of the optical gap in both materials. The transition to the metalliclike response is continuous with
pressure. The insulator-metal transition can be understood in terms of the delocalization of nonhybridized S
and Se p states (lone pairs), as supported by the optical reflectivity data and theoretical calculations that show
delocalization and evolution of three-dimensional electronic states in crystalline As,Ses.
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I. INTRODUCTION

Disordered systems based on chalcogenide glasses have
attracted considerable attention due to their unusual photo-
elastic coupling properties! and athermal photomelting
phenomena.? As,S; and As,Se; chalcogenide glasses are ex-
tensively studied examples of disordered systems (see e.g.,
Ref. 3), which preserve short-range order (SRO) and
medium-range order (MRO) of their crystalline counterparts
and have similar electronic structure (Fig. 1). The structure
of the relevant crystalline polymorphs is shown in Fig. 2.
The disordered state can be considered as retaining locally its
crystalline counterpart’s (Fig. 2) valence bond lengths and
bond angles, which are just slightly distorted. However, it
may also contain a substantial amount of broken bonds or
“irregular” As-As and S-S (Se-Se) bonds, which contributes
to the degree of disorder in these systems. The actual con-
centrations of these “defects” depend on the sample prepara-
tion techniques. The local distortions of bond lengths and
angles destroy long-range order (LRO) and create a disor-
dered state. However, the electronic structure remains quite
similar in disordered glassy state and crystalline materials, as
evidenced by the photoelectron spectroscopy and reflectivity
studies.*?

The salient feature of the electronic structure of these ma-
terials is the existence of lone-pair electron states, which do
not participate in chemical bonding and are located on S (Se)
atoms. The lone-pair states are quite localized in chalcogen-
ide glasses, forming narrow bands that can be considered as
“impurity” bands* (Fig. 1). This explains the common fea-
ture of chalcogenide glasses to have a Fermi level pinned in
the middle of the gap between this filled quasi-impurity band
consisting of lone-pair p states and antibonding (empty) p
states, which form a conduction band.* The energy bands of
a disordered solid would have an electronic density of states
similar to the crystalline form, however, the low-density tails
in the density of states and transport properties will be deter-
mined by the mobility edge® instead of the band edge in
crystalline materials.

Previous high-pressure studies show that the energy gap
closes at a rate of 0.1-0.2 eV/GPa (from absorption edge
data’®), and metallic conductivity is observed at 30 GPa for
ASZS<33.9 However, no infrared studies have been done so far
on these systems close to the metal-insulator transition. In
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this study, we document the pressure evolution of the band
gap from absorption and reflectivity spectra in the IR spectral
range through the insulator-metal transition. Our optical data
indicate that the transition to metallic states in these systems
is continuous at room temperature, without observable jumps
in spectroscopic properties, which is in agreement with ear-
lier resistivity data.® Our findings are not compatible with the
behavior expected for a classical Mott-type insulator-metal
transition. The optical methods used in this study allow a
better understanding of the details of the insulator-metal tran-
sition, in particular, the crucial role of the delocalization of
lone-pair electrons at the transition. The experimental data
can be understood based on the theoretical calculations for
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FIG. 1. (Color online) (a) Electronic spectra of crystalline and
covalently bonded disordered (glassy) As,S; according to x-ray
photoemission spectroscopy measured in Ref. 4. We also indicate
the distribution of the electronic states following the general con-
siderations of Ref. 4. The reflectivity spectra from Ref. 5 (symbols)
and Lorentz oscillator fits (solid lines, see text for details) are
shown in the lower panel.
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FIG. 2. (Color online) Structure of P2,/c crystalline As,S(Se)s.
The disordered or glassy state can be locally considered as retaining
its crystalline counterpart’s SRO and partially MRO: valence bond
lengths, and bond angles are just slightly distorted, and the layered
structure is partially preserved (Refs. 29 and 30).

the prototype crystalline As,Se; material, which supports the
notion of similar SRO and MRO in crystalline and glassy
As,Se; and As,Ss.

II. EXPERIMENT

The samples used in the experiments were high purity
glasses prepared by the methods described in Ref. 3. To pre-
pare thin slabs, we used two quartz plates, so that samples
were melted between the plates and then cooled down in air.
This technique allowed us to prepare samples with thickness
ranging from 2 to 10 um, which are suitable for reflectivity/
absorbance studies in diamond anvil cells. The IR
absorption/reflectivity spectra were measured at room tem-
perature at 600—12 000 cm™! (~0.075—-1.4 eV) with a syn-
chrotron radiation by using a Nicolet 750 Fourier transform
infrared spectrometer equipped with a CaF, beam splitter
and a mercury cadmium telluride detector'® at beamline U2A
at the NSLS, Brookhaven National Laboratory. The sample
sizes were about 50-70 um, we used NaCl as a pressure
medium, and the high pressure chamber was about
120-150 pum in diameter. We used type Ia diamonds with
400 pm flat culets and rhenium gaskets. The use of type Ia
diamonds limited our spectral range to 0.18 eV on the low-
energy side. The reference transmission spectra were taken
near the sample through the pressure medium, and for the
reflectivity spectra, we used a reflection from the inner
diamond-air interface as a reference. We measured pressure
by using R; fluorescence from small ruby chips inside the
sample chamber.!!

III. EXPERIMENTAL RESULTS

Representative reflectivity and absorption spectra of
As,Se; are shown in Fig. 3; we obtained similar data for
As,S;. The reflectivity spectra do not contain any sharp fea-
tures and are smooth, except for a few features at higher
pressures arising from the stressed diamond anvils in the
region of the multiphonon absorption in diamond. A common
feature of the spectra is the monotonic increase in the reflec-
tance with increasing pressure. We fitted the experimental
spectra by using a Drude-Lorentz oscillator model, which is
a standard tool in analyzing the optical response of solids!?
under pressure. Since we know the bulk features of the elec-
tronic structure and specific electronic states involved in the
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FIG. 3. (Color online) Reflectivity and absorption spectra of
As,Se;. The region of second-order absorption in the diamond an-
vils at 0.25-03 eV is not accessible. The red dashed lines are
Drude—Lorentz fits in the metallic phase.

optical transitions, we can initially estimate the number,
strength, and position of the Lorentz oscillators needed to
model our spectra.12 For our materials, we need to include
optical transitions to the conduction band (CB) from s states
(~10 eV below CB), bonding p states (5-7 eV below CB),
and nonbonding lone-pair p states (~4 eV below CB).*
These transitions can be modeled with several Lorentz oscil-
lators and a Drude term to describe free charge carriers. We
fitted the ambient pressure optical response from Ref. 5 by
using the oscillators described above (we used a total of four
oscillators to describe broad p bonding and s states shown in
Fig. 1) and used the resulting starting parameters. We further
assumed that the positions of the oscillators describing bond-
ing p states and s states are pressure independent (we al-
lowed the p-oscillator widths to vary), and we estimated their
strength under pressure by using the density change calcu-
lated by using compressibility data from Ref. 13. The posi-
tion, strength, and width of the lone-pair oscillator under
pressure was adjusted to fit the reflectivity spectra. The fits
described well the bulk of the reflectivity data. A few ex-
amples of these fits for As,Se; are shown in Fig. 3. To fit the
spectra at high pressures (above 20 GPa for As,Se; and
above 44 GPa for As,S3), we introduced the Drude contribu-
tion, which was enhanced by increasing pressure. The
strength of the Drude contribution is shown in Fig. 4 and is

(—L)2 ~Np/N; frequency o,
=\4mNe?/m, Ny, is the Drude- -type electron density, and N,
is lone-pair-type electron density).

The energy gap in Fig. 4 was measured at the absorption
level a=5X%10° cm™!. The absorption coefficient was esti-
mated by using the sample thickness, as measured at normal
pressure (the thickness was not corrected for the compress-
ibility of the sample; we estimate that this assumption intro-
duced a maximum error of about 0.02 eV at the highest pres-
sure of absorption measurements, which is comparable to the
symbol size in Fig. 4). The optical gap E, measured by ab-
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FIG. 4. Pressure dependence of the energy gap in As,S; (large
closed circles, left axis) and As,Se; (large closed squares, left axis)
from absorption measurements. Absorption data below 10 GPa for
As,S3 are from Ref. 8. Absorption data below 7 GPa and energy
gap from transport measurements (small circles connected with dot-
ted line, left axis) for As,Se; are from Ref. 9. The gap for As,Tes
from transport measurements in Ref. 31 (small circles connected by
solid line, left axis) is shown for comparison. Drude contribution to
reflectivity is shown for As,S3 (large open circles, right axis) and
As,Ses (large open squares, right axis).

sorption shows different slopes at low and high pressures for
both As,Se; and As,S; (Fig. 4). Akink in E,(P) dependence
is clearly visible around 5—10 GPa. We relate this kink to the
changes in the glass compression, when the interlayer van
der Waals forces between As-S(Se) layers become compa-
rable to intralayer forces. This changes the compression pat-
tern in the glass: As-S(Se) bonds undergo stronger compres-
sion because of the stiffening of softer interlayer regions
under pressure above 5—10 GPa. Consequently, the splitting
between the antibonding p states (within the conduction
bands) and the bonding p states (within the valence bands)
increases and, thus, slows down the closure of the optical
gap E, under pressure, which agrees with our observations
(Fig. 4). This behavior is consistent with the disappearance
of the first sharp diffraction peak in As,S3, which is arguably
related to the interlayer spacing.'* Thus, these glasses ac-
quire a more three-dimensional character at a sufficiently
high pressure.

IV. THEORY: BAND STRUCTURE OF COMPRESSED
CRYSTALLINE As,Se;

To understand the driving forces of the insulator-metal
transitions, we computed the evolution of the electronic
properties of crystalline As,Se; under pressure by using the
local density approximation (LDA) of the density-functional
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FIG. 5. Electronic band structure and density of states of the
crystalline As,S(Se); computed at 0 and 45 GPa. As,Ses is a low-
dimensional insulator at low pressures and a three-dimensional
metal at high pressures. Y=(1/200), A=(1/21/20), B
=(01/20), Z=(001.2), C=(1/201/2), E=(1/2 1/2 1/2), and
D=(01/20).

theory,'>1¢ as implemented in the ABINIT package.!” As,Se;

has P2;/c symmetry and its structure is built of [As,Se;],
layers stacked parallel to (010) (Fig. 2). The interatomic
bonds are stronger within these layers and weaker between
the layers. The interlayer space hosts the lone pairs of the p
electrons of As and Se. We relaxed the lattice parameters and
atomic degrees of freedom in the structure from zero to
45 GPa by using the Broyden-Fletcher—Goldfarb—Shanno
minimization,' which was modified to take into account the
total energy as well as gradients."”

At zero pressure, the crystalline As,Se; is insulating [Fig.
5(a)]. Its electronic band structure is characterized by three
groups of bands which, in increasing order of energy, corre-
spond to s-s, s-p, and p-p hybridizations. These groups are
separated by electronic gaps. The bands are weakly disper-
sive perpendicular to the layering of the structure along the
[010] directions, e.g., the Y-A, C-E, A-E, B-I', and D-Z
paths. The bands are more dispersive along the other direc-
tions. This is consistent with a low-dimensional (i.e., quasi-
two-dimensional) solid, where the electrons are confined in
the [As,Se;], layers. Under pressure, the bonding between
the atoms within the neighboring layers is strengthened as
the distance between the (010) layers decreases; the lone
pairs are delocalized and the p-p hybridizations are en-
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hanced. This increases the dimensionality of the structure,
the bands become more dispersive, and the electronic gap
closes due to electron delocalization [Fig. 5(b)]. The closure
of the gap is continuous. For the crystalline As,Se;, we ob-
tain an insulator-metal transition corresponding to the LDA
gap closure at around 10 GPa. This theoretical insulator-
metal transition pressure is underestimated when compared
to the experimental data (Fig. 4) due to combined usual LDA
underestimations of both band gap values and unit cell vol-
ume.

V. DISCUSSION

Despite substantial and remarkable progress in recent de-
cades, detailed understanding of many aspects of disordered
solids still remains a challenge to both experiment and
theory. The most characteristic property of these systems is
the absence of translational symmetry, which makes it im-
possible to apply the Bloch theorem. The absence of the
translational symmetry and of the long-range order in disor-
dered solids does not mean, however, that they also lack
SRO or MRO. In fact, many experimental techniques can be
used to study static SRO and MRO in disordered systems.’
One of the most studied topics in disordered materials is an
insulator-metal transition, which is often referred to as a
Mott—Anderson transition.® This transition deals with the de-
localization of the electrons in a random potential and is also
necessarily related to the long-range correlations in such dis-
ordered systems.?? Another interesting property of disordered
materials is superconductivity, which develops close to the
metal-insulator transition?! and may be driven by noncon-
ventional mechanisms (negative U intrinsic defects) in these
systems.??

The nature of the insulator-metal transition in the disor-
dered systems studied here is distinctly different from the
ideal classical picture of the Mott—Anderson transition.?’ We
have no data on the transport properties of As,S3 through the
metal-insulator transition, but we do have data on As,Ses to
30 GPa (Ref. 9) showing conductivity of about ¢(20 GPa)
~100 O 'em™, which is slightly lower than the
minimum  metallic  conductivity  @,,,,=const X e?/ha
~250-1000 Q' ecm™'® (here, const=0.025-0.1, e is the
electron charge, and a is the distance between the atoms). In
contrast to that, the conductivity in As,Tes is close to o,,, at
10 GPa, where it becomes metallic according to transport
measurements of activation energy.” We note here that in all
these systems, we have the pseudogap in the density of states
due to the fact that mobility edges of the valence and con-
duction bands do not overlap close to the metal-insulator
transition while the sample is still an insulator even when the
band edges are brought together by pressure effect. In gen-
eral, the positions of the mobility edges depend on the width
of the band tails, which we expect to increase from Te to Se
and further to S because the pressure-energy scale extends in
that sequence. Thus, we would expect larger pseudogap ex-
istence regions for Se than for Te and even larger pseudogap
pressure regions for S. Apparently, low-temperature transport
measurements are required close to the insulator-metal tran-
sition to establish the detailed behavior and to observe dis-
continuities (if any) in the conductivity.
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FIG. 6. Electronic susceptibility €,—1=4my (closed symbols,
left axis) in the insulating phase and conductivity (open symbols,

right axis) in the metallic phase as follows from the Drude—Lorentz
model fits for As,Se;.

To compare our results to well studied disordered sys-
tems, we have plotted in Fig. 6 the electronic susceptibility
€;—1=4mx and conductivity, as follows from the Drude—
Lorentz fits to the reflectivity data for As,Se;. The electronic
susceptibility diverges when approaching the transition pres-
sure from the insulating side, which is consistent with the
extrapolation of the lone-pair oscillator frequency to zero at
the transition. The details of the behavior of the conductivity
could not be accurately followed near the transition, espe-
cially, the existence of the minimum metallic conductivity
could not be addressed in this study, however, the general
behavior is consistent with the stress-induced insulator-metal
transition in phosphorus-doped silicon (as shown in Fig. 2 of
Ref. 23).

VI. CONCLUSIONS

While doping-induced insulator-metal transitions are rela-
tively well studied and both continuous®®  and
discontinuous™ scenaria for the transition have been pro-
posed, relatively few systems have been studied in detail
under high pressures close to the insulator-metal transition
regime. A continuous pressure-induced insulator-metal tran-
sition was suggested in the FeSi;_,Ge, Kondo system by
Mani et al.® A nonreversible pressure-induced insulator-
metal transition has been observed in SiO,?® which is possi-
bly due to the delocalization of lone-pair electrons. Quite
often, an insulator-metal transition under pressure is accom-
panied by a discontinuous change in the sample volume (first
order phase transition),2” which does not allow to consider
pressure (volume) as a continuous parameter. It appears that
the amorphous chalcogenide glasses studied here are con-
tinuously tuned by pressure and provide a perfect model sys-
tem for studying the insulator-metal transition in disordered
solid materials. The optical methods used in this study pro-
vide important details of the insulator-metal transition, in
particular, the delocalization of lone-pair electrons at the
transition. The experimental data can be understood based on
the theoretical calculations for the prototype crystalline
As,Se; material, which supports the notion of similar SRO

24
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and MRO in crystalline and glassy As,Se; and As,S;. Fur-
ther low-temperature studies are required, e.g., of transport
properties in these novel pressure-induced metallic glasses to
compare their behavior to existing theoretical predictions for
metal-insulator transitions in disordered solids*® and noncon-
ventional superconductivity mechanisms.??

In summary, we have measured synchrotron IR reflectiv-
ity and absorption spectra of disordered chalcogenide glasses
As,Se; and As,S; up to the metal-insulator transition. The
transition pressures determined from the closure of the opti-
cal gap from the absorption measurements and from the de-
velopment of the free-electron-like Drude response in reflec-
tivity agree very well. We observe that the slope of the
pressure dependence of the gap decreases in both glasses,
which is consistent with the expected transition of the system
to a more three-dimensional-like behavior above 5—10 GPa.
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The optical and resistivity’ data are supported by first-
principles calculations and indicate that the transition to me-
tallic states in these systems is continuous and arises through
lone-pair electron delocalization and p-band broadening,
without observable jumps in spectroscopic or transport prop-
erties. Thus, the transition in these systems is unlikely a
Mott-type insulator-metal transition.
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