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We report an investigation of the structure and vibrational modes of (Agl), (AsSe)i00_x bulk glasses
using Raman spectroscopy and first principles calculations. The short- and medium-range structural
order of the glasses was elucidated by analyzing the reduced Raman spectra, recorded at off-resonance
conditions. Three distinct local environments were revealed for the AsSe glass including stoichiometric-
like and As-rich network sub-structures, and cage-like molecules (AssSe,, n=3, 4) decoupled from the
network. To facilitate the interpretation of the Raman spectra ab initio calculations are employed to
study the geometric and vibrational properties of As,Se,, molecular units that are parts of the glass
structure. The incorporation of Agl causes appreciable structural changes into the glass structure. Agl is
responsible for the population reduction of molecular units and for the degradation of the As-rich
network-like sub-structure via the introduction of As-I terminal bonds. Ab initio calculations of mixed
chalcohalide pyramids AsSepnls_,, provided useful information augmenting the interpretation of the

Raman spectra.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Chalcogenide glasses (ChGs) have proved a very fertile field of
experimental and theoretical research over the last 30 years due
to several applications of these materials, which are the outcome
of an impressive variety of athermal photoinduced phenom-
ena [1]. Among the most promising applications of chalcogenide
glasses doped with mobile metals (Ag, Cu) and metal halogens
(Agl, Cul) is their potential use as superionic conductors and
chemical sensors [2]. The fact that these amorphous inorganic
materials can be easily prepared in bulk or thin film form is a
major advantage. Further, ChGs exhibit enhanced chemical stabi-
lity to environmental conditions and their physical properties can
be fine tuned by varying the glass composition; these are
characteristic features exploitable in applications [3]. Under-
standing details of the short- and medium-range structural order
of a glassy material is essential for advancing structure-
properties correlations. Vibrational spectroscopy, and in particu-
lar Raman scattering, is a very powerful experimental tool, which
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is frequently employed in structural investigations of glasses
[4,5]. In addition, first principles calculations and ab initio mole-
cular dynamics studies [6] of structure and vibrational properties
are of paramount importance in understanding the very complex,
broad experimental Raman spectra and hence elucidating the
nature of structural units in glasses.

Despite some progress in the field [7(a)], no systematic studies
exist up to now that provide a structural rationale for the role of
the ChG matrix structure and of the doping extent of the super-
ionic additive (Agl) on the electrical or sensing properties of the
material. This is partly due to the complex structure of these
multi-component glasses that are difficult to analyze by classic
diffraction methods in view of the high number of the partial pair
distributions. Besides, micro-phase separation effects take place
frequently in Ag-doped [7(b)] or Agl-doped [7(a)] ChGs, which is
often overlooked and further complicates their study. To under-
stand structure-properties relations one has to study materials
that can form glasses over a wide range of compositions and
various doping levels. The binary system As,Se;go_x Offers this
possibility because it can be prepared in glassy form for a wide
range of compositions exceeding the stoichiometric threshold for
Xas=40, reaching eventually up to x5s=70 [4]. The interest in
glasses with high As content, e.g. xas=>50 lies in the fact that a
large density of homonuclear As-As bonds exist in the structure
of such glasses, which are important for a variety of photoinduced
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effects occurring upon near-bandgap light irradiation [8]. As
stated above, knowledge of the atomic arrangement is the pre-
requisite to understanding macroscopic properties and to develop
tailor-made materials. Therefore, the present investigation is
focused on the structural features and vibrational properties of
(Agl), (AsSe)ig0_x 0<x<30mol%, bulk glasses using off-reso-
nance Raman spectroscopy and ab initio calculations. Due to the
species-specific nature of vibrational modes, Raman scattering
offers unique capability for a detailed description of the glass
structure over conventional diffraction methods that probe mean
coordination numbers. This is particularly true in studies of
glasses with complex structure containing both a network-like
backbone and molecular units decoupled from the network, as is
the present case.

2. Material and methods
2.1. Experimental details

The bulk materials with compositions Agl, (AsSe);go_x have
been prepared by a two-stage synthesis: (i) the preparation of the
binary AsSe compound from elemental As and Se with 5 N purity
(Alfa Aesar); (ii) the synthesis of quasi binary alloys Agl and AsSe
from the obtained arsenic selenide glass and commercial Agl (Alfa
Aesar). Appropriate amounts of the elements or compounds were
sealed in quartz ampoules evacuated to ~10~3Pa, and were
melted in a rotary furnace. The temperature was kept constant
above the liquidus of the mixture, while the melt was continu-
ously stirred for better homogenization. The glasses were
obtained by quenching melts in cold water. Raman spectra were
recorded with the aid of a Fourier transform (FT) Raman spectro-
meter (model FRA 106/S, Bruker) using the 1064 nm laser line as
the excitation source in order to meet off-resonance conditions
and hence to avoid undesired photoinduced effects. The signal
was detected by a liquid-nitrogen-cooled CCD (Ge-detector). The
laser power was set at 150 mW to avoid heat-induced effects. The
number of accumulations was 100 and the resolution was 2 cm ™!
in order to obtain smooth, high resolution spectra.

2.2. Theoretical/calculation details

The Hartree-Fock (HF) molecular orbital theory as implemen-
ted in the GAUSSIAN 03 program package was utilized in the
present study in order to calculate the structural details and the
vibrational frequencies of two cage-like molecular units As,Se,
(n=3, 4) and of the chalcohalide structural models (pyramidal
units) Asl,(SeH); _,, m=0, 1, 2, 3. The accuracy of the computa-
tional method and the basis sets, which have been chosen for the
investigated systems, have been tested by comparing the calcu-
lated properties with other theoretical and experimental struc-
tural data that are available in the literature. The electronic
structure of the atoms participating in the investigated structures
is described by the Ahlrichs TZV basis sets [9(a)]. For a more
accurate description of the nature of the chemical bond between
atoms and for a better determination of the vibrational energies, a
polarization d-Gaussian-type function (GTF) has been added on
arsenic and selenium basis set [10]. The electronic structure of the
atoms participating in the iodine-containing structures are
described by the double-zeta-split-valence+polarization (DZVP)
basis sets [9(b)]. The basis sets are taken from Ref. [10]. The
geometries of all structural models have been fully optimized at
the HF level of theory.

3. Results

The quantitative analysis of Raman spectra, in order to get
insight about the nature and population of structural units that
compose the short- and medium-range structural order, necessi-
tates the use of the so-called reduced representation. The reduction
considers the distortion of the experimental Raman spectra that
has taken place in view of the finite sample temperature and the
wavelength dependence of the scattered light. Therefore, the
reduced Raman spectrum represents the vibrational density of
states weighted by the Raman coupling coefficient. The Stokes-
side reduced Raman intensity (I"9) is related to the experimen-
tally measured one (I®*P) via the equation, for details see [5]:

(@) = (Fo—9) "9 [n@, 1)+ 117 1P (), 1

where n(¥,T) = [exp(h? /kgT)—1]"! is the Bose occupation number
(h and kg are the Planck and Boltzmann constants, respectively);
the term in the fourth power is the correction for the wavelength
dependence of the scattered intensity; v is the Raman shift in
cm~ ', and ¥, denotes the wavenumber of the incident radiation.
Reduction of the Raman spectra is further needed in order to
compare experimental and theoretical vibrational modes. Indeed,
using the vibrational frequencies and the Raman activities
obtained by ab initio calculations, a theoretical spectrum can be
constructed and compared with the reduced experimental
spectrum.

Fig. 1 illustrates the as-recorded and the reduced Raman
spectra of selected (Agl)y (AsSe)i0o_x glasses. The spectra have
been normalized (arbitrarily) in order to highlight the changes in
the relative peak intensities. It is evidently shown that the
reduction procedure severely alters the relative intensities of
the Raman bands, which has a strong impact on the quantitative
analysis in terms of structural units. The Raman spectra reveal
that appreciable structural changes take place upon alloying the
ChG with Agl. The spectrum of the AsSe glass exhibits a few sharp
peaks superimposed on a broad background at high energies, in
the range 180-300 cm ', which are assigned (see below) to bond
stretching vibrational modes and a number of sharper ones at low
frequencies [110-175 cm™ '] originating from bond bending or
deformation modes of the various structural units. The addition of
Agl causes severe reduction in the intensity of the sharp high
energy peaks at 221, 237, and 247 cm !, which become severely
suppressed for Agl 30%, while a new sharp mode appears at
213 cm™~ . In the bending mode regime, relative intensity changes
are mainly observed, while the number of these sharp modes does
not depend on the Agl content. The overall spectral envelope from
200 to 300 cm~ ' narrows progressively with Agl addition.

The aforementioned changes contrast markedly the behavior of
Agl-doped Ge,S3; glasses [11]. The structure of Ge,Ss glass is
network-like where heteronuclear Ge-S and homonucluear Ge-Ge
types of bonds can be found. Specifically, the structure of the Ge,S3
glass was described by an interconnection of mixed tetrahedra of
the form GeS,Ges_, (n=0, 1, 2, 3, 4) [11]. It is interesting to note
that although both glass matrices, AsSe and Ge,Ss, are at the over-
stoichiometric regime, the addition of Agl causes effectively more
drastic structural modifications in the case of the AsSe glass as
revealed by the significant spectral changes in Raman spectra. On
the contrary, the addition of Agl causes mild changes in the
structure of the Ge,S3; glass pointing to a non-network-modifier
role of the Agl additive [11]. The origin of the contrasting behavior
between the two modified glasses is partly associated with the
enhanced molecular-like nature of the AsSe glass in comparison
with the Ge,S; glass; see next section for details.

The Raman spectra shown in Fig. 1 reveal that in order to
describe the structure of the AsSe glass a network-like component
of mixed pyramidal units As-Ass_,Se, [12,13] as well as a
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Fig. 1. (a) Experimental and (b) reduced Raman spectra of (Agl)x (AssoSes0)100—x glasses and crystalline Agl. (a) A magnification of the low energy spectral region. Raman
bands related to amorphous As (see Section 4.1 for details) are encircled in dashed lines.
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Fig. 2. Ball and stick draws of the HF fully optimized structures of highly
symmetric AssSp, () m=4, and (b) m=3 cage-like structural models. Purple and
dark yellow atoms represent As and Se, respectively. As® and As® stand for apical
and basal As atoms in As,Ses. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

number of discrete cage-like molecules must be invoked. Due to
the proximity of the masses of As and Se atoms, their vibrational
modes are situated at the same energy range and thus the
interpretation of the Raman spectra of As-Se glasses, especially
in the As-rich regime, is very complicated. On the other hand,
the molecular cage-like units AssSe,, (m=3 or 4) exhibit much
sharper Raman peaks in comparison with network-like structures
and the peak identification is more straightforward.

Using the first principles methods described in Section 2.2 we
have undertaken a fully optimization of the structures of the
cage-like molecules shown in Fig. 2. In As,Se4 (D4 symmetry,
realgar-type molecule) there are two homonuclear As-As bonds;
all As atoms are equivalent. On the other hand, in AssSes (Cs,
symmetry) there are three equivalent As atoms forming the basal
triangle of the unit and an apex As atom which is bonded to three
Se atoms. Table 1 contains the structural parameters of the cage-
like units as estimated by the HF/TZV method. As® and As? stand
for the basal and apical As atoms, respectively, in As;Ses. Our
structural data are in very good agreement with the correspond-
ing experimental values [14,15]. Ab initio calculations for As,Se,
have also been performed [16]; however, no geometrical details
were reported. For the As;Ses molecule, no such experimental or

Table 1

Calculated and experimental bond distances (A) and angles (°) at the HF/TZV level
of the theory, for the As,Se; and As,Se; cage-like models with D,4 and G,
symmetry, respectively.

Bond length/angle AssSey (D2g) As,Ses (C3y)

HF/TZV Exp.P HF/TZV
R(As-As) 2.555 2.564, 2.565 2.461
R(As-Se) 2.377 2.388, 2.39 (As,-Se) 2.371
(Asp-Se) 2.367
£ (As-Se-As) 97.6 98.1,97.2 101.9
£ (Se-As-Se) 94.6 94.1, 94.7 99.4
£ (As-As-Se) 101.4 101.2, 101.5 104.1

2 Taken from Ref. [14].
b Taken from Ref. [15].

Table 2

Calculated and scaled Raman and IR harmonic frequencies (cm~') at HF/TZV level
of theory and experimental Raman frequencies of the As,Se, cage-like model (D54
symmetry). The brackets contain the calculated intensities in the following form
[Raman activity in A*.(amu)~'/depolarization ratio, IR intensity in km mol~'].
Intensities and activities less than 0.1 have been set equal to zero.

No Symmetry HF/TZV calculated HF/TZV scaled Experimental®

1 A 75.3[0/0.41,0] 64.0 Inactive

2 E 125.1 [1/0.75,0.9] 106.3

3 B 130.0 [8.5/0.75,0] 110.5 152 (6 As-Se-As)
4 B, 151.4 [4.6/0.751.3]  128.7

5 Aq 171.1 [14/0.33,0] 145.4 144 (0 As-Se-As)
6 E 202.6 [4/0.75,0.2] 172.2

7 By 222.0 [3.9/0.75,1.9] 188.7 190 (v As-As)

8 A 239.7 [25.2/0,0] 203.7 207 (v As-As)

9 A 279.9 [0/0.67,0] 237.9

10 E 282.7 [5/0.75,13] 240.3

11 B, 285.3[2.9/0.75,10.7] 2425 240 (v As-Se)®
12 E 287.2 [0/0.75,0.3] 244.1

13 B 290.4 [6/0.75,0] 246.8 235 (v As-Se)

14 A 290.6 [23.6/0,0] 247.0 248 (v As-Se)

2 Taken from Ref. [17].
P IR frequency.
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theoretical structural analysis has been reported so far in the
literature.

Vibrational analysis was performed at the HF level theory for
both molecules in order to obtain the harmonic frequencies of
their vibrational modes. A complete list of the harmonic frequen-
cies of both molecules together with the assignment of these
modes is compiled in Tables 2 and 3 for As;Se; and As,Ses,
respectively, in comparison with previous experimental data
[17,18]. The tables contain the harmonic frequencies of Raman
and infrared active modes and the corresponding Raman activ-
ities. It is common that calculated frequencies of isolated mole-
cules differ from the true experimental values if these molecules
are embedded in a condensed phase due to the effect of environ-
ment (intermolecular interactions). This discrepancy does not
exist when comparing calculated and experimental data of
molecules in the gaseous phase. Further sources of disagreement
between theoretical and experimental frequencies are the neglect
of anharmonicity in theoretical calculations, the incomplete
incorporation of electron correlation, and the use of finite basis
sets. Therefore, in order to correctly compare experimental and
calculated spectra, scaling factors are frequently employed. Fig. 3

Table 3

Calculated and scaled Raman and IR harmonic wavenumbers (cm~') at HF/TZV
level of theory and experimental Raman frequencies of the As,Se; cage-like model
(C3, symmetry). The brackets contain the calculated intensities in the following
form [Raman activity in A*.(amu)~'/depolarization ratio, IR intensity in km
mol~']. Intensities and activities less than 0.1 have been set equal to zero.

No Symmetry HF/TZV calculated HF/TZV scaled Experimental’
1 A 104.9 [0/0.75,0] 91.3

2 E 121.2 [2.8/0.75,1.2] 105.4 109 (6 As®-Ses)
3 E 169.3 [8.1/0.75,0] 1473 144 (5 As®-Se)
4 A 199.7 [7.1/0.57,01]  173.7 166 (5 As*-Ses)
5 E 224.4 [8.8/0.75,1.1] 195.2 199 (v Ass)

6 A 266.9 [42/0.01,1.5] 232.2 233 (v As*-Ses)
7 A 280.0 [0.7/0.30,11.8] 243.6 243 (v As-Se)
8 E 286.7 [3.0/0.75,7.0] 249.4 236 (v As-Se)
9 E 299.1 [0/0.75,0.1] 260.2 263 (v As*-Ses)
10 A 3264 [11.4/0.15,0.2] 283.9 278 (v Ass)

1 Taken from Ref. [18].
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shows experimental and theoretical Raman spectra for the As,Se,
and As,Se; cage molecules. The experimental Raman spectra for
AssSe, and As,Ses are taken from Refs. [18,19], respectively.
Calculated spectra are constructed from the harmonic vibrational
frequencies and Raman activities obtained using Gaussian type
distributions. A common full width of 5 cm~! was chosen for all
vibrational lines to achieve a satisfactory agreement in the
spectral shape of experimental and calculated curves.

The theoretical spectra were scaled by a common factor for all
Raman modes. The scaling factor for As,Se4 is 0.85 and corre-
sponds to the factor needed to bring into coincidence the sym-
metric stretching As-Se vibrational mode, which is calculated at
291 cm~! (experimental value 248 cm~'). We observe that with
a single scaling factor we achieve a very good agreement between
experimental and calculated spectra. The theoretical frequency of
the symmetric stretching As—-As vibrational mode (scaled value:
204 cm~ ') and its relative intensity is very close to the experi-
mental value (207 cm~!). The calculated values for band posi-
tions and relative intensities are less accurate for bending and
deformation modes. However, the agreement can be considered
satisfactory, considering the neglect of intermolecular interac-
tions in the ab initio calculations. The scaling factor of As,Ses
(0.87) also results in a satisfactory agreement between experi-
ment and calculations. In this case the matching was performed
at the vibrational mode, which describes the symmetric breathing
mode of the whole molecule, located at 233 cm~!. The scaling
factors emerged in this work are within the typical range [21] for
ab initio simulations performed with the HF method.

4. Discussion

4.1. Structure of glassy AsSe

It is worth mentioning that more details are known about
photoinduced effects (see for example optomechanical [8] and
photoplastic [22] effects) exhibited by the AsSe glass than about
its short- and medium-range structural order. It is known that the
structure of As-Se glasses is strongly dependent on the glass
stoichiometry. In Se-rich glasses, long helical Se chains and
AsSes), pyramidal units are the main structural building blocks.
The addition of As results in the formation of a network-like

100

150 200 250

Raman Shift [cm-1]

300

Fig. 3. Experimental (solid circles) and theoretically calculated (solid lines) Raman spectra of crystalline (a) AssSe4 and (b) As,Ses; see text for details.
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structure of low dimensionality [4]. This process continues up to
an As content of 40% where two-dimensional layers of AsSes,
corner-sharing pyramids in few-member rings form. At this point
many physical properties of the binary system, such as glass
transition temperature, Tg, and the shear modulus, are maxi-
mized [4]. Interesting effects occur upon a further increase of As
atoms where molecular species start forming. At the equimolar
composition, x=50, besides the glass, there exists a stable crystal-
line form with the realgar structure of the corresponding arsenic
sulfide compound. Structural studies using X-ray photoelectron
spectroscopy (XPS) of As,Sejgo_x films with x >40 have been
interpreted to be compatible with mixed pyramidal units of the
form As-Ass_,Se, (n=0, 1, 2, 3) [12,13]. However, the existence
of molecular-like species as As,Se;, (m=4 or 3) could not be ruled
out or confirmed by analyzing XPS data. The decrease of T, in
comparison with the maximum value at the stoichiometric
composition [4] implies a rather gentle network modification by
the presence of extra As atoms.

The structure of As-rich, As-Se glasses has been studied by
diffraction methods [23] pointing to the suggestion that that
pyramidal AsSes;, and cage-like AssSe4 structural units exist in
bulk glasses. Leadbetter and Apling [24] studied As,Sejoo_x
glasses (30 < x < 50) by X-ray and neutron diffraction interpreting
their data as being consistent with a layered structure and the
satisfaction of the 8-N rule for coordination of As and Se. In an
EXAFS study, Elliott and Kolobov [25] compared the structure of
an a-AssgSeso film and the corresponding bulk glass. They
reported that there are not significant changes in the short-range
order. Arsenic is coordinated on the average by 2.4 Se atoms and
by 0.7 As atoms. Selenium is coordinated by 1.8 As atoms. A
detailed EXAFS study for binary glasses As,Sejoo_x glasses
(20 <x < 57) have been undertaken by Mastelaro et al. [26]. The
analysis revealed the existence of homonuclear As-As bonds in
the As-rich region. Infrared reflectance spectra have also been
used and provided some details about the structure of As-rich
glasses [27,28] suggesting the existence of particular structural
units in the Se-rich and As-rich composition domains. Finally,
structural details about As-Se glasses have also been inferred by
analyzing temperature-modulated differential scanning calorime-
try results [29,30]. In the most recent study [31], the atomic
structure of the AssgSeso was studied by X-ray, neutron diffrac-
tion, and EXAFS, modeling all experimental data simultaneously
by the reverse Monte Carlo technique. The analysis was consistent
with coordination numbers Nas_as=1.03+0.05 and Nas_se=
1.97 +0.08.

Given the above brief literature survey on the structure of
vitreous AsspSesg, it becomes obvious the necessity of Raman
scattering, a species-specific technique, to analyze in detail the
structure of this glass and its change upon alloying with Agl. The
elucidation of the vibrational properties of the most possible
cage-like molecules will augment this attempt. To facilitate the
discussion, we compare in Fig. 4 the experimental reduced Raman
spectra of the Agl-free glasses AsSe and As,Ses together with the
Raman spectra derived from ab initio calculations. The network-
like nature of the stoichiometric glass structure, dominated by
corner-sharing AsSes, pyramids, is characteristically reflected by
the very broad, featureless Raman spectrum in the spectral range
200-300 cm ™. The addition of extra As atoms, over the stoichio-
metric threshold, causes partial network degradation as evi-
denced from the appearance of sharp peaks in the spectrum of
the AsSe glass, which are, however, superimposed on a remaining
broader spectrum.

The decomposition of the Raman spectrum of the AsSe glass
into its individual vibrational lines, using Gaussian type distribu-
tions, is shown in Fig. 5(a). The breadth of the spectrum renders
the interpretation of the various lines complicated. The reason is
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Fig. 4. Experimental Raman spectra of glassy AsSe and As,Ses. The theoretically
calculated Raman spectra of As,Se, and As,Se; have been added for comparison.
The inset shows the low energy region in magnification.

that the structure of the AsSe glass can be considered as a
combination of three sub-structures:

I. a stoichiometric-like one, resembling the structure of As,Ses,
composed of corner-sharing AsSes;; pyramids;
II. a contribution from mixed pyramids As-Ass_,Se,, (n=0, 1,
2,); and
Ill. a fraction of cage-like molecules (AssSe4, As;Ses) decoupled
from the network structure.

Sub-structures of type Il and III will be called henceforth the
As-rich components. Within the above context, we can adopt a
simpler approach to clarify the structural features of the AsSe
glass. In a first approximation, we can estimate the Raman
spectrum that corresponds to the As-rich sub-structures as the
difference between the Raman spectra of the stoichiometric and
the AsSe glasses, after proper scaling. As shown in Fig. 4, we have
chosen to scale the two spectra at the region of ~275cm™!
(marked by a star) due to the existence in this spectral range of a
characteristic line of network-like origin, which exists in both
spectra. The difference spectrum, which apparently represents the
vibrational lines originating from the As-rich structural species
present in the AsSe glass, is illustrated in Fig. 5(b). It is analyzed
with a sum of Gaussian distribution peaks whose energy positions
are shown in the figure. Absolute errors for band frequencies, as
provided by the analysis, are less than 0.5 cm™! apart from the
not well-resolved lines at 195.8 and 260.9 cm ™! where the errors
amount to ~1.0 cm~ . Following the analysis described above the
interpretation of the new modes becomes more straightforward.
The bands at 189.5 and 195.8 cm~! are assigned to anti-sym-
metric stretching frequencies of v(As-As) and U(Asg) in the As,Se,
and As,sSes molecules, respectively. The sharp mode at
236.8 cm~ ! is near the symmetric stretching mode of the As®Se;
pyramid of As,Ses located at 233 cm~'; a slight shift of about
4cm~! can be accounted for by the different degree of inter-
molecular interactions, which these cage-like molecules experi-
ence in the crystalline and in the glassy phase. Further, the
247.3 cm~! mode is assigned to the v(As-Se) symmetric stretch-
ing mode of As;Se, molecules (see Fig. 4).

The intense spectral envelope 200-240 cm~ ' (exhibiting its
maximum at 220cm~') and the weaker bands at 156 and
120 cm~! are signatures of vibrations of elemental amorphous

-1
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Fig. 5. (a) Difference spectrum between of the reduced Raman spectra of glassy
Aglso (AssoSesp)70 and AsySes. (b) Reduced Raman spectrum of glassy AssoSeso.
(c) Reduced Raman spectrum of Aglzg (AssoSeso)70. Open circles: experimental
data points (only 50% of data points are shown for clarity. The thick solid line
through the data points is the best fit result. Dashed lines represent the Gaussian
distribution for the individual vibrational modes.

As [32] or As-rich domains. Indeed, these bands exhibit a common
trend, i.e. become systematically weaker with the increase of Agl
as seen in Fig. 1(a) and its inset. The spectral envelope 200-
240 cm~! is decomposed into three bands situated at 204.5,
211.3, and 220.4 cm~'. We suggest that these bands are possibly
associated with the stretching vibrational modes of As—-As bonds
in As-rich (n=0, 1) mixed pyramids As-Ass _,Se,. Finally, the two
peaks at higher energies, 255.2, 260.9 cm !, are possibly asso-
ciated with to vibrational modes of the mixed pyramids As-
Asz_,Se, that appear due to the removal of degeneracy in the
reduction of the C3, symmetry for pyramids with n=3 to C
symmetry for pyramids with n=1, 2.

4.2. Agl-induced structural changes in glassy AsSe

As shown in Fig. 1, the addition of Agl causes severe changes in
the structure of the AsSe glass. This finding has to be compared
with the structural changes in other similar glasses (Agl)y
(AszSes)100_x [33] where it was reported that the Raman spectra

of the mixtures for Agl contents up to 60 mol% are almost
identical with that of the As;Ses glass. To account for this
observation, it was suggested [33] that the network matrix in
the mixed glasses consists of AsSes, pyramidal units, whilst a
significant number of Ag atoms are tetrahedrally bonded to I, in a
similar way as in crystalline o-Agl. In that sense, the structure for
these glasses is considered to be phase separated in a stoichio-
metric-like (As,Ses) backbone and dispersed Agl clusters. Com-
paring the Raman spectra of the Agl-doped As,Ses glass [33] and
the Agl-doped AsSe glass in our case we conclude that the
existence of homonuclear As-As bonds (E"°"¢=46 kcal/mol) act
as the weak centers, which are more easily disrupted by iodine
ions than As-Se bonds (E”°"®=52 kcal/mol). Moreover, the differ-
ence in Pauli electronegativities between the As, I and As, Se pairs
is ~30% higher in the former providing further justification to the
preference of I atoms to bond to As ones.

Inspecting Fig. 1 it becomes evident that iodine ions attack As-As
bonds in both As-rich sub-structures described in Section 4.1.
Indeed, we observe decrease in the intensity of the sharp lines at
221, 237, and 247 cm~ !, which eventually disappear for Agl 30%.
The first arises from As-rich environments in mixed pyramids, while
the other two originate from vibrations of the decoupled cage-like
molecules (As,Ses, AssSes). Further, it is evident the decrease in the
breadth of the spectral envelope 200-280 cm™!, which reflects
depletion of network modes of the sub-structure composed of
mixed pyramids As-Ass_,Se,. In addition, the degradation of the
mixed pyramidal network, due to Agl addition, is further implied by
the systematic decrease of the band at 277 cm~! and of the low-
frequency background below 100 cm ™.

To better understand the nature of structural changes brought
about by Agl one should be able to elucidate the individual role of
Ag and I ions. Some information has been provided by recent
X-ray and neutron diffraction studies where the structural func-
tion of each atom, Ag and I, to AsSe glass was studied separately
[31]. It was suggested that Ag tends to form bonds with Se atoms
increasing the connectivity of the glass structure. On the contrary,
iodine bonds preferentially to As atoms causing the reduction in
the mean coordination number and the network structure of the
glass. We therefore expect, in the present case, that the addition
of both ions Ag and I simultaneously will cause complementary
structural modifications. The newly formed Ag-Se bonds are of
ionic character with small Raman cross section, and the corre-
sponding vibrational modes are therefore expected rather diffuse
and broad in the Raman spectra. The Ag-Se vibrational frequency
lies at an energy range near 200 cm ™~ [34]. On the other hand, the
newly formed As-I (terminal) bonds exist in mixed chalcohalide
pyramids AsSe,,ls_,, (m=0, 1, 2) and will appear more intense
and sharper in the Raman spectrum owing to the high polariz-
ability of the As-I bond and the well defined geometry of the
pyramids, respectively.

In order to identify the Raman bands of these new species we
have to recall that the Aslz pyramidal unit (C3, symmetry)
exhibits its symmetric v{(A) and anti-symmetric v3(E) stretching
vibrational modes at 212 and 201 cm~!, respectively, in the
gaseous phase [35] and at 216 and 221 cm™!, respectively, in
solutions [36], where intermolecular interactions are stronger.
Bending modes are weak and located below 90 cm~!, thus not
resolved in the present study. We observe that the anti-sym-
metric mode frequency is significantly affected by the environ-
ment, being higher than the symmetric one when intermolecular
interactions are stronger; a fact related probably to the change of
the apex angle of the trigonal pyramid. Using a Gaussian line
fitting we have decomposed the spectrum of the more heavily
doped glass, i.e. (Agl)so (AssoSeso)7o, into its vibrational lines as
illustrated in Fig. 5(c). It is instructive to compare this analysis
with that we have followed for the difference spectrum in
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Table 4

453

Bond lengths, unscaled harmonic vibrational frequencies (Raman), and atomic charges calculated at HF/DZVP level of theory for the pyramical units shown. Numbers in

parentheses stand for the Raman activity of the modes given in A*.(amu)~" units. The first row shows HF fully optimized ball-and-stick draws of the pyramidal units.

Purple: As; Dark yellow: Se; Red: I; Light gray: H.

Model AsSe;H3 AsSe,H,I AsSeHI, Asl;
Symmetry GCsy Cs Cs C3y

r(As-Se) (A) 2.398 2.385 2.388 -

r(As-1) (A) - 2.624 2.594 2.588

vSS (As-Se) (cm 1) 270.1 (38.0) 290.1 (24.2) 292.3 (18.2) -

v (As-1) (cm 1) - 232.9 (23.4) 239.2 (28.0) 236.6 (27.2)
v (As-Se) (cm 1) 297.0 (15.7 298.1 (13.0) - -

vsS (As-I) (cm™ 1) - - 249.8 (15.7) 251.3 (15.1)
q (As/Se[l) 0.25/-0.25/ - 0.31/-0.22/-0.21 0.32/-0.20/-0.14 0.36/-/—-0.12

Fig. 5(b), which represents vibrations of As-rich sub-structures of
type Il and III. Upon adding Agl: (a) we observe a severe depletion
of the main bands of the type II sub-structure, i.e. As-Ass_,Se,
pyramids, at 204.5, 211.3, and 220.4 cm~!, which are almost
absent in the spectrum of the Agl 30% glass; (b) the 236.8, 247.3,
and 255.2cm~! are practically not resolved in the Agl-doped
glass.

Before proceeding to the assignment of the various lines
composing the Raman spectrum of the Ag 30% glass we have to
take into account that two types of As-I bonding exist, i.e. As-I
bonds in pure halide pyramids Aslz (m=0) and As-I bonds in
mixed chalcohalide pyramids AsSel,, AsSe,l (m=1, 2). The differ-
ent electronic structure of As atoms in neat (halide) and mixed
(chalcohalide) pyramids has an impact in the As-I bonding. Using
the methods described in Section 2.2 we have calculated the
structure and harmonic frequencies of all possible combinations
of AsSen,ls_,;, pyramids. Se atoms are terminated by H atoms as
shown in the ball-and-stick draws in Table 4. The table also
contains the unscaled (symmetric stretching v** and anti-sym-
metric stretching v3), harmonic vibrational frequencies of the
neat AsSes, Asl; and the mixed AsSel,, AsSe,I pyramids. The As-Se
bond, in mixed pyramids, strengthens in comparison with its
value in the neat AsSe; pyramid. The corresponding As-Se
vibrational frequencies shift to higher values in mixed chalcoha-
lide pyramids. Similar trend in As-Se bond length was observed in
diffraction studies [31]. On the contrary, the As-I bond seems to
become longer (weaker) only in the iodine-poor pyramid AsSe,l.
This result is supported by the appreciable increase of the I atom
charge as compared to the charges of the iodine-rich pyramids.
The stretching vibrational frequency of the As-I terminal bonds
seems not particularly dependent on the type of pyramid into
which is embedded. A factor of 0.896 is needed to scale experi-
mental (gas phase) and theoretical frequencies for Asls;. The
corresponding factor for AsSs is 0.866; however, in this case the
comparison of the calculated value is done with the glass phase
where intermolecular interactions are responsible for the higher
deviation. As in the case of the As,Se,, molecules, the scaling
factors of the pyramidal units lie with the typical range for ab
initio HF calculations [21].

Based on this information, we consider the following assign-
ments for the decomposed Raman lines of the (Agl)sg (AssoSes0)70
glass. The line at 213 cm ™! is associated with the bond stretching
frequency of the As-1 bonds in any type of pyramids. The
223cm~! peak is attributed to the anti-symmetric bond

stretching vibrational mode of the As-I bond in Asl; and AsSel,,
pyramids. The experimental ratio (v/v**)**P'=1.047 is in very
good agreement with the calculated one (v*/v**)®=1.062 and
1.044 for Asl; and AsSel,, respectively. The origin of the broad
peak centered at ~203 cm ! is not so clear. As stated above, the
Ag-Se vibrational mode is expected to near or below 200 cm ™!
[34]. In addition, the lift of degeneracy owing to the symmetry
reduction from Cs, in neat pyramids to C; in mixed chalcohalide
pyramids (see Table 4) has as a consequence the appearance of
new Raman active modes. Therefore, the band at ~203 cm~! is
possible associated with overlapping lines of Ag-Se and As-I
vibrational modes.

The analyzed spectrum of the (Agl)so (AsSe);o glass contains
also intense peaks at 235, 245, 252, and 260 cm~'. Based on the
finding that the As-Se bonds strengthens in the mixed chalcoha-
lide glass in comparison with the pure AsSe glass, these bands can
be assigned to vibrational modes of the network of corner-sharing
AsSesj, pyramids (sub-structure of type I). The calculated blue-
shift of the As-Se vibrational frequencies is of about 8%; thus the
characteristic (experimental) frequency of corner-sharing AsSes,,
pyramids at 230cm™! is expected to shift to ~250cm™! in
Agl-doped glasses. However, the presence of some As-rich frag-
ments either of type II or Il cannot be excluded in view of the
experimental (diffraction) data which show that a non-negligible
fraction of As-As bonds exists in the structure of the glass with
35% Agl [31]. Indeed, as shown in the inset of Fig. 1, the bending
modes of the cage-like units exhibit a peculiar behavior as
function of Agl content. In particular, while the stretching modes
of the cage-like units at high energies seem to disappear with
increasing Agl in the glass, the opposite occurs for their bending
modes. A possible rationale of this odd trend could adopt a drastic
relative change in the Raman cross section of bending and
stretching modes of the cage-like units upon the variation of
their immediate environment when alloying the AssqSeso glass
with Agl.

5. Conclusions

Raman scattering and ab initio calculations have been
employed to study structural details of Agl-doped AsSe glasses.
Calculations were applied to cage-like molecular AssSe,, (n=3, 4)
units, providing geometrical data (bond lengths and angles) and
harmonic vibrational frequencies. The calculated Raman spectra
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exhibit satisfactory agreement with the experimental ones for the
corresponding molecular crystals. Analysis of reduced Raman
spectra revealed that the AssoSesg glass structure can be described
by three sub-structures, i.e. a network of corner-sharing As,Ses
pyramids, a network of mixed As-Ass_,Se, pyramids, and mole-
cules (As4Sey, AssSes) decoupled from the network structure. The
addition of Agl causes appreciable structural changes and in
particular the reduction of the As-rich environments, i.e. mixed
pyramids and cage-like molecules. Assignments of the vibrational
modes in heavily doped Agl glasses have been assisted by ab initio
calculations of the harmonic frequencies of neat AsSes, Asls, and
mixed AsSel,, AsSe,l pyramids.
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