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We study vibrational and electronic properties of tin selenide (SnSe) nanowires encapsulated in single walled carbon nanotubes (SWCNT) by combining experimental Raman spectroscopy and density functional theory (DFT) calculations at the Heyd-Scuseria-Ernzerhof (HSE) level. The theoretically investigated standalone SnSe nanowires are Sn 4 Se 4 with square (2×2) atomic arrangement and Sn 6 Se 6 with a repeating hexagonal Mo 6 S 6 -like structure. Raman data support the theoretical prediction that the square (2×2) nanowires possess specific modes at 151 and 185 cm -1 , whereas the hexagonal Sn 6 Se 6 structure is characterized by a mode appearing at ∼235 cm -1 . Calculations predict that the (2×2) nanowire has an electronic gap of 1.5 eV and the Sn 6 Se 6 nanowire presents a semi-metallic character. Raman spectra of composite SnSe@SWCNT samples show that the radial breathing mode of the nanotubes is strongly suppressed indicating interaction between SWCNT and the encapsulated SnSe nanowire while the Fano asymmetry parameter of the G band is increased.

Introduction

Inorganic and organic nanowires and nanostructured materials like nanorods or nanoplates are a topic of utmost importance in many studies of physics, chemistry, biology, and medicine. The mechanical, electrical, electronic, magnetic, and chemical properties of these nano-objects can differ considerably from those of the parent bulk materials leading to applications for storage devices, electronic chips, photovoltaics, batteries, and therapeutic processes [1][2][3][4][5][6][7].

In particular, tin selenide, SnSe, is an important binary chalcogenide material which displays remarkable electronic, thermoelectric, and optoelectronic properties depending on its morphology as bulk crystal, thin films, or low-dimensional nanostructures [8]. This material can be applied notably for photovoltaics, anodes in rechargeable batteries, supercapacitors, phase-change memory devices, and topological insulators. Bulk tin(II) selenide is a narrow band-gap (IV-VI) semiconductor with both indirect and direct band gaps of 0.9 eV and 1.3 eV, respectively. The bulk chalcogenide crystal has an accordion-like stacked two-dimensional (2D) structure that gives it low anharmonicity and low lattice thermal conductivity making it a poor thermal conductor while its ZT factor of merit has a high temperature value of 2.6 [9], [10].

Single-walled carbon nanotubes (SWCNT) are low-dimensional allotropes of carbon which have unique mechanical, electronic and optical properties depending on their morphology [START_REF] Saito | Physical Properties of Carbon Nanotubes[END_REF]. As expected for one-dimensional (1D) systems, they present van Hove singularities in the density of states whose energies vary with the diameter and length of the nanotube. Depending on their chirality SWCNTs are either metallic or semi-conductors allowing their application in flexible electronic devices, lithium battery anodes, flat panel displays, sensors, supercapacitors, drug delivery, and STM/AFM tips [START_REF] Ajayan | Applications of Carbon Nanotubes[END_REF]13]. Therefore, binary chalcogenides combined with SWCNTs can give rise to very unusual physical properties in the as-grown composites, but also this can foster drastic changes in the electronic properties of either component. Recently, several binary chalcogenides have been encapsulated in both single-walled and double-walled carbon nanotubes (DWCNT) resulting in unique 1D chalcogenide crystalline wires with diameter comparable to a unit cell of the 3D crystal [14][15][16][17]. Due to their extreme low lateral size and specific atomic arrangement, the physical properties of these confined and atomically constrained nanowires are expected to be significantly different from those of the corresponding parent bulk materials.

Here we present a detailed comparative study of the structural, electronic, and vibrational properties of two original nanostructures of atom-sized SnSe nanowires encapsulated in SWCNTs.

Previous high-resolution transmission electron microscopy (HRTEM) investigations have shown that SnSe crystallizes into (2 × 2)-atom per cross section structure inside SWCNTs, adopting the same atomic arrangement as earlier described 1D (2 × 2) KI nanocrystals, hereafter referred to as Sn 4 Se 4 , embedded in double-walled or single-walled carbon nanotubes [14]. Recently, a novel 1D hexagonal SnSe crystalline form was discovered in SWCNTs [18] with an Mo(S,Se)-type of coordination environment [19,20], hereafter referred to as Sn 6 Se 6 , comprising three Sn atoms and three Se atoms per constituent layer, which is not observed in any of the other low-dimensional forms of the selenium chalcogenides. Interestingly, Nagata et al. [17] reported also similar MoTe nanowires structures in SWNTs. Previous DFT simulations predict a metallic nature of hexagonal MX nanowires with M=Mo,W and W=S,Se [21,22] but semiconducting properties for the isostructural Cr 6 Te 6 compound [21]. Both, theoretical simulations and experiments, confirm the structural stability of the stand-alone Mo(S,Se) nanowires, which were found as effective nanoscale electrical connectors between Mo(S,Se) 2 monolayers [19,20]. In this aspect the physical properties of the isostructural Sn-based nanowires are far from understanding, and our work has been motivated by the following questions:

(i) Are the Sn 4 Se 4 and Sn 6 Se 6 nanowires structurally stable, or can they exist only encapsulated in SWCNTs? (ii) Are the two types of nanowires semiconducting or metallic? While Carter et al. previously predicted a gaped band structure for Sn 4 Se 4 nanowire using different functional and pseu-dopotentials [16], electronic properties of the then unobserved Sn 6 Se 6 1D crystal were not determined.

(iii) What are the vibrational modes of both Sn 4 Se 4 and Sn 6 Se 6 nanowires which could give signatures in Raman spectra of SnSe@SWNT composites? This question was not treated up to now.

(iv) What is the impact of encapsulation of the SnSe material on the physical properties of the surrounding nanotubes with matching diameter, e. g. metallic or semiconducting character ?

We addressed the first problems theoretically by means of extensive DFT calculations of the equilibrium structure, electronic band structure, and vibrational eigenmodes for the two forms of SnSe nanowires. In order to assess the last two questions, we studied experimentally the Raman spectra of SnSe@SWCNT composites. Raman spectroscopy has proven to be a very efficient tool for characterizing SWCNTs embedding 1D atom-sized crystalline HgTe and KI nanowires [23,24]. In both cases it has been demonstrated that it is possible to identify several intrinsic vibrational modes of the nanowires superimposed with the Raman spectrum of SWCNTs. By following the same methodology here we study the in-situ dynamics of the embedded SnSe nanocrystals and their interactions with the nanotube walls. The radial breathing mode (RBM) and longitudinal vibrational modes (𝐺-band) of the surrounding nanotubes are found to be strongly affected by the presence of the encapsulated material, which leads us to important conclusions concerning the electronic properties of the SnSe@SWCNT composites corroborating the DFT predictions.

Experimental methods and calculation details

The SnSe@SWCNT samples were fabricated using infiltration protocols described previously [16,18]. In this set of experiments, commercial SWCNTs from NanoIntegris PureTubes (99% pure, 1.2-1.7 nm diameter, 300 nm to 5 𝜇m length) were used to encapsulate tin selenide. Here, the SWCNTs were washed, dissolved in N-Methyl-2-pyrrolidone (NMP), dried, pre-heated to 1173 K to remove solvent and to open the tubes. The nanotubes were filled by the modified high yield molten-phase capillarity technique adapted for SnSe filling. SWCNTs were intimately ground with SnSe (99.995%, Sigma Aldrich), and heated in pure silica quartz tubes sealed under vacuum to 100 K above the melting point of SnSe at around 1233 K.

Micro-Raman experiments were performed with Horiba Jobin-Yvon LabRAM HR 800 Vis and Renishaw inVia Reflex Raman microscope spectrometers in single monochromator mode with diffraction gratings of 600 and 1200 grooves/mm, respectively. Laser excitations 𝜆 exc = 633 and 785 nm (1.96 and 1.58 eV) were provided by helium-neon and diode lasers, respectively. Spectra were collected at room temperature in the range between 100 and 3000 cm -1 allowing the simultaneous registration of the spectra of the fillers and the carbon nanotubes. The diameter and power of the laser spot on the sample surface were 2 𝜇m, 200 µW (LabRAM) and 45 µW (Renishaw) respectively, for the fully focused laser beam with 50× objective magnification. The SnSe@SWCNT samples were generally found to be homogeneous under microscope without the presence of significant amounts of extraneous SnSe amorphous or microcrystalline phase materials. Raman instruments were calibrated against the Stokes Raman signal of pure Si at 520.5 cm -1 using a silicon wafer.

The spectral resolution was 2 cm -1 . In each experiment, several spectra were recorded on different spots in the samples. The Raman spectra of three characteristic composite SnSe@SWCNT samples, # 1, # 2, and # 3 are presented and compared to those of SWCNT pristine samples.

The DFT calculations were performed with the Cambridge Serial Total Energy Package (CASTEP) plane wave code [25] by making use of Heyd-Scuseria-Ernzerhof screened Coulomb hybrid exchange-correlation functional HSE06 with 1/4 Hartree-Fock exchange [26] and norm-conserving pseudopotentials for the core electrons. The choice of this functional was motivated by a better geometry optimization of the Sn 6 Se 6 nanowire and calculation of the vibrational frequencies without imaginaries. It is also reported in the literature that HSE06 yields improved prediction of band gap energy and correct band structure in semiconductors [26]. HSE was also described to be well suited for calculating the phonon frequencies [26][27][28][29]. The plane-wave energy cutoff was set mainly at 440 eV (32.34 Ry), and in some cases at 350 and 400 eV. The self-consistent calculations for the 1D Sn 4 Se 4 and Sn 6 Se 6 nanowires were performed on 1 × 1 × 2 and 1 × 1 × 6 Monkhorst-Pack (MP) k-point mesh, respectively. We assessed the chosen DFT scheme by performing test calculations for the bulk tin selenide on a 1 × 3 × 3 MP grid. Electronic convergence threshold for energy was set to be 0.5×10 -6 eV. The optimization of cell parameters was allowed to proceed by keeping original symmetry with a total energy convergence tolerance of 0.5×10 -5 eV/atom and until the force on each atom was less than 10 meV/Å. Phonon calculations were carried out at HSE level using exclusively the finite displacement (FD) method in a supercell since the linear response scheme (Density Functional Perturbation Theory, DFPT) was not implemented with hybrid functionals in this DFT code.

Results and discussion

Experimental Raman spectra are discussed after the subsection of SnSe nanowires calculations.

The spectra were recorded on several pristine and composite SWCNT samples. We sorted among these spectra those of three SnSe@SWCNT composites referred to as # 1, # 2, and # 3. They mainly differ from each other in the low frequency region characteristic of the RBM modes of the SWCNT molecular containers and of possible lines stemming from the SnSe encapsulated crystals. Spectra labelled # 0 are from the pristine SWCNT phase. Fig. 1 shows high-resolution transmission electron microscopy images (HRTEM) of the investigated SnSe filled samples. These images confirm both the high filling fraction of SnSe in 'NanoIntegris' SWCNTs but also the composition of the encapsulated material.

Predictive calculations for stand-alone SnSe nanowires

This section is devoted to the calculation and analysis of 1D SnSe nanowires. The final relaxed structures are given, and the phonons are calculated after geometry optimization. The Γ-point modes are classified with their different symmetries, and sorted by frequencies. Meanwhile, the electronic band structures of the standalone nanowires are presented and discussed.

Relaxed geometries

The geometries are entirely based on experimental HRTEM images realized on our samples [16,18] (see right panel in Fig. 1) and were chosen as those of infinite rods along the [001] direction relative to a bulk cubic rocksalt unit cell with 2×2 and 3+3 SnSe cross sections, corresponding to square NaCl-like and hexagonal MoSe-like coordinations, respectively. The starting crystal parameters of the Sn 4 Se 4 nanowire rely on HRTEM measurements by Carter et al. [16]. The initial distances in the hexagonal Sn 6 Se 6 nanowire were set arbitrarily at values close to those of the layered Pnma bulk crystal with a translation period of c ∼5 Å [30].

In order to perform the calculations with a plane wave (PW) basis set, periodic boundary conditions were imposed along the a and b axes of the nanowires with a period of 10 Å. The geometry optimization of the nanowires converges to the two structures shown in Fig. 1. The optimized translation period c along the nanowire axis is 5.708 Å and 4.324 Å for Sn 4 Se 4 and Sn 6 Se 6 nanowires, respectively. Some relevant interatomic distances for the two nanowires are shown in Fig. 1 and are listed in more detail in Table 1. Note that the Sn-Se distances of the Sn 6 Se 6 relaxed nanowire match well those found by Slade et al. in HRTEM images [18].

The rod symmetry elements of the two nanowires consist of a fourfold 4 2 or a sixfold 6 3 screw axis along c, of mirror planes m parallel to the ab and bc planes, an inversion center, and glide planes parallel to ac and bc planes with 1/2 translation of 𝑐/2 (Fig. 1). Therefore, the Sn 4 Se 4 structure can be described by the rod symmetry group p4 2 /mmc (No. 41) with all atoms occupying 4d Wyckoff positions. The Sn 6 Se 6 structure can be described as a periodic stack of equilateral Sn 3 Se 3 triangles. The triangles in the consecutive layers are rotated around the c-axis at 180 • relative to each other, as shown in Fig. 1(c)-(d). Thus, the periodicity of the Sn 6 Se 6 structure corresponds to the doubled interlayer spacing, and the structure is described by the rod symmetry group p6 3 /mmc (No. 75) with all atoms occupying 6d Wyckoff positions.
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Normal modes of vibrations

The normal modes of vibrations were calculated for the optimized structures at the Γ-point and along the Γ -𝑍 direction for the Sn 4 Se 4 nanowire. A one-dimensional acoustic sum rule was imposed on the dynamical matrix in order to account for the four zero-frequency modes of a freely standing nanowire: the three free translations and also the free rotation about the c axis. Since the unit cells of the Sn 4 Se 4 and Sn 6 Se 6 nanowires contain 8 and 12 atoms respectively, their corresponding phonon spectra consist of 24 and 36 dispersion branches along the Γ-Z direction. The normal modes of the Sn 4 Se 4 and Sn 6 Se 6 nanowire at the Γ-point are classified according to the irreducible representations of the 4/mmm (D 4h ) and 6/mmm (D 6h ) point groups. The symmetry decomposition was performed with the aid of SAM software available on the Bilbao Crystallographic Server [31]. The mechanical representations are: 

Γ 22 = 2𝐴 1𝑔 + 2𝐴 2𝑔 + 2𝐵 1𝑔 + 2𝐵 2𝑔 + 2𝐸 𝑔 + 2𝐴 2𝑢 + 2𝐵 2𝑢 + 4𝐸 𝑢 (1)
Γ 33 = 2𝐴 1𝑔 + 2𝐴 2𝑔 + 2𝐵 2𝑔 + 2𝐸 1𝑔 + 4𝐸 2𝑔 + 2𝐴 2𝑢 + 2𝐵 1𝑢 +2𝐵 2𝑢 + 4𝐸 1𝑢 + 2𝐸 2𝑢 (2) 
Γ 22Raman = 2𝐴 1𝑔 + 2𝐵 1𝑔 + 2𝐵 2𝑔 + 2𝐸 𝑔 (3) 
Γ 33Raman = 2𝐴 1𝑔 + 2𝐸 1𝑔 + 4𝐸 2𝑔 (4)
while the rest of the odd (u) modes possess infrared (IR) activity:

Γ 22IR = 𝐴 2𝑢 + 3𝐸 𝑢 (5) 
Γ 33IR = 𝐴 2𝑢 + 3𝐸 1𝑢 (6) 
Therefore, accounting for the degeneracy of the representations, eight different frequencies are expected in the Raman spectra of both nanowires. The corresponding number of the infrared active modes is four in the two structures. The calculated frequencies of the Γ-point modes are summarized in Table 2.

In ) modes involve atomic motions along the nanowire axis, and can be defined as shearing deformations of the two atomic sublattices. Table 2 gives the calculated Γpoint vibrational frequencies for the standalone Sn 4 Se 4 and Sn 6 Se 6 nanowires. The modes of the same symmetry are numbered in an ascending order of their frequencies.

Electronic band structures

Fig. 2 presents the electronic band structures, as well as the full and partial density of states (DOS) calculated with the HSE06 functional for the layered SnSe bulk crystal and the Sn 4 Se 4 and Sn 6 Se 6embedded nanowires. Zero energy corresponds to the Fermi energy E F .

Note that in periodic DFT calculations, the 1D nanowire is placed in the center of a vacuum box of dimensions a, b, c with volume V sufficiently large to neglect inter-wires interactions. In this 3D scheme, the DOS for electrons or phonons of the wire at energy E can be written as:

𝜌 3𝐷 (𝐸) = 𝑉 (2𝜋) 3 𝜋/𝑎 ∫ -𝜋/𝑎 𝜋/𝑏 ∫ -𝜋/𝑏 𝜋/𝑐 ∫ -𝜋/𝑐 𝑑𝑘 𝑥 𝑑𝑘 𝑦 𝑑𝑘 𝑧 𝛿 (𝐸 -E (k)) (7) 
Provided that the interaction between periodic replica of the nanowire is negligible, the band energy function E(k) is practically dispersionless in the xy-plane, i.e. 𝐸 (𝑘) ≡ 𝐸 (𝑘 𝑧 ), where 𝑘 𝑧 is the 1D wavevector along the nanowire axis. In this case the equation ( 7) is transformed into equivalent expression for the 1D density of states of the nanowire:

𝜌 1𝐷 (𝐸) = 𝑐 2𝜋 𝜋/𝑐 ∫ -𝜋/𝑐 𝑑𝑘 𝑧 𝛿 (𝐸 -E (𝑘 𝑧 )) (8) 
Therefore, the 𝜌 1𝐷 values discussed hereafter depend only on translation period c of the wire and are in principle independent of the vacuum box dimension.

[ht] The band gap in the layered 3D Pnma crystal is 0.71 eV, a value relatively close to the experimental indirect band gap (0.9 eV) and is in the same range as values reported in previous works [32]. The band structure of the Sn 4 Se 4 nanowire clearly evidences a direct band gap of 1.49 eV at Z point which should allow optical and resonant transitions in the near IR at about 830 nm. This bandgap energy is higher than those of the Pnma crystal (indirect : 0.9 eV, direct : 1.3 eV) and closer to that found by Carter et al. [16] for the same infinite rod (1.36 eV) when using the PW91 functional.

These two DFT calculations stress that the infinite Sn 4 Se 4 nanorod should present a band gap expansion with respect to the bulk layered form.

Here, computations at PBE and HSE levels of theory show that the Sn 6 Se 6 nanowire has an almost gapless electronic structure with a small nonzero density of states at the Fermi level. For HSE06 the upper valence branch crosses the Fermi level with a valence band maximum (VBM) at 0.18

eV above E F while the conduction band minimum (CBM) is only 0.11 eV above E F at the Γ point (Fig. 2(c)). These VBM and CBM values indicate an energy overlap of about 70 meV suggesting that the Sn 6 Se 6 nanowire is a semimetal. To support this prediction, it should be noticed than Yan et al. [33] have observed a semiconductor to semimetal transition in powdered SnSe at a pressure of 9 GPa, which has been also verified by their GGA-PBE band structure calculations. The electronic calculations of Yan et al. at 9 GPa in the ΓZ direction (Z: (0,0,1/2)) show the same behavior found in the Sn 6 Se 6 nanowire: the upper valence band crosses the Fermi level while the lower conduction band goes down to almost zero energy at Γ point.

Additional Raman bands upon SnSe encapsulation

Fig. 3 presents the unpolarized micro-Raman spectra of a pristine SWCNT sample # 0 and SnSe@SWCNT sample # 1 between 100 and 3000 cm -1 obtained at excitation wavelength 785 nm (1.58 eV) for the same power density. In SWCNT spectrum the band of RBM modes is strongly resonant with maximum intensity close to that of the 𝐺 band. The 𝐺 band exhibits an asymmetric shape characteristic of metallic nanotubes contribution and has three components at 1556, 1571, and 1592-1595 cm -1 stemming from both metallic (M) and semiconducting (SC) tubes re-spectively referred to as 𝐺 -(LO phonon of M tubes), 𝐺 + (TO phonon of SC tubes), and 𝐺 + (LO phonon of SC tubes) [34,35].

Fig. 4 shows that the RBM frequencies of the pristine nanotubes appear between 150 and 180 cm -1

with two resolved peaks at 163 and 173 cm -1 . The spectra are normalized to the maximum Raman intensity of low frequency lines for clarity.

Applying the empirical relationship between the RBM frequency in cm -1 and tube diameter d [35],

𝑑 (𝑛𝑚) = 227/𝜔 RBM , we estimate that these peaks are characteristic for SWCNTs of 1.4 nm and 1.3 nm diameter, respectively. Thus the experimental Raman results confirm that the commercial nanotubes of 1.2-1.7 nm diameter range chosen for the synthesis of our composites are the dominant crystalline structural forms in the samples analyzed here, notwithstanding that other forms may possibly exist but they were not extensively encountered in our study. These diameters can easily accommodate the two types of SnSe 1D nanocrystals discussed in this paper. The estimated diameter of SWCNTs surrounding the SnSe nanowires is:

𝑑 = 𝑑 (Se-Se) + 2r vdW (Se) + 2𝑟 vdW (C) (9) 
where r vdW is the van der Waals radius of the atom and d(Se-Se) is the cross-sectional distance between opposite Se atoms. For optimized geometries of Sn 4 Se 4 and Sn 6 Se 6 crystals we find d = 1.11 nm and 1.45 nm, respectively. These values correspond well with the diameter estimates from Raman spectra.

Strikingly several novel lines appear at low frequencies in the Raman spectra of SnSe@SWCNT samples # 1, # 2 and # 3 for exciting wavelengths 633 and 785 nm, while the absolute intensity of the RBM and 𝐺 modes either vanishes or strongly diminishes.

These additional low-frequency bands are located at 108-109, 126-131, 151, 185, 235 cm -1 (see Fig. 3 and Fig. 4). All these bands are absent in the pristine nanotubes spectrum (samples # 0). For sample # 1 the signals of nanotube walls are hardly detected in the region between 140 and 180 cm -1 and are overlapped by the additional band at 150 cm -1 . In sample # 2, the RBM bands are absent.

The supplemental lines appearing for the SnSe@SWCNT samples may result from encapsulation of SnSe in SWCNTs since their relative intensities do not match those of bulk Pnma SnSe or 𝑃3𝑚1 SnSe 2 crystals at 111 cm -1 (𝐸 g ) and at 187 cm -1 (𝐴 1g ) as shown in Fig. 4, and therefore do not seem characteristic of remnant tin selenide compounds in between and outside the nanotubes walls [36][37][38][39][40][41]. It can be inferred that these bands are likely to characterize mainly other phases of tin selenide. This assumption is supported by the changes of the RBM and 𝐺 bands of the SWC-NTs in the SnSe@SWCNT nanostructures. The relative intensity of these lines and their moderate HWHM indicate that these crystals are well ordered inside the SWCNT walls. The additional strong bands at 185 and 235 cm -1 cannot be ascribed to the SnSe Pnma crystal. We found that for 633 nm excitation this compound exhibits Raman bands at 32 (𝐴 𝑔 ), 55 (𝐵 1𝑔 ), 68 (𝐴 𝑔 ), 106 (𝐵 3𝑔 ), 129 (𝐴 𝑔 ), 148 (𝐴 𝑔 ), and 179 cm -1 (very weak) in agreement with previous work [36]. They likely characterize intrinsic features of the nanowires embedded in SWCNT because the occurrence of these bands is predicted in SnSe 1D standalone crystals by the vibrational calculations described hereafter. Our interpretation is also conforted by Raman data of MoTe@SWNT samples acquired by Nagata et al. [17]. They found in their samples a Raman line at 255 cm -1 that they ascribed to the vibrations of the embedded MoTe nanowires. Similarly to our experiments, their observation was carried out at a laser power of 347 µW using the same equipment and the He-Ne 633 nm laser line. Since Sn 6 Se 6 and MoTe nanowires have close structures, their Raman experiment suggests that the SnSe nanowires vibrational Raman lines should lie in the same range of frequencies.

Analysis of 𝐺 bands

At higher frequencies the 𝐺 -, 𝐺 + modes of the SnSe@SWCNT samples are still visible but are considerably reduced in intensity (Fig. 3). The profile of the 𝐺 band remains strongly asymmetric with a shift of the two 𝐺 + components towards higher energies by about 4 cm -1 at 1578, and 1596 cm -1 , respectively (blueshift). There is an overall diminution of the spectral signal-to-noise ratio in samples # 1 and # 2 and the relative intensity of the 𝐺 + TO line located at 1578 cm -1 is weaker.

The relative intensity of the 𝐷 band is enhanced with respect to that of 𝐺 band indicating that more

[ht] SWCNT. Therefore, in this case we can rationalize that the CNT should oppositely give electrons to the Sn 6 Se 6 nanowire, i.e. be 𝑝-doped. Thus the spectral signatures of a 𝑝-doping (or hole doping) of SWCNTs could be fingerprints for presence of Sn 6 Se 6 nanowires encapsulated in the nanotubes.

One can anticipate that the experimental shape of the 𝐺 band can be fitted by adding together two Lorentzian functions for 𝐺 + LO and 𝐺 + TO lines and a Breit-Wigner-Fano (BWF) line shape for the 𝐺 -LO sub-band [44]. This choice is supported by the fact that the 𝐺 -LO sub-band is supposed to stem from the tangential vibrational modes of metallic SWCNTs [45] and therefore may acquire a BWF profile. By theoretical predictions Gayen et al. [46] also anticipated that a BWF lineshape might be observed on the 𝐺 band when semiconducting SWNTs are filled with donor atoms. The BWF lineshape writes as:

𝐼 (𝜔) = 𝐼 0 [1 + (𝜔 -𝜔 BWF )/𝑞Γ] 2 1 + [(𝜔 -𝜔 BWF )/Γ] 2 (10) 
where I 0 is the maximum intensity of the line, 𝜔 𝐵𝑊 𝐹 the resonance frequency, Γ the spectral width, and 1/q the asymmetry parameter.

Fig. 5 shows the experimental Raman spectra fitted with a Breit-Wigner-Fano and two Lorentzians functions obtained for pristine SWCNT (sample # 0), and the two SnSe@SWCNT samples (# 1 and # 2) presented above. Several modifications of the Raman spectra occur upon encapsulation (see Fig. 5):

(i) The three components of the tangential 𝐺 band features undergo both shape and energy changes.

The BWF component corresponding to the 𝐺 -LO mode of metallic tubes is more asymmetric with an upshift of about 2 cm -1 . The Lorentzian components 𝐺 + TO and 𝐺 + LO of semiconducting tubes are upshifted by 3 to 4 cm -1 , and their FWHM increases.

(ii) The integrated intensity ratio of BWF and highest Lorentzian components (I BWF /I 𝐺 + 𝐿𝑂 ) diminishes after encapsulation due to the broadening of the 𝐺 + LO feature.

(iii) The asymmetry parameter |1/q| is much higher for encapsulating samples than for the pristine sample indicating that metallicity of tubes is increased in these nanomaterials as expected from the calculated band structures. The value found after fitting for pristine SWCNT is 0.196, close to that of Ref. [44] (0.23) while for samples # 1 and # 2, it increases to 0.380, and 0.306, respectively.

The interference part of the BWF profile in eq. 11, i.e. the BWF interference function [47], is expressed as

𝐼 ′ (𝜔) = 2 (𝜔 -𝜔 BWF ) /𝑞Γ 1 + [(𝜔 -𝜔 BWF ) /Γ] 2 (11) 
It characterizes the interaction between the vibrational mode and a constant continuum of electronic excitations. A plot of this function shows that the electron-phonon interaction between 𝐺 - LO and 𝐺 + TO Raman contributions in the encapsulating samples is stronger, showing that metallicity of these samples is higher than in the pristine carbon nanotubes.

In addition, the difference of interference functions between SnSe@ SWCNT and pristine SWCNT samples indicates that a stronger BWF interaction occurs in the former as exemplified by Fig. 5(b) (red contour) whose signal is positive in the range 1540-1565 cm -1 and whose maximum is located near the frequency of the BWF component in SWCNT (1555 cm -1 ) and SnSe@SWCNT samples.

As a consequence, the BWF interference does not affect the 𝐺 + LO mode in SnSe@SWCNT but may have a small influence on the frequency of the 𝐺 + TO mode. Overall, the frequency hardening of the 𝐺 -band between pristine and encapsulating nanotubes is mainly due to the encapsulated crystals modifying the mechanical properties of the nanotubes walls.

In a previous work, CNTs have been decorated by SnSe crystals for applications in Li-battery electrodes [48]. In this case there no encapsulation of the chalcogenide. Raman spectra recorded on these hybrids exhibit 𝐷 and 𝐺 band profiles different than those we have observed in this work.

Aside our HRTEM investigation, this is a hint that the CNTs in our samples are not covered by the chalcogenide.

Phonons of the encapsulated nanowires

The phonon dispersions and DOS have been calculated at HSE level of theory for the two SnSe standalone nanowires and for the Pnma SnSe crystal for comparison (Fig. 6). Additionally, the partial phonon DOS unveils the individual contribution of Sn and Se atoms to the vibrational spectrum.

The partial phonon DOS of the SnSe 𝑃nma crystal shows that the main Sn vibrations occurring between 60-72 cm -1 , accompanied by additional modes at 176 and 194 cm -1 , with small densities at 109 and 210 cm -1 . The Se vibrations are mainly centered at 180 and 194 cm -1 with smaller densities at 59, 70, 108 and 209 cm -1 .

The partial DOS of the Sn 4 Se 4 nanowire reveal strong differences with the 3D bulk crystal. The DOS exhibit more featured spectra with large contributions at 30, 54, 72, 96, 113, 149, 192 cm -1

[ht] for the Sn atom, and at 31, 54, 72, 124, 150, 174, 192 cm -1 for the Se atom. Therefore, one can conclude that the phonon DOS of the standalone Sn 4 Se 4 nanowire distinguishes from the bulk crystal with several specific vibrational signatures appearing around 30, 54 and 150 cm -1 and possibly recognizable in the experiment.

On the other hand, the vibrational frequencies at Γ point for the Sn 4 Se 4 and Sn 6 Se 6 1D nanowires are compiled in Table 2 for the HSE functional. In the case of the Sn 4 Se 4 wire, the calculated frequencies are within 7 -12 cm -1 (i.e. either downshifted or upshifted) with respect to the observed ones in the spectra of the two SnSe@SWCNT samples. The modes computed at 181 and 194 cm -1 are pure radial SnSe breathing vibrations related to an experimental line appearing between 185 and 187 cm -1 with relatively strong intensity in the Raman spectrum of filled samples.

[ht] than in the bulk, consistent with flattening of the phonon dispersion curves in this nanowire. In the case of the Sn 6 Se 6 wire, there is also a very good match between calculated and experimental Raman frequencies at the zone center (Table 2). for the Sn 4 Se 4 and Sn 6 Se 6 wires, respectively, while the highest experimental Raman frequency not assignable to SWCNTs is found at 235 cm -1 in the Raman spectrum of one of the SnSe@SWCNT composites. Regarding this band, we note also that phonon calculation of a trigonal-Se crystal with fixed cell parameters using PBE and HSE06 functionals gives a Raman active mode at 227 cm -1 , and 236 cm -1 , respectively, close to the experimental value at 235 cm -1 (𝐴 1 mode) [49,50]. Despite that this Raman band observed at 235 cm -1 might be the signature of t-Se presence in the samples [51,52], there is no other analytical evidence of this material in the composite or of its formation above the melting point of SnSe during the synthesis process. Therefore, we ascribe the 235 cm -1 line to Sn 6 Se 6 embedded nanowires.

Finally, the phonon dispersion in the 3D SnSe crystal shows a phonon gap of about 50 cm -1 in all directions of the BZ with phonon branches clearly segregated into two groups of frequencies centered at 70 and 180 cm -1 (Fig. 6(a)). By comparison, the phonon branches of the 1D Sn 4 Se 4 nanowire do not extend beyond 200 cm -1 with a phonon gap of about 20 cm -1 along Γ-Z between 150 and 175 cm -1 (Fig. 6(b)). While the phonons energies at 𝑞 > 0 in the Sn 6 Se 6 nanowire could not be calculated at HSE level with FD method due to limitations stemming from the large size of the supercell, the 𝑞 = 0 phonons frequencies have been determined and are reported in Table 2.

The absence of negative frequencies in the vibrational calculations and phonon dispersion relations shows that the standalone 1D nanowires Sn 4 Se 4 and Sn 6 Se 6 are structurally stable.

Nanotube-nanowire interaction

To estimate the nanotube interaction with the encapsulated SnSe crystals we considered the case of the embedded Sn 6 Se 6 nanowire. The cross section of the DFT optimized standalone Sn 6 Se 6 crystal is systematically expanded compared to the crystal diameter of ∼6.2 Å revealed by HRTEM.

In fact, the Sn 6 Se 6 crystals can fit into (9,9) tubes of 1.22 nm diameter, which infers for a substantial compressive stress on the Sn 6 Se 6 crystal as the Se distance to the SWCNT wall is ∼3.0 Å, i.e. smaller than the sum of Sn and C van der Waals radii ∼3.5 Å. 

where 𝜖 corresponds to the cohesion energy, and 𝑟 0 -to the equilibrium distance between the atoms, which is usually taken as a sum of their van der Waals radii. Due to the two-body and shortrange nature of LJ interaction, it is sufficient to calculate on a single protruding Se atom the resul-tant force applied by a finite segment of a (9,9) SWCNT (5 unit cells in our case). The as calculated force on Se atoms was compared to that exerted on the Se atom in a Sn 6 Se 6 crystal during optimization in vacuo. We established that for realistic Se• • • C interaction parameters (Table 3) the intra-nanowire expansion force obtained from the DFT calculations for the standalone Sn 6 Se 6

1D crystal is compensated by a repulsive LJ force of 0.488 eV/Å at a distance of ∼2.98 Å between the Se atoms and the SWCNT wall. This fact evidences that although Sn 6 Se 6 is stable in vacuo, its geometry in encapsulated form is influenced by the pressure exerted from the surrounding SWCNT. On the other hand, the force constant corresponding to the LJ interaction, being of order of 72𝜖/𝑟 2 0 ≈ 0.116 eV/Å 2 , is too small to affect significantly the vibrational frequencies of the Sn 6 Se 6 crystal, where typical Sn-Se force constants are more than an order of magnitude larger.

Therefore, the normal mode analysis based on DFT calculations for the standalone crystal is representative for the encapsulated crystal, as well.

Conclusion

We have performed a combined experimental and theoretical study of SnSe@SWCNT composites where periodic DFT calculations support the Raman spectra recorded on several samples. At the HSE level of theory, the Sn 4 Se 4 1D crystal exhibits a direct gap larger than that of the 3D crystal allowing direct optical excitations in the near infrared. In contrast, the band structure of the 1D hexagonal crystal is typical to that of a semimetal due to the overlap at the Fermi level of the upper valence band and the lower conduction band with small density of states at the Fermi energy. The calculated vibrational frequencies of the two standalone 1D SnSe nanowires are consistent with supplemental Raman lines observed in the Raman spectra of SnSe@SWCNT composites. Additionally, Raman experiments show that the encapsulated SnSe nanowires modify the electronic and vibrational properties of the surrounding SWCNT walls.

Figure 1 :

 1 Figure 1: Left panel: Optimized structure of the two SnSe nanowires using the HSE hybrid functional. Vector c is parallel to the nanowire axis. Vectors a and b represent the translation periods of the surrounding superlattice and are parallel to the SnSe layers. All distances are in Angstroms. The 2×2 SnSe crystal of p4 2 /mmc symmetry: views along the nanowire axis (a) and parallel to the Sn 2 Se 2 layers (b). The hexagonal Sn 6 Se 6 crystal of p6 3 /mmc symmetry: views along the nanowire axis (c) and parallel to the Sn 3 Se 3 layers (d). Right panel: (e) experimental HRTEM annular dark field (ADF) image of a pair of 2x2 SnSe crystals observed in a representative SWCNT sample; (f) and (g) unfiltered and adaptive filtered ADF images of an encapsulated Sn 6 Se 6 crystal observed in the same representative SWCNT sample.

Figure 2 :

 2 Figure 2: Band structures and density of states of SnSe crystals calculated with DFT at HSE06 level. (a) 3D Pnma crystal; (b) 1D square Sn 4 Se 4 nanowire along -ZΓZ direction; (c) 1D hexagonal Sn 6 Se 6 nanowire along -AΓA directions with spline interpolation. A semimetallic character is revealed above the Fermi level (dotted line). ΓZ and ΓA paths are oriented along the chain direction. The critical points Z and A lie at the edge of the Brillouin zone with coordinate (0,0,1/2). The electronic configuration of Sn atom is [Kr]5s 2 4d 10 5p 2 , s and p orbitals hold valence electrons (𝑛 = 5).

Figure 3 :

 3 Figure 3: Experimental Raman spectra of pristine SWCNT (NanoIntegris 99% pure sample # 0), a), and SnSe@SWCNT sample # 1, b) recorded between 100 and 3000 cm -1 at excitation 1.58 eV (785 nm) and for the same laser power. The insets show sub-band features in the 𝐺 band for pristine sample and RBM frequency region for the composite.

Figure 4 :

 4 Figure 4: Low frequency Raman spectra of pristine SWCNT, SnSe filled SWCNT, and tin selenide compounds. Pristine SWCNT sample # 0 (NanoIntegris 99% pure) at 𝜆 exc = 785 nm (1.58 eV) (a) and 𝜆 exc = 633 nm (1.96 eV) (b); (c) SnSe@SWCNT (sample # 3) 𝜆 exc = 633 nm ; (d,e) SnSe@SWCNT (samples # 1 # 2), 𝜆 exc = 785 nm ; (f) SnSe 2 𝑃3𝑚1 crystal, 𝜆 exc = 785 nm; (g) SnSe Pnma crystal 𝜆 exc = 633 nm; (h) for information: trigonal Se P3 1 21 crystal, 𝜆 exc = 633 nm. Spectra (f,h) are taken from literature.

Figure 5 :

 5 Figure 5: Normalized experimental Raman spectra of pristine and SnSe filled SWCNT fitted with a BWF function (𝐺 -band) and two Lorentzian functions (𝐺 + TO and 𝐺 + LO bands). (a): pristine SWCNT (NanoIntegris 99% pure, sample # 0). (b): SnSe@SWCNT (sample # 2). In inset: BWF interference functions for SWCNT (green contour), sample # 2 (solid blue line), and differences of BWF interference functions between sample # 2 and SWCNT (red contour).

Figure 6 :

 6 Figure 6: Calculated phonon dispersions and density of states of SnSe crystals: (a) 3D 𝑃𝑛𝑚𝑎 crystal; (b) 1D 𝑝4 2 /𝑚𝑚𝑐 Sn 4 Se 4 crystal with dominating flat bands.

Table 1 :

 1 Optimized structure parameters of Sn 4 Se 4 and Sn 6 Se 6 standalone nanowires calculated with HSE06 hybrid functional. The bond lengths between atoms belonging to the same Sn 2 Se 2 (Sn 3 Se 3 ) plane are denoted as "in", and those between atoms from neighboring planes -by "out".

	Sn 2 Se 2	Distance (Å)
	Translation period c	5.708
	Sn-Se (in)	2.690
	Sn-Sn (in)	3.698
	Se-Se (in)	3.909
	Sn-Se (out)	2.856
	[h]	
	Sn 6 Se 6	Distance (Å)
	Translation period c	4.324
	Sn-Se (in)	2.647
	Sn-Sn (in)	2.698
	Se-Se (in)	2.668
	Sn-Se (out)	2.664
	for the Sn 4 Se 4 SnSe nanowire, and	

  for the Sn 6 Se 6 hexagonal nanowire. The acoustic modes are 𝐴 2𝑢 + 𝐸 𝑢 and 𝐴 2𝑢 + 𝐸 1𝑢 for the Sn 4 Se 4 and Sn 6 Se 6 nanowires, respectively. The near-zero-frequency rigid rotations about c of the Sn 4 Se 4 and Sn 6 Se 6 wires correspond to modes of 𝐴 2𝑔 symmetry. The other 𝐴 2𝑔 and 𝐵 2𝑢 modes in the Sn 4 Se 4 nanowire, as well as the 𝐴 2𝑔 , 𝐵 2𝑔 , 𝐵 1𝑢 , 𝐵 2𝑢 , and 𝐸 2𝑢 modes in the Sn 6 Se 6 nanowire are op-

tically silent. The remaining even (g) modes are Raman active:

  Sn 4 Se 4 and Sn 6 Se 6 nanowires the A 1𝑔 and the E

𝑔 (E 1𝑔 ) vibrations entail comparable types of atomic displacements. The totally symmetric A 1𝑔 modes are radial breathing-type modes of the Sn and Se sublattices. The E 𝑔 (E 1𝑔

Table 2 :

 2 Calculated Γ-point frequencies (cm -1 ) for Sn 4 Se 4 and Sn 6 Se 6 nanowires.The highest calculated Raman frequencies at the HSE level occur at 194 (𝐵 1𝑔 ) and 254 cm -1 (𝐵 2𝑔 )

	Sn 4 Se 4 (2×2)

Table 3 :

 3 Lennard-Jones parameters of Se• • • C interaction. Forces on the Se atom in the composite SnSe@SWCNT(9,9) and on the Sn 6 Se 6 standalone nanowire after optimization (in eV/Å).To estimate the nanotube interaction with the encapsulated Sn 6 Se 6 crystal, we derived a simple model involving a Lennard-Jones (LJ) potential for a pair of non-bonded Se and C atoms: 𝑉 (𝑟) = -𝜖 (𝑟 0 /𝑟)12 -2(𝑟 0 /𝑟) 6 )

				Cartesian coordinates of forces	Cross-section
			𝑥	𝑦	𝑧	𝜎 (Å)
		Sn 6 Se 6	-0.00044	0	0	7.302
	[ht]	Se in (9,9) tube	0.48822	0.02555	-0.00259
				Lennard-Jones parameters	Distance
			𝐸 (eV)	𝑟 0 (Å)	𝑅 min -𝑅 max (Å)	𝑑 (Å)
		Se• • • C	0.020	3.52	0.5 -10	2.98
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