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Fig. 1. Raman spectra of AsxS100-x samples: (1) As6S94, (2) As22S78 (z = 2,22), (3) As28.6S71.4 (z = 2.286), (4) As40S60 (z = 2.4), (5) As45S55 (z = 2,45) and (6) As60S40, where z represents the coordination number

Fig. 2. (A) Depolarized room temperature LF Raman spectra of AsxS100-x samples measured with 632.8 nm laser excitation (samples labelling is identical as in Fig. 1.). (B) Differential LF Raman spectra of As45S55 (a) and As28.6S71.4 (b) glasses relative to g-As40S60. (C) Master curve (normalized to ωB) of the Boson peak (BP) in the LF Raman spectra of As-S glasses (2-5). (D) Enlarged view of the selected part of BP in the region of very low-frequency tails.
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Fig. 3. Low temperature thermal conductivity    Fig. 4. Temperature dependence of the specific                        

of As2S3 glass during cooling (curves 1 and 2)    heat of As2S3 glass plotted as C/T 3. The lines
and heating (curve 3) cycles [3].                          represent different theoretical models [4].
Experimental and theoretical LF spectroscopic studies were performed on binary AsxS100-x (x = 6, 22, 28, 40) glasses and As-S polycrystalline composites (mixtures of glass with polycrystalline material, (x = 6, 60)). The frequency and intensity of BP changed signiﬁcantly with increasing cross-linking degree and topological ordering of the network (Fig. 1, Fig. 2A). The elastic modules (Cl) of AsxS100-x glasses depend on mean coordination number (z) (not shown here) in the frame of Torpe-Philips model [1]. The BP maxima, like Cl(z), showed non-linear composition (z) dependence with the maximum at 26 cm-1 for glass As40S60 (g-As2S3, z = 2.4) (Fig. 2A). Deviation from the stoichiometric composition (g-As2S3) in AsxS100-x glass forming region leads to a red shift of the BP position whose maxima are at 22, 24 and 23 cm-1 (Fig. 2A) for glasses with z = 2.22, 2.286 and 2.45, respectively.

We also observed pronounced quasi-elastic scattering (QES) in the differential LF spectra (Fig.2 B). This effect can be seen in the region 8 - 12 cm-1 (range 0.9 - 1.5 meV) with high frequency tail up to 20 cm-1 (2.1 meV). The low- frequency part of QES below 8 cm-1 (0.9 meV) is masked due to the intense LF modes near the 7 cm-1 (typical for surface vibrations of microcrystals [2]). Its intensity is proportional to the microcrystal concentration in As-S glassy matrix and demonstrates nanophase inclusion even for g-As2S3 (Fig. 1C). As shown in Fig. 2D, the position of the LF contribution of nanocrystals surface vibrations depends on their size (d ~ υ/ω, where υ is sound velocity and d is size [2]). The normalized LF Raman spectra intensity of AsxS100-x glasses decreases with increasing x and z up to z = 2.4 (x = 40) (not shown). The broadening of the BP QES component at low frequencies (Fig. 1A, B, C) correlates with the nanometric phase separation in As and S rich glasses z = 2.286 and 2.45 (Fig.2). Previous experimental measurements of the temperature dependence of g-As2S3 thermal conductivity κ(T) revealed a plateau region between 3 and 10 K (Fig. 3). Weakly temperature dependence of thermal conductivity was observed during both cooling and heating of g-As2S3 sample (Fig. 3). The above mentioned temperature range is in the same energy range (0.37 - 0.86 meV) [3] as the location of QES in sub-meV (Fig. 3) .The temperature dependence of the specific heat Cp/T3 shows a broad maximum in the same temperature region (Fig. 4) [4].
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Fig. 5. Frequency dependence of the calculated LF vibrational modes of 12-membered ring (cluster As6S6+6/2). Distribution of LF vibrational modes depends on the number of fixed points (see red ellipses).
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Fig. 6. Spectral evolution of the calculated LF Raman modes of "free-standing" glass phase branchy As2+4/3S5 nanocluster. Different models with different cluster fixed geometry: (A) free cluster (1), flexibly fixed by one terminal H group (2), and rigidly fixed by four terminal H groups (3), (B, C) - variations of LF Raman mode frequencies during positions change of two (B, 1-3) and three (C, 1-3) terminal fixations.

First assumption was that nanophase separation of As4S4  and S8  clusters in the AsxS100-x glassy at x= 45  and at x= 28,6  respectively (Fig. 1) may leads to the broadening of the Boson peak (Fig. 2B). But this type clusters does not exhibit vibration in the LF region [3].  Dynamics of quasi-local excitations in glasses is responsible for their low temperature properties [5]. Based on this, we included in our calculation the new assumption that nanophase separation leads to the disturbance of glassy matrix and the formation of defects in AsnSm ring and chain nanoclusters due to different level connections with surrounding glassy matrix. This approximation simulates the vibrations of a nanocluster rigidly fixed in the structural matrix. The terminal atoms with much higher mass may lead to the BP creation. For these reasons we assigned to heavy terminal atoms “H” fictive mass of 1020 a.u. (like light terminal H atoms in previous calculations [6-8]). It was found that the vibrational mode frequencies for As6S6+6/2 nanoclusters have a U-shaped dependence on the level of interconnection (Fig.5). The frequency shift depends on the number of fixed points (Fig. 5, 6). As the number of fixed points increases from 1 to 4, the LF vibrational mode frequencies shift to lower wavenumbers (Fig. 5). The results show also that the position of LF Raman modes is affected by a flexible fixation of nanoclusters with one terminal “H”. As2+4/3S5 chain clusters group vibrations shift into sub-meV range (Fig. 6). We can look at nanoclusters with more fixed points as heavier objects as the same nanoclusters with less fixed points. As we can expect, the heavier object will have lower vibrational frequencies than the lighter one. The totally rigid structures have the frequency position of calculated low-frequency Raman modes of As-S nanoclusters at ~22 cm-1 for terminated 12-membering ring. This is in an excellent agreement with the position of BP in the experimental Raman spectra of As2S3 glass (26 cm-1) with the fully connected structural network matrix. 

In conclusion, we reported for As-S glassy material: 

- we confirmed  that  intensity of boson peak (BP) of As2S3 glass over the Debye level is proportional to the density of states (g(ω)) by the rule of g(ω)/ω2 (in this approximation of the light-vibration-coupling factor C(ω) ~ ω in reduced spectra at ω > 12 cm-1); 

- quasi-elastic scattering (QES) component was observed in the low- frequency part of BP. QES intensity depends on level of connectivity; 

- peaks from the surface vibrations of the microcrystals are located far below the BP maximum and overlap with the QES component;

 - calculated LF vibrations of main building blocks of AsxS100-x glasses in the chain and ring-like AsnSm nanoclusters which are flexibly fixed by one terminal  heavy “H” (As2+4/3S5)  and by up to four terminal “H” (As6S6+6/2 rings) are located in the same energy range as a plateau in κ(T) and maximum in Cp/T3(T). LF vibrations contribute to the formation of quasi-elastic relaxation and their position is in the central parts of the low-frequency BP.
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