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Abstract

Very little is known about mercury chalcogenide glasses. Using Raman spectroscopy
and DFT modelling, we show that the (HgS)x(As2S3)1-x glasses, 0.0 < x < 0.5, form a hybrid
Hg-S chain/As-S pyramidal network, highly unusual for metal chalcogenide glasses. This
network is evidenced by Hg-S stretching modes at 300 and 370 cm! and an As-S spectral
envelope centred at 340 cml. The decreasing glass transition temperature is consistent
with a gradual substitution of more rigid corner-sharing CS-AsSz,2 pyramids by flexible
(HgSz2/2)n chain fragments. Nevertheless we cannot exclude completely the presence of a
small fraction of HgSs/4 tetrahedral units. A non-monotonic change in electronic
transport properties and metacinnabar B-HgS traces detected using neutron diffraction
in large x = 0.5 samples support the dual structural role of mercury.
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'I' Electronic supplementary information (ESI) available: Electrical characteristics of HgS-As2S3 glasses
(Table S1); Raw Raman spectra and background correction (Fig. S1); Visualisation of Hg-S stretching
modes in Hg>S3 oligomer (Movies SM1-SM3)
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1 Introduction

Chalcogenide and chalcohalide glasses have attracted a great deal of interest in both
fundamental research and technological fields. They are suitable model systems to
verify theories of glass formation, network rigidity, ionic and electronic transport in
disordered systems, etc.1-* The extensive glass forming regions with many elements of
the Periodic Table makes it possible to change the composition of these glasses over a
wide range thus modifying significantly their electrical, magnetic, optical, thermal,
chemical and other properties. Consequently, the functional chalcogenide glass
materials appear to be suitable for various solid-state devices and a large number of
advanced applications: (1) phase-change optical recording in rewritable high-density
storage media,>7 (2) vitreous electrolytes for all-solid-state batteries in rechargeable
power systems,?? (3) chemical sensors for environmental monitoring and industrial
process control, 1011 (4) integrated optics and photonic applications.12-14 Chalcogenide
glasses transparent in the far IR region (A > 15 um) are critically important for many
optical systems. Selective remote IR spectroscopy of various biotoxin and gas species,
thermal imaging, interstellar IR detection of life signature at exoplanetary systems,
etc.15-18 represent only a few examples. The glasses containing heavy elements are
particularly promising for these applications. Surprisingly, very little is known about
the structure and properties of mercury chalcogenide glasses except for a few papers
with approximate glass-forming regions and basic glass characterisation.1-21  In
particular, the question arises whether mercury will modify the pyramidal network of
arsenic chalcogenide or tetrahedral network of germanium chalcogenide glasses.
Dimorphism of crystalline mercury sulphide (chain-like cinnabar a-HgS vs. cubic
metacinnabar B-HgS with zinc-blende lattice) also opens discussions on local mercury
environment in the glass and its structural role in the network. In this paper, using
Raman spectroscopy and DFT modelling, we report a hybrid Hg-S chain/As-S pyramidal
network in the HgS-As;S3 quasi-binary system, highly unusual for metal chalcogenide
glasses. The reduced network connectivity related to a gradual substitution of more
rigid corner-sharing CS-AsS32 pyramids by flexible (HgSz/2)n chain fragments is
responsible for thermal properties of the mercury thioarsenate glasses. The dual
structural role of mercury will also be discussed in relation to non-monotonic changes in
electronic transport properties of these glassy insulators.

2 Experimental
2.1  Glass preparation

The quasi-binary (HgS)x(As2S3)1-x samples (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) were
prepared from HgS and As2Ss. Red mercury sulphide o-HgS (99.99% pure, Sigma-
Aldrich) was used for synthesis of HgS-As>S3 samples without additional purification.
Arsenic sulphide As2S3 was prepared from arsenic pieces (99.9999 % pure, Cerac) and
sulphur pellets (99.999% pure, Acros Organics). Arsenic and sulphur were purified
from As203 and SO2 oxides at the surface by heating under vacuum at 320 °C and 130 °C,
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respectively. The detailed synthesis and homogenisation procedure was described
elsewhere.22 Sample compositions (typically 3 g of the total mass), in required
proportions, were sealed under vacuum (10-¢ mbar) in silica tubes (8 mm ID/10 mm
0D) and heated to 850 °C before quenching from 800 °C into a cold salt/water mixture.

All the samples were characterised by laboratory x-ray diffraction (XRD) using a Bruker
D8 Advance diffractometer and Cu K, radiation at ambient conditions. For selected
samples with high mercury sulphide content, 0.4 < x < 0.5, the time-of-flight neutron
diffraction (ND) and high-energy x-ray scattering (HE-XRD) have been used. The ND
measurements have been carried out using the NOMAD diffractometer at the Spallation
Neutron Source (Oak-Ridge National Laboratory, TN, USA). The 11ID-B and 6ID-D
instruments at the Advanced Photon Source (Argonne National Laboratory, IL, USA)
were used for the HE-XRD experiments.

2.2 Density and DSC measurements

The density, d, of the samples was measured by a hydrostatic method using toluene as
an immersion fluid and a germanium standard (5.323 g cm3). A Sartorius YDK 01-0D
density kit was used for the measurements. The differential scanning calorimetry (DSC)
experiments were carried out using a TA Q200 instrument at a heating rate of 10 K
min-! in the temperature range from 20 to 400 °C. Samples of 10 to 15 mg, encapsulated
in a standard aluminium pan, were used for DSC measurements. An empty aluminium
pan was served as a reference, and high purity nitrogen Nz as the purge gas. DSC traces
were used to obtain the glass transition temperature, Ty, as the temperature
corresponding to the intersection of two linear portions adjoining the transition elbow
of the DSC trace. Further details of glass characterisation techniques were reported
previously.22.23

2.3 Conductivity measurements

The DC electrical conductivity of the samples, g4., was measured using a Hewlett
Packard 4339B high resistance meter with an applied voltage of 100 volts. A
temperature range between 65 and 155-185 °C was used, depending on composition;
the maximum temperature was below T for the glass samples. The quenched samples,
prepared as rectangular plates, were polished using SiC powder (9.3 p grain size). The
sample sides were ground parallel and gold was deposited on opposite sides to form
electrodes for conductivity experiment, ie., the electrochemical cell for conductivity
measurements was Au|glass|Au. Typical thickness of the samples was in the range of
1.0-1.2 mm. The temperature dependence of conductivity was studied in several cycles,
each consisting of a heating and a cooling step, in order to investigate a possible
hysteresis. The hysteresis effect was found to be insignificant.
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2.4 Raman spectroscopy measurements

Raman spectra were collected at room temperature using a LABRAM Dilor spectrometer
(Jobin Yvon Horiba Group) equipped with a triple monochromator, liquid nitrogen
cooled CCD detector and a microscope. Raman scattering was excited by a 632.8 nm He-
Ne laser and recorded in the 80-1200 cm1 spectral range. To avoid crystallisation of the
glassy samples, the laser power was set to 0.1 mW and the acquisition time varied
between 60 and 150 s. Two to four spectra were registered for each sample at different
positions in order to verify the sample homogeneity and the absence of photo-induced
phenomena. The spectrometer resolution was 1cm-1.

2.5 DFT modelling

The DFT calculations have been carried out using GAUSSIAN 0924 associated with its
graphical user interface GaussView. In order to find a compromise between the cost of
the calculations and the accuracy of the results, structural optimisation and harmonic
vibrational frequency calculations were performed for size-limited clusters composed of
Hg2S3(Hz2) and HgsSs5(Hz2) oligomeric chains, as well as of HgAs2Ss(H4) and Hg2As2S7(Ha)
chain/pyramidal subunits. Our previous DFT modelling of the chalcogenide glass
vibrational properties2> has shown that the above cluster size is sufficient to adequately
represent the characteristic vibration modes in the glass and follow compositional
trends. In particular case of mercury thioarsenate glasses, the Hg>S3(Hz) cluster appears
to be the smallest Hg-S chain fragment representing the helical geometry in a-HgS. The
next oligomer HgsSs(Hz2) was chosen to study the effect of chain length on vibrational
properties. The hybrid units HgAs>Se(Hs4) and HgzAs2S7(H4) reflect the effect of
asymmetric bonding, i.e.,, =As-S-Hg-, in a hypothetical continuous glass network on the
vibrational force constants compared to pure Hg-S chains, -Hg-S-Hg-. Terminal
protons (Hm), where m = 2 or 4, added to the bridging sulphur species in the clusters to
avoid dangling bonds, will be omitted in further structural discussions as well as the
respective hydrogen-related vibrations.

The DFT calculations were carried out with the Becke2¢ three parameters hybrid
exchange functional and the Lee-Yang-Parr correlation functional (B3LYP).2” The rather
large 6-311G++(3df,2p) basis-set was used for arsenic, sulphur and hydrogen. In the
case of atoms with a heavy nucleus like mercury, relativistic effects due to the inner core
electrons having a velocity close to the speed of light should be taken into account. For
Hg atoms, we have declared in the input file an external pseudo-potential or Effective
Core Potential available in the Environment Molecular Science Library.28 The small-core
relativistic pseudo-potential basis set (cc-pVTZ-PP)2° was specifically employed. All the
structures were optimised using the tight convergence option ensuring adequate
convergence and reliability of computed wavenumbers. In the tight convergence option,
the average root mean square (RMS) force on all atoms was set to be 1 x 10-> atomic
units and scales the maximum remaining force on an atom in the system, the maximum
displacement as well as the average RMS change over all structural parameters
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accordingly.2* Harmonic frequency calculations were performed with the method and
basis set used for the optimisation. The best quality of the wavenumber predictions was
obtained with an optimum scaling factor close to 1 and a root-mean square standard
deviation around 5 cm=1.30

In the following sections we will present and discuss only the calculated vibrational and
geometric properties. The electronic properties (HOMO - LUMO gap, charges on atoms,
etc.) are omitted from the analyses since we do not have the respective experimental
data for comparison.

3 Results and discussion
3.1 Glass forming range

Visually, the (HgS)x(As2S3)1-x samples containing less than 60 mol.% HgS appear to be
vitreous. The x = 0.5 composition synthesised in small quantities (0.1-0.3 g) does not
show any Bragg peaks, Fig. 1(a), while a large sample (3 g) exhibits small but distinct
Bragg peaks corresponding to cubic metacinnabar (-HgS, Fig. 1(b). The high-
temperature -HgS form is metastable at ambient conditions and seems to be quenched
from the melt in the large x = 0.5 sample. The glassy/crystalline x = 0.6 sample shows
both broad diffraction features characteristic of glassy and amorphous materials and
intense and narrow Bragg peaks related to trigonal cinnabar a-HgS, Fig. 1(c).

The glass-forming range in the HgS-As»S3 system at x < 0.5, obtained in our conditions of
glass synthesis and quenching, is similar to the results reported earlier.2! The observed
rather high maximum mercury content in the glass (x = 0.5 or 14.3 at.% Hg) represents a
significant improvement when compared to the other quasi-binary thioarsenate systems
Hg-As>S331 and Hgl>-As2S3.32 The limiting mercury concentration in the Hg-As»S3 glasses
was reported to be 2 at.% Hg, while in the Hglz-As2S3 system, it does not exceed =5
at.% Hg.
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Fig. 1 Low-Q part of the (a) x-ray Sx(Q) and (b) neutron Sn(Q) structure factors for a ‘small’ (0.1
g) and ‘big’ (3 g) (HgS)os(As2S3)os samples measured using high-energy x-ray scattering and
pulsed neutron diffraction, respectively; (c) XRD pattern of the glassy/crystalline
(HgS)o.6(As2S3)04 sample. The observed Bragg peaks for the ‘big’ (HgS)os(As2S3)os sample
correspond to cubic metacinnabar B-HgS; those for (HgS)os(As2S3)o4 are related to trigonal
cinnabar o-HgS crystallites.

3.2 Density and thermal properties

The density of glassy samples in the (HgS)x(As2S3)1x system increases monotonically
with x while the mean atomic volume remains essentially invariant (Fig. 2). This trend
persists even with partial crystallisation of the quasi-binary compositions at x > 0.5. The
density increase in the HgS-As;S3 system is expected since the two crystalline forms of
mercury sulphide have significantly higher density (dy_pgs = 8.17 g cm™3 and dp_ygs =
7.70 g cm-3)3334 than the As,Ss3 host glass (dgy_as,s, = 3.18 g cm™3) or crystalline orpiment
As2S3 (dc—ps,s, = 346 g cm’3).35
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Fig. 2 (a) Density and (b) mean atomic volume of the (HgS)x(As2S3)1-x alloys as a function of the
mercury sulphide content. The x = 0.5 and 0.6 samples are partially crystallised. The respective
parameters of crystalline orpiment c-As2S33> and the mercury sulphide polymorphs3334 are also
shown.

DSC traces of the (HgS)x(As2S3)1x glasses are plotted in Fig. 3. All the samples show a
single endothermic step-like feature corresponding to glass transition. The single glass
transition as well as the absence of small-angle x-ray and neutron scattering at the
scattering vector Q < 0.5 A1, Fig. 1, indicates a homogeneous glass nature on both
macroscopic and mesoscopic scale. For the HgS-rich glasses, the T; feature is followed
either by a weak and broad (x = 0.4) or sharp and intense (x = 0.5) exothermic
crystallisation peak, whose maximum at Tx shifts to lower temperatures, reflecting the
reduced glass-forming ability.
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Fig. 3 DSC traces of the (HgS)x(As2S3)1.x glasses, 0.1 < x < 0.5, obtained in the temperature range
from 20 to 400 °C.

The glass transition temperature Ty in the mercury thioarsenate glasses decreases with x
from 197 °C to 169 °C, Fig. 4(a). It should be noted that similar (PbS)x(As2S3)1.x vitreous
alloys are characterised by a rather constant or slightly increasing Tg,3¢37 also shown in
Fig. 4(a). The reduced connectivity in the mercury thioarsenate glasses seems to be
responsible for the observed changes. Figure 4(b) reproduces the glass transition
temperature in vitreous HgS-As2Ss3 as a function of the arsenic atomic fraction y together
with the thermal properties of homogeneous sulphur-rich As,S1., binaries, y < 0.4.38 In
the latter system, the excessive sulphur species at y < 0.4 form S-S dimers and/or short
oligomeric sulphur chains replacing bridging sulphur in corner-sharing CS-AsSz,2
pyramids, thus reducing the network connectivity and decreasing the glass transition
temperature.38-40 The Ty composition dependence in glassy HgS-As2S3 mimics this trend.
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Fig. 4 Composition dependence of the glass transition temperature T, in the quasi-binary
system (HgS)x(As2S3)1x; (a) comparison with (PbS)x(As2S3)i1-« (the dashed line),3637 (b)
comparison with homogeneous sulphur-rich As-S binaries (the dash-dotted line).38 The solid
lines are drawn as a guide to the eye.

3.3 Electric transport

Typical temperature dependencies of the DC conductivity for the HgS-As2S3 glasses are
shown in Fig. 5. They do not show any significant hysteresis effects and obey the
Arrhenius law:

0ac(T) = 0o/T exp(—Eq/kT), (1)

where o, is the pre-exponential factor, E; the activation energy, k the Boltzmann
constant, and T the temperature. The room-temperature conductivity 0,45, E; and o,
were calculated from a least-square fit of the data to eqn. (1). The results are listed in
Table S1 (electronic supplementary information) and displayed in Fig. 6.
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Fig. 5 Temperature dependence of the DC electrical conductivity g,. for the quasi-binary
(HgS)x(As2S3)1-x glassy system.

Both the o,4.(x,T) temperature dependence, Fig. 5, and the conductivity isotherm
0,05(x), Fig. 6(a), show that the mercury thioarsenate glasses are electronic insulators,
3x1017 S cml < gy95(x) < 5%x10-16 S cml. The conductivity activation energy, E; ~ %Eg,
where Ej is the optical gap, also remains nearly invariant, changing between 0.97 and
1.18 eV. The conductivity pre-exponential factor, 10* S cm K < gy(x) < 106 S cm! K,
indicates that the electronic transport in the (HgS)x(As2S3)1x glasses involves the
extended electronic states in the top of the valence band and/or at the bottom of the
conduction band.3 We should note a non-monotonic behaviour of the conductivity
parameters as a function of the mercury sulphide content x. The room-temperature
conductivity g,9g(x) exhibits a shallow minimum and the activation energy E;(x) a
distinct maximum at x = 0.3 with subsequent systematic changes at higher x.

10

Page 10 of 25



Page 11 of 25

RSC Advances

T+ 1 ¥ T ™ 1T ' T ' 1 ' 1T ™ 1T ™ 17 ' 717
- 7 12 |- n
10" & E - (b) 7
- E 1.1 | 5 -
. . i i)/ 10 HgS-As,S, _
"—E 10-14 - - LUC | ~. . i
S g E 09 -
2, - ] - T PbS-As,S, -
2 i ] o8l 02000 e _
bN ie | L | L | ! | 1 | 1 |
2 107 ¢ E
= - = 7
% i ] 10 T T T T T T T T
> - .
6
183 - 1 10
8 10"k H =
- 1 e
C ] ©
i 1 « 10
a7 | 41 ¢
10 - § 10°
C | 1 | 1 | 1 | Il | 1 | ] 102 | L | | | | | | | ! |
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
MS Fraction x MS Fraction x

Fig. 6 (a) Room-temperature conductivity oz9s, (b) conductivity activation energy E,, and (c) pre-
exponential factor op for the quasi-binary (HgS)x(As2S3)1x glass system. The conductivity
parameters for glassy As;S3; were taken from Ref. 19. The solid lines are drawn as a guide to the
eye. The average conductivity parameters for (PbS)x(As,S3)1-x glasses374142 are also shown by the
dashed lines.

The observed conductivity changes appear to be different from those in lead
thioarsenate glassy system (PbS)x(As2S3)1.x374142 A monotonic increase of g,9g(x) by
two orders of magnitude with simultaneous decrease of the conductivity activation
energy by 0.2 eV was reported for PbS-As;Ss, also shown in Fig. 6. These continuous
changes in electronic transport properties were attributed to a narrow optical gap of
semiconducting lead sulphide (E; = 0.3 eV)4142 compared to a wide gap of the electronic
insulator AszS3 (Ez = 2.0-2.4 eV).3 In contrast, the two polymorphic forms of mercury
sulphide show drastically different electronic properties. Red cinnabar o-HgS is
electronic insulator (Eg = 2.1 eV)*3 while black metacinnabar 3-HgS belongs to narrow-
gap semiconductors (E; = 0.4 eV).#* It seems that polymorphic nature of HgS is
responsible for non-monotonic DC electrical conductivity of the mercury thioarsenate
glasses.

3.4 Raman spectra

The measured raw Raman spectra of the (HgS)x(As2S3)1-x glasses show a drastic decrease
in the Raman intensity below 150 cml, related to the instrument function of the
spectrometer (Fig. S1 in ESI). Consequently, the majority of bending and deformation
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modes at low frequencies, @ < 200 cm-1, escape from observation. In the high-frequency
region above 500 cm1, only a weak second-order Raman feature at @~ 700 cm-! appears
to be visible. Therefore, we will focus our attention on the 200-600 cm! domain
describing and analysing the stretching features in this range. In order to allow a direct
quantitative comparison of the Raman spectra for different glass compositions, a Voigt
function was used to fit the spectral background and then subtracted from the
experimental data with subsequent normalisation to the most intense peak (Fig. S1, ESI).

T T | T | T
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=
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r 2
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Fig. 7 Normalised and background corrected Raman spectra of the (HgS):(As2S3)1-x alloys. See
text for further details.

The resulting Raman spectra of the (HgS)x(As2S3)1-x glasses are displayed in Fig. 7. As
expected, the As2S3 host glass (x = 0.0) exhibits a broad poorly resolved multimodal
feature centred at 340 cm-! corresponding to symmetric and asymmetric As-S stretching
modes in corner-sharing AsS3;2 pyramids and As-S-As bridges.3845-49 Two additional
weak but distinct features at 235 cm! and 495 cml, also reported by many
researchers,*8-52 are related to As-As and S-S stretching, respectively. These modes
come from different structural units either with homopolar As-As or S-S bonds and
indicate a small degree of chemical disorder in stoichiometric As2S3 (2-3 % according to

12
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Refs. 50,51). The 235 cm! and 495 cm'! modes are decreasing monotonically with x as
well as the main 340 cm! feature. Instead, a new mode appears at #310 cm'}, first as a
shoulder, increases in intensity, shifts to lower frequencies and becomes predominant at
x> 0.4. As aresult, the full spectral width at half maximum (FWHM) increases by 30-40
% compared to AszS3. In addition to the 300 cm™ feature, the second less intense
shoulder appears at about 370 cm1. Since the two peaks are increasing in intensity with
x, we attribute them to mercury sulphide additions.

Direct fitting of poorly resolved multimodal Raman spectra without a detailed DFT
modelling of the vibrational properties for all possible structural fragments in the glass
represents a difficult task. For example, the Cs symmetry of the AsS3 pyramid in
monoclinic orpiment As»S33> suggests already three different As-S stretching modes:
symmetric and asymmetric stretch for two identical As-S bonds, 2.296 + 0.009 A, and a
single stretch for a shorter bond, 2.257 + 0.019 A. The corner-sharing bipyramidal unit
CS-As2Ss has 5 different As-S stretching frequencies between 326 and 371 cm?, etc.>3

As a first approximation to reveal the structural role of mercury sulphide in the
thioarsenate glasses, we have subtracted the scaled Raman signal, corresponding to
glassy As»S3, from the Raman spectra of quasi-binary glasses. Typical subtraction
procedure is shown in Fig. 8(a), the resulting difference spectra are presented in Fig.
8(b).
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Fig. 8 (a) Subtraction procedure for the x = 0.2 glass and the resulting difference spectrum
Ly—g2(@) — kas,s, X Ias,s, (@); (b) the difference spectra for the (HgS)x(As2S3)1.x glasses divided
by kas,s,, L.e, normalised to a constant AszSs spectral envelope. The numbers in Fig. 8(b) denote
the mercury sulphide fraction in the glass.

The subtraction confirms the appearance of two major features in the (HgS)x(As253)1x
glasses: (i) at 300-310 cm, and (ii) at #370 cml. The intensity of both broad spectral
components increases with x. The spectral shape of the As;S3 envelope at high
frequencies, 360 cm! < < 420 cm'?, seems to be changing in the mercury thioarsenate
glasses, evidenced by a negative amplitude in the difference spectra at *405 cm-1. This
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change will affect both the spectral shape and intensity of the minor HgS-related mode
at #370 cm'l. On the contrary, we do not expect any significant distortions for the peak
at~300 cm-1.
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20 —

Area (a.u.)

0.1 0.2 0.3 0.4 0.5 0.6
HgS Fraction

Fig. 9 (a) Peak position, (b) full-width at half maximum (FWHM), and (c) relative area of the Hg-
S stretching feature at 300 cm-! in the (HgS).(As2S3)1-x glasses. The solid lines are drawn as a
guide to the eye.

The position of this peak reveals a remarkable red shift from 307 to 296 cm'! with
increasing x, as well as the line broadening and monotonic increase in intensity (Fig. 9).
Furthermore, an additional low-frequency component at 256 cm-1 appears to be visible
for the x = 0.5 and x = 0.6 samples. The amplitude of this mode is roughly 3 % compared
to that for the 300 cm! feature. Structural implications of the Raman data will be
discussed in the next sections taking into account the mercury sulphide dimorphism.

3.5 Mercury sulphide dimorphism and Raman spectra of glasses

Mercury sulphide exists in two polymorphic modifications at ambient pressure: (a) red
trigonal cinnabar a-HgS (space group P3121), stable from low temperatures up to 344
°C, and (b) black cubic metacinnabar B-HgS (space group F43m), stable at higher
temperatures. The crystal structure of cinnabar is very unusual for the III-V and II-VI
semiconductors which usually exhibit either cubic zinc-blende or hexagonal wurtzite
structures. Instead, o-HgS consists of (HgSz2,2)» helical or zig-zag chains, six atoms to a
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turn, Fig. 10(a).5>* The Hg-S-Hg nearest-neighbour (NN) angles are ~104°, while the -S-
Hg-S- NN bonds make a nearly straight-angle (173°). The two-fold coordinated Hg
and S species reveal the average interatomic intrachain distance of 2.38 A; the nearest
interchain Hg-S contacts are longer, #3.10 and =3.27 A.54

lI 'I T 'l T
o (HgS),(As,S,).

0. 7[
W"\a\f

K (a) Cinnabar a-HgS

9

l
|
<

(b) Metacinnabar B-HgS

P Ao

(c) Cinnabar-like motif

0 i
X | . | .
. 200 300 400 500
(d) Metacinnabar-like motif Wavenumber (Cm-1)

Fig. 10 (a) Helical or zig-zag (HgSz/2)» chains Fig. 11 Difference Raman spectra for (a) x = 0.3
in trigonal cinnabar a-HgS,54 (b) HgSs/4+ and and (b) x = 0.5 glasses HgS-As,Ss; (c) typical
SHga/s tetrahedra in cubic metacinnabar B- Raman spectrum for trigonal cinnabar o-HgS.
HgS,3* (c) suggested cinnabar-like, and (d) The dashed line at 256 cm™! corresponds to the
metacinnabar-like motifs in the HgS-As,S; most intense A; symmetric mode in vibrational
glasses. spectra of trigonal cinnabar.5556

—_

Raman intensity (a.u.)

The cubic zinc-blende structure of metacinnabar is shown in Fig. 10(b).3* Both mercury
and sulphur atoms are 4-fold coordinated by heteropolar neighbours forming a nearly
perfect tetrahedron, /S-Hg-S = /Hg-S-Hg = 109.5°. The Hg-S NN distance in
metacinnabar is slightly longer, ~2.54 A, resulting in a lower density of p-HgS compared
to a-HgS (7.70 vs. 8.17 g cm3). The HgS4/s4 or SHgs/s tetrahedra share their corners,
evidenced by the Hg-Hg or S-S second neighbour distance of ~4.14 A. Consequently, two
different mercury sulphide local environments could appear in disordered glass
network: (A) Hg-S chains and/or (B) tetrahedral HgS4/s-related motifs.

The difference Raman spectra of selected (HgS)x(As2S3)1x glasses, shown in Fig. 11
together with the Raman data for a-HgS, reflect both similarities and differences
compared to crystalline mercury sulphide. Trigonal cinnabar over the 200-600 cm!
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spectral range is characterised by the most intense A1 mode at 256 cm and two weak
LO/TO doublets of the E-modes at 290/283 cm'! and 354/345 cm, respectively.5556
The observed broad features in the difference spectra of glasses at 300 and 370 cm! are
reminiscent of the A; and more intense high-frequency E-mode in a-HgS even though
they are blue-shifted by 40 and 20 cm1. The higher frequency of the Hg-S stretching
in the glass can be related to hybrid Hg-S chain/As-S pyramidal motifs, schematically
shown in Fig. 10(c). There are two possible and complementary reasons of the blue
shift. First, the hybrid network implies the reduced average atomic mass of an Hg-
related oscillator, (myg) & (kymyg + k,mus + k3 mg), where k; is the weighting factor
for the i-species, thus increasing the vibration frequency, w « (mHg)‘l/Z. The asymmetric
bonding, ~-Hg-S-As=, can also change vibrational force constants. Alternatively or
additionally, the isolated (HgS2/2)» helical chains in the hybrid network are supposed to
be weakly interacting in contrast to cinnabar, where the nearest interchain Hg-S
contacts (=3.10 A) appear to be significantly shorter than the sum of the van der Waals
radii for mercury (2.05 A) and sulphur (1.80 A).57 The strong interchain interactions in
a-HgS weaken the intrachain bonding and decrease the Hg-S stretching frequencies
compared to isolated/weakly interacting (HgS2/2)» chains.

The role of interchain interactions on the vibrational and structural properties was
extensively studied for trigonal selenium, t-Se, and tellurium, ¢-Te, consisting of helical
(Sez2/2)n or (Tez/2)n chains.5859 The confinement of isolated chalcogen chains in zeolites
or aluminophosphates with one-dimensional channels resulted in remarkable changes
of the vibrational spectra and intrachain distances.t%-62 The most intense A; symmetric
stretching mode of t-Te was shifted from 122 cm to 164 cm1,60.63 je., +42 cm1; the
weaker E modes appeared to be less sensitive to the interchain interactions.t* Similar
effect was observed for Te nanoparticles in ultra-thin layers with a typical thickness of 5
A also consisting of weakly interacting (Tez/2)» chains.65 The Te-Te interatomic distance
in these chains was reduced from the bulk t-Te value of 2.835 A to 2.792 A with a
simultaneous increase of the intrachain force constant and characteristic Einstein
temperature by ~30%.

The opposite trend, a softening of the lattice vibration modes, was observed in trigonal
Se and Te under high pressure®®67 caused by increasing interchain interactions and
decreasing strength of the intrachain bonding. The A1 stretching mode in t-Te exhibits
again a remarkable red shift from 122 cm (ambient pressure) to 105 cm! (4 GPa)
while the two degenerated E modes appear to be rather insensitive to pressure changes.

Consequently, the observed blue-shift in the difference spectra of the (HgS)x(As2S3)1-x
glasses compared to o-HgS, Fig. 11, is consistent with the hybrid chain/pyramidal
network. The (HgS)x(As2S3)1x glass density and mean atomic volume, Fig. 2, show a
denser packing for o-HgS in comparison to hypothetical HgS glass at x = 1, whose
extrapolated density (-19 %) and atomic volume (+12 %) suggest more distant (HgS2,2)n
neighbouring chains. Nevertheless, the quantitative analysis of the vibrational spectra
needs a DFT modelling of isolated oligomeric Hg-S chains. Previously, the DFT
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modelling of small chalcogen clusters was found to be an efficient tool to describe the
vibrational, electronic and structural properties of confined chalcogen species.t8:6?

3.6 Structural model: mercury sulphide chains vs. HgS4/4 tetrahedra

Figure 12 shows the DFT Raman spectra of oligomeric Hg>S3 and HgsSs chain fragments;
the optimised geometry parameters are collected in Table 1. First of all, we should note
shorter Hg-S interatomic distances in the isolated chains, 2.35 A, compared to those in
bulk o-HgS, 2.38 A. The Hg-S-Hg and S-Hg-S angles are rather similar in the two
contrasting cases. The most intense symmetric in-phase Hg-S stretching in the Hg>Ss3
oligomer appears at 306 cm1, the symmetric out-of-phase and asymmetric in-phase Hg-
S stretching modes are observed at 325 and 355 cml, respectively. The stretching
vibrations in Hg,S3 are visualised in SM1-SM3 movies (ESI). The symmetric in-phase
Hg-S stretching shifts to lower frequencies with increasing chain length and shows a
maximum at 296 cm-! for the Hgs4Ss oligomer, Fig. 12(b).

e® o @ T

(1) Hg,S, oligomer

(b) -

(1) Hg,S,

° 3
P, :

(2) Hg,S; oligomer (2) Hg,S,

JA:J\ o

(3) HoAs,S,

Raman Intensity (a.u.)
N

(3) HgAs,S; cluster J
(4) ngAszs7

JA- i | ! 1 | | | | |
J ),—&LJ 250 300 350 400
(4) Hg,As,S, cluster

Wavenumber (cm™)

Fig. 12 (a) Schematic representation of oligomeric and hybrid units used for DFT modelling; the
terminal hydrogen species are omitted; (b) the DFT Raman spectra in the stretching domain for
(1) Hg2S3 and (2) HgsSs oligomers, (3) HgAs2Se and (4) HgAs,S7 hybrid clusters, plotted using
fixed FWHM of 8 cm'l. The hydrogen-related modes are removed from the spectra. The
highlighted features in yellow at 296 < ® < 309 cm! correspond to symmetric in-phase Hg-S
stretching in (HgSz/2)» chain fragments. The highlighted features in blue represent symmetric
out-of-phase and/or asymmetric Hg-S stretching. The dashed line at 256 cm-! shows the A; peak
position in trigonal cinnabar a-HgS.
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A single HgSz2 chain fragment inserted between two adjacent AsS3;z pyramids or
HgAs2Ss hybrid cluster, Fig. 12(a), conserves both the bulk value of the Hg-S distances,
2.38 A, and related Hg- (£S-Hg-S = 178°) and S-centred (£Hg-S-As = 104°) bond angles
(Table 1). Nevertheless, the most intense symmetric Hg-S stretching mode in HgAs>Se is
also blue-shifted to 306 cm™! from the A1 mode in a-HgS at 256 cml. The next member
of hybrid units’ family, Hg2As2S7, with two Hg-S chain fragments connecting the AsSz,2
pyramids, reveals a nearly identical symmetric in-phase Hg-S stretching frequency
compared to that in both HgAs>Ss and Hg2S3 units (Fig. 12). The symmetric out-of-phase
Hg-S stretching at 324 cm™! also remains invariant in the n = 2 hybrid, Hg2As,S7, with
respect to the n = 2 oligomer, Hg,S3. The optimised geometry of the Hg2As2S7 cluster
represents a mixture of that for HgAs2S¢ and Hg»S3, e.g. the Hg-S interatomic distance for
the symmetric bonding, -Hg-S-Hg-, is 2.35 A, while for the asymmetric one, ~-Hg-S-As=,
appears to be 2.38 A (Table 1). It should also be noted that the Cs symmetry of the AsSs,2
pyramids35 remains intact in the hybrid clusters with two longer (2.29 A) and one short
(2.25 A) arsenic-sulphur bonds and two different sets of the S-As-S angles.

Table 1 Optimised geometry parameters (mercury-sulphur, rugs, and arsenic-sulphur, rass,
interatomic distances, and related bond angles) of oligomeric Hg-S and hybrid Hg-As-S clusters
used in DFT modelling of vibrational properties, and the reference crystalline compounds3554

Fhigs /S-Hg-S  /Hg-S-Hg Fass Z/S-As-S  /Hg-S-As
(A) (deg) (deg) (A) (deg) (deg)
Hg, S5 2.35 178 101 - . -
HgaSs 2.35 179(1) 101 . . -
2,24+ 104+
HgAs:SeS 2.38 178 - 104
81523 2.29(1)+ 97(1)
2.351 2.25(1)# 104+
Hg,As2S5 176 100 102(2
8207 38(1) 2.29(2)+ 96(2) ¢ (2)

o-HgSs+ 2.377(2)  173.1(10)  104.2(3) - - -

2.257(19)%  104.6(5)*

-As,S435 - - -
5233 2296(9)¢  96(3)*

$ The terminal protons in the formula are omitted
# 33% of the As-S distances or S-As-S bond angles
¥ 67% of the As-S distances or S-As-S bond angles
Il Hg-S interatomic distance for symmetric ~-Hg-S-Hg- bonding

§ Hg-S interatomic distance for asymmetric ~-Hg-S-As= bonding

The last digit(s) in parentheses corresponds to the mean-square deviation (MSD) of the average experimental or
calculated values. The missing MSD for the calculated geometry parameters means either a single calculated value or
anegligible difference between several nearly identical geometry parameters.
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Resuming, the DFT modelling reproduces well HgS-related features in the Raman
spectra of the mercury thioarsenate glasses. The results are consistent with the
suggested hybrid chain/pyramidal network. First of all, we note the position of the most
intense symmetric in-phase Hg-S stretching mode at *300 cm, blue-shifted from 256
cm! for trigonal cinnabar o-HgS. The less intense symmetric out-of-phase Hg-S
stretching seems to be unresolved in the difference spectra of the HgS-As:S3 glasses,
Figs. 8(b) and 11, caused by a broad experimental FWHM of 25-40 cm-l, Fig. 9(b),
compared to 8 cm-! in the DFT spectra, Fig. 12(b). The observed monotonic decrease of
the Hg-S symmetric stretching frequency in the (HgS)x(As2S3)1-x glasses with increasing x
from 307 to 296 cm}, Fig. 9(a), implies a gradual agglomeration of the (HgSz,2)» chain
fragments, i.e., the average number of chain fragments n per AsSsz,2 unit increases, with a
corresponding decrease of the vibration frequency. Finally, in the glass-forming limit at
x > 0.5, a small fraction of long and presumably aggregated (HgS2/2)» chains, where n —
o, becomes vibrationally decoupled from the remaining glass network and exhibits
characteristic A1 symmetric Hg-S stretching at 256 cm-1, Fig. 11(b).

The hybrid Hg-S chain/As-S pyramidal network is very unusual for metal chalcogenide
glasses. Mercury’s neighbours in the Periodic Table (T], Pb, Bi), exhibit rather high local
coordination numbers in glasses and liquids: 3 < Nt1.s < 6 in amorphous and liquid TI-S
binaries,’%72 4 < Npp.s < 6 in lead thioarsenate and thiogermanate glasses,’374 or 4 < Npi.se
< 7 in liquid Bi-Se alloys.”> However, none of thallium, lead or bismuth chalcogenides
has a chain-like structure in crystalline form.

The two-fold coordination of mercury is also consistent with the observed decrease of
glass transition temperatures with increasing x, Fig. 4, caused by a successive
replacement of more rigid CS-AsSz,2 pyramids by flexible (HgSz,2)» chains. However, we
cannot exclude completely the presence of tetrahedral HgS4/4 units, Fig. 10(d), in the
hybrid network. First, large x = 0.5 samples contain the metacinnabar traces, Fig. 1(b),
assuming a small fraction of four-fold coordinated mercury exists in the glass. Second, a
non-monotonic change in electronic transport properties, Fig. 6, and in particular the
composition dependence of E;(x) with a maximum at x = 0.3 can also be related to a
competition between insulating cinnabar-like and semiconducting metacinnabar-like
motifs. The conductivity parameters of quasi-binary PbS-As;Sz glasses374142 exhibit
monotonic changes since semiconducting PbS41.42 does not have a dielectric polymorph.
Finally, our preliminary neutron and high-energy x-ray scattering experiments carried
out for the HgS-rich glasses, Fig. 1(a,b), reveal that the mercury coordination number,
NHgs, is slightly higher than 2.

The presence of HgS4/4 tetrahedra in the glass is difficult to prove using the Raman data
alone because of their presumably small population and comparable Hg-S stretching
frequencies. In fact, the Raman spectra of a-HgS and -HgS were found to be rather
similar in the stretching region.>55670 The most intense vibration mode of metacinnabar
at 247 cm'! seems to be hardly distinguishable from the A1 cinnabar mode at 256 cm'!
when the two related structural motifs are present in the glass. We should however
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note a monotonic broadening of the 300 cm! Hg-S stretching mode in the glass with
increasing x, Fig. 9(b), possibly indicating the appearance of tetrahedral units. A detailed
high-resolution diffraction study, similar to that for Ge-S binaries,’¢ is in progress to
solve this structural puzzle.

4 Conclusions

The quasi-binary (HgS)x(As2S3)1-x glasses, 0 < x < 0.5, have been synthesised and
characterised wusing DSC, density, DC conductivity and Raman spectroscopy
measurements. The presence of crystallites was verified using laboratory XRD, high-
energy x-ray scattering and pulsed neutron diffraction. The Raman spectroscopy results
and DFT modelling reveal that the mercury thioarsenate glasses form a hybrid Hg-S
chain/As-S pyramidal network evidenced by Hg-S stretching modes at 300 and 370 cm'!
and a usual As-S spectral envelope centred at 340 cm-1. The decreasing glass transition
temperature from 197 °C to 169 °C is consistent with a gradual substitution of more
rigid corner-sharing CS-AsS3;2; pyramids by flexible (HgS2/2)n chain fragments.
Nevertheless, the presence of a small fraction of HgS4/4 tetrahedral units in the hybrid
network cannot be excluded completely. A non-monotonic change in electronic
transport properties of these insulating glasses (the room-temperature conductivity
varies between 10-15 and 1017 S cm'!) and metacinnabar B-HgS traces detected using
neutron diffraction in large x = 0.5 samples support the dual structural role of mercury.
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Graphical abstract

Mercury thioarsenate glasses: a hybrid chain/pyramidal network

Mohammad Kassem,?» Sohayb Khaoulani,?? Arnaud Cuisset,?> David Le Coq,¢

Pascal Masselin®® and Eugene Bychkova?

Mercury thioarsenate glasses (HgS)x(As2S3)1x 0.0 < x < 0.5, form a hybrid (HgSz/2)x
chain/AsS3/2 pyramidal network, highly unusual for metal chalcogenide glasses. This
network is evidenced by Raman spectroscopy and DFT modelling and consistent with
thermal properties. Nevertheless we cannot exclude completely the presence of a small
fraction of HgS4/4 tetrahedral units.
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