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Abstract

Antimony telluroiodide (SbTel) is predicted to be a promising material in many
technological applications based on theoretical simulations, however the bulk structure
solution remains elusive. We consolidate SbTel belonging to the base-centered monoclinic
lattice with a space group C 2/m by combining single crystal X-ray diffraction and X-ray
photoemission spectroscopy techniques. The atomic arrangement of the reported crystal
structure is remarkable with one-dimensional double-chains forming two-dimensional
blocks. In this structure, the Sb** ion is surrounded by Te? and I-, which is distinguishable
by an incomplete polyhedron resulting in the 5s® (Sb) lone pair electrons in the valence
band. Manipulation of this material with pressure to induce novel structures and

properties is highly anticipated.
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I. Introduction

Antimony and bismuth chalcohalides show great promise for photovoltaic applications [1-5],
where they also feature flexible electronics and novel piezoelectric devices [6-8]. In contrast to
common Pb and Sn, compounds containing trivalent Sb/Bi have ecological advantage and
demonstrate good stability parameters in air [9]. Recently, SbTel material was highlighted as
relevant absorbent of the solar spectrum with high conversion efficiency evaluated from the
theoretical absorption coefficients [10]. In addition, it shows low thermal conductance of the
sheet which is favorable for 2D thermoelectric materials from the monolayer [11]. Furthermore,
Rashba effect in a single-layer antimony telluroiodide was predicted for potential spintronics
applications [12]. Theoretical calculations of the low formation energy and real phonon modes
imply that the system is stable. It should be noted that the Rashba spin splitting in the spin-orbit
coupling (SOC) band structure of single-layer SbTel is significantly larger than that of a number
of two-dimensional systems, including surfaces and interfaces.

A lot of research has been done recently with the relatively close compound BiTel, which
has many unique properties, including the Rashba effect. [13, 14]. However, structurally, SbTel
is much different from BiTel which is clearly layered 2D material and of significantly higher
symmetry — trigonal system, space group P3m1 (No. 156) [15]. As a semiconductor, SbTel has
more in common with 1D ferroelectric SbSI-type compounds, most of which are characterized
by orthorhombic crystal symmetry comprising of infinite double-chains [1-7]. Yet, in this work,
we show that SbTel may be an intermediate example between 1D — 2D systems, as it holds
somewhat both layer and chain arrangement.

In the literature, there are only a few studies dealing with crystal structure of SbTel and

their results are quite different. This causes confusion, for example, when performing theoretical
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ab-initio calculations [10, 16-18]. Initially, it was announced that the structure may adopt the
orthorhombic or even the lowest triclinic symmetry [19-21]. Investigating more precisely, A. G.
Papazoglou and P. J. Rentzeperis found that the symmetry should be monoclinic with the space
group C 2/m [22]. On the other hand, theoretical simulations indicate that bulk SbTel with the
trigonal symmetry (analogous to the BiTel crystal) exhibits energy 19 meV/atom lower than that
of monoclinic SbTel [12]. Therefore, seeing the growing interest in these ternary materials as
well as many uncertainties, we have undertaken growth and structural analysis of pure single
crystals of SbTel. In this study, we also examine their surface chemical composition and internal

electronic properties.

1. Methods

SbTel compound was prepared by heating a high purity mixture of antimony (99.999%),
tellurium (99.999%), and iodine (>99.99%) purchased from “Sigma-Aldrich”. Stoichiometric
amounts of Sh, Te, and | powders were sealed in an evacuated quartz tube and placed in a
rotating furnace. The temperature was slowly raised up to 670 K and held at this level for 24 h.
Then, the tube was fixed and kept stable in turn temperature, which was gradually lowered to the
room temperature. The resulting crystals were black-gray in color and had a mirror-like surface
(see Fig. 1a).

A specimen of SbTel was used for the X-ray crystallographic analysis. The X-ray intensity
data were measured on a Bruker D8 VENTURE PHOTON Il system equipped witha
Microfocus Incoatec Ims 3.0 (Ag Ko, 4 = 0.56086 A) and a multilayer optic monochromator. A
total of 872 frames were collected. The total exposure time was 0.48 h. The frames were

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The
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integration of the data using a monoclinic unit cell yielded a total of 2132 reflections to a
maximum 6 angle of 22.12° (0.74 A resolution), of which 604 were independent (average
redundancy 3.530, completeness =100.0 %, Rint=4.36 %, Rsig=3.97 %) and 542 (89.74%)
were greater than 26(F2). The final parameters listed in the Tables 1-4 are based upon the
refinement of the XYZ-centroids of 2513 reflections above 20 o(I) with 4.476° < 20
<44.15°. The data were corrected for absorption effects using the Multi-Scan method
(SADABS). The ratio of minimum to maximum apparent transmission was 0.462. The structure
was solved and refined using the Bruker SHELXTL Software Package, using the space group C
2/m (No. 12, unique axis b), with Z =4 for the formula unit, SbTel. The final anisotropic full-
matrix least-squares refinement on F? with 19 variables converged at Ri1 =3.27% for the
observed data and wR2 = 8.72 % for all data. The goodness-of-fit was 1.20. The largest peak in
the final difference electron density synthesis was 1.792 e/A% and the largest hole was -1.711 e
/A3 with an RMS deviation of 0.387 e/A%. On the basis of the final model, the calculated density
was 6.009 g/cm? and F(000), 624 e".

X-ray photoelectron spectroscopy (XPS) was used to investigate the surface composition
and chemical state of the elements within a SbTel. X-ray photoelectron spectra were acquired at
room temperature by using a PHI Versaprobe 5000 spectrometer. The photoelectrons were
excited using monochromatized 1486.6 eV Al radiation, 25 W beam power, 100 um beam size
and 45° measurement angle. Sample charging was compensated using dual neutralization system
consisting of low energy electron beam and ion beam. The random C 1s line with binding energy
fixed at 284.6 eV was used for correction of the charging effects. After background subtraction, a
non-linear least squares curve fitting routine with a Gaussian/Lorentzian product function was

used for the analysis of XPS spectra.
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Theoretical simulations of different structures and compositions within the ternary Sb-Te-I
system were performed using the crystal structure prediction method implemented in the USPEX
code [23, 24]. The USPEX was used in coupling with the first-principles calculations within the
framework of density functional theory (DFT) using the Vienna ab initio simulation package
VASP [25]. For the determinations of the total energies, optimized lattice structures and their
corresponding electronic structures, the Perdew, Burke and Ernzerhof generalized gradient
exchange-correlation functional (PBE-GGA) was selected [26]. The plane—wave kinetic energy
cutoff was set to 500 eV and a Brillouin zone sampling resolution was 2z x 0.05 AL All
structures were relaxed at ambient pressure and 0 K, and the enthalpy was used as fitness
function. In addition, for the structural candidates searched by USPEX, we further performed
DFT analysis using the WIEN2k software [27]. Here, the calculations were carried out on a
mixed basis set of augmented plane waves (APW) and linearized augmented plane waves
(LAPW). The exchange and correlation potentials have been treated according to the PBE-GGA
scheme. Wave functions in the interstitial regions were expanded in plane waves, with the plane
wave cutoff chosen so that Rmtkmax = 7 (where Rmr represents the smallest atomic sphere radius
and kmax is the magnitude of the largest wave vector). The energy separation between core and
valance states was -6.0 Ry. For the structure optimization, we required that the forces are smaller
than 1 mRy/a.u. When performing self-consistent calculations for fixed geometry, the iteration
halted when the difference in the eigenvalues was less than 0.0001 between steps of convergence

criterion.
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I11. Results and discussion

Our single crystal X-ray diffraction (XRD) measurements indicate that SbTel adopts a
monoclinic lattice (space group C 2/m) with the unit cell parameters a = 13.698(6) A, b =
4.2289(18) A, ¢ = 9.191(4) A, B =128.626° (see more details provided in Table 2 and
supplementary material). This coincides with the results presented in Ref. 21, where the unit cell
parameters a = 13.7008(10) A, b = 4.2418(3) A, ¢ = 9.2005(8) A, and g =128.631° were
reported. This also confirms that SbTel crystals synthesized at ambient pressure are indeed
monoclinic rather than orthorhombic or trigonal, in contrast to the triclinic symmetry (P1, P1)
announced in Ref. [20].

As it was briefly mentioned in the introduction, the double-chains of SbTel extending
through the shorted b-axis of the unit cell are very similar to those in SbSI-type structure.
However, double-chains of SbTel are uniquely situated forming plate-like blocks (see Fig. 1b).
These blocks are likely held together by a weak van der Waals connection. Such an arrangement
has strong anisotropic properties and a rather brittle nature, which can be easily observed by
mechanical pressing of the sample. The calculated universal anisotropy index, AY, gives the
value of 1.85 indicating strong anisotropy as well [18]. For comparison, BiTel has AY = 0.37 and
AY = 0 represents locally isotropic crystals. As for the atomic bonds inside the chains,
considerable covalent character can be pondered in the Sb-Te bond because it is shortest in
length and closer to the sum of the covalent radii [22]. Overall, a mixed covalent-ionic-metallic
character prevails the structure where metallicity is gained from tellurium. Mdssbauer
spectroscopy showed that Sb systems containing tellurium, in most cases, have negative
quadrupolar splitting, indicating a tendency to metallic character [28-31]. On the contrary, sulfur

(as well as selenium in similar systems) usually tends to ionic character.
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The metallicity of bonds as well as forbidden gap value are closely related to the
stereochemical activity of the lone pair which is often considered as a key factor for the efficient
carrier transport in optoelectronic materials. On the other hand, the example of SbSI showed that
the lone pair of antimony plays an active role in the stabilization of ferroelectricity [32]. The
monoclinic SbTel variation indeed has the lone pair of antimony. Figure 1c shows that there is
one missing atom at one edge of the octahedron for SbTel. Thus, the octahedron is incomplete
and takes square pyramidal shape: tellurium is at the apex of a pyramid whose base is one of the
Tezl2 faces of the triangular prism. Although lone pair does not participate in bonding, its
properties are connected to the local atomic arrangement of antimony. In fact, the stereochemical
activity of the lone pair is sensitive to the local environment because it affects the loss of
sphericity of the 5s’ electron distribution around the Sb atom. Usually, small coordination
polyhedrons with strong covalent bonds have active lone pairs and their stereochemical activity
increases with the distortion of the local environment. The structural modifications then
correspond to changes in the nature of bonds from more or less ionic to covalent or metallic. On
the basis of chemical bonding, the stereochemical activity of the lone pair for SbTel is
considered to be low in activity [31]. However, it is likely that chemical or physical pressure-
induced changes would cause electronic transformations because the lone pair electrons are
directed to occupy the space between plate-like blocks. Such an effect on the structure can be
quite significant, as in the case of layered Bi202S, where the high-pressure enforces the lone pair
electrons to disappear and triggers 2D-to-3D structural transition [33].

In general, to balance the charge, SbTel with 1:1:1 stoichiometry should be formed from a
trivalent cation with divalent and monovalent anions, respectively. Here, we used XPS methods

to define the chemical state and related peculiarities of SbTel. Figure 2 shows the peaks of Sb 3d,
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| 3d, Te 3d and valence band (VB) spectrum collected at room temperature. The Sb 3d spin—
orbid doublet is situated at the binding energies (BEs) of 530.3 eV and 539.7 eV, for Sb 3ds2 and
Sb 3dsz, respectively. The fitting of the experimental data indicates that each line of the Sb 3d
spin—orbit doublet has an additional minor component approximately spaced by 1.4 eV (see Fig.
2a). All four lines are well matching with Sb 3d in sonochemically prepared SbSI [34]. For the
antimony chalcohalides the lines divided into two groups indicate separate states of surface and
bulk [35-37]. Although the surface tends to oxidize, both BEs represent Sb®* species. No other
antimony species contributions corresponding to Sb*" or Sb®*, which appear at slightly higher
BEs [38], are seen. The oxidation of the surface is also evident from | 3d and Te 3d spectra given
in Figs. 2b and 2c, respectively. We observe that | 3d region has well separated spin-orbit
doublet, A = 11.5 eV. The position of | 3ds is at BE = 618.8 eV and of | 3ds2 — at BE = 630.3
eV. The chemical shift is -0.7 eV to lower energy values (pure | 3ds. it is at BE = 619.5 eV and
for | 3ds2 at BE = 631.0 [39]). The main lines have two adjacent components spaced 1.3 eV
apart. The main Te 3ds;2 and 3ds2 peaks were located at BEs of 573.1 and 583.5 eV, respectively.
This indicates metallic tellurium similar, as for example, in PtTez crystals [40]. In addition,
rather strong peaks at BEs of 576.32 and 586.72 eV were observed as well. The later peaks can
be assigned to the Te-O bonds which, as mentioned before, are often found on the surfaces of
chalcogenide materials due to the rapid surface oxidation after exposure to the ambient
atmosphere [40-42].

Figure 2b shows the XPS spectrum of the VB for the SbTel crystals at room temperature.
In the given region, three bands can be singled out. The shape of this structure is comparable to
the VBs reported for the SbSI-type crystals [34, 35, 43] and corresponds well to the DFT

simulated total density of states (T-DOS) (see Fig. 3a). It should be noted that such a comparison
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is only of a general nature, as there is a large temperature difference between the experimental
measurements and the theoretical calculations [43]. However, the well separated bands allow
their composition to be identified. According to the simulations, the lowest BE band is mainly
the anion-p-dominated consisting of Sb 5p, | 5p and Te 5p hybridized orbitals (Fig. 3b). The
partial densities of states (P-DOS) reveal only very small portion of the Sb 5s involved in this
band (Fig. 3c). The second band should be related to the lone pair of antimony, because it has
most pronounced 5s states here. Overall, the second and third bands originate from Sb 5s, | 5s
and Te 5s hybridized orbitals. In addition, as P-DOS indicates, the conduction band (CB)
composed of Sb 5p, | 5p and Te 5p hybridized orbitals where cation has the largest contribution.
Sb-Te-I system is known to have only one ternary compound SbTel [44]. Our structure
search for 1:1:1 composition using the evolutionary algorithm implemented in USPEX software
predicts a series of candidates to match the experiment. The lowest enthalpy structures were
taken into account and their corresponding energy—volume curves are presented in Fig. 4 (with
more details provided in the supplementary material). Here, the volume is given in terms of the
reduced volume, V/Vo, emphasizing that considered systems have no points of contact at a given
range. The resulting E = f (V) curves shown in Fig. 4 correspond to fitting of the calculated

points using a Birch-Murnaghan expression [45, 46]:

3

2 2 2
E(V) = Eq +2VsBo l(%)5 - 1] +ZBo(B' — 1)V, [(%)3 - 1] , (1)

where E,, Vy, By and B, are the equilibrium energy, the volume, the zero pressure bulk modulus

and its pressure derivative, respectively. The derived value of the bulk modulus characterizes
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SbTel as soft material, B, = 38 GPa. This value is also in a good agreement with the data for
ternary bismuth tellurohalides [18, 47].

A series of energy calculations with fixed symmetry determine that orthorhombic Pnam is
energetically unfavorable but two other phases (trigonal P3m1 and monoclinic Cm) justified as
suitable and are more stable than experimentally observed C 2/m. In all cases, SbTel is found as
semiconductor where the forbidden gap is surrounded by intertwined p orbitals but, interestingly,
for the lowest energy phases, it has clearly layered 2D structure with octahedron being complete
(see supplementary material). The absence of both the inversion symmetry and out-of-plane
mirror symmetry makes this compound much attractive. However, to obtain bulk ShTel
experimentally in P3m1 or Cm form is likely to be difficult process requiring very special high-
pressure-temperature conditions or even impossible. Despite the technical challenges, other
forms such as Janus monolayer are intriguing as they can induce novel electronic and
piezoelectric properties as well. Furthermore, the application of external pressure, which is an
alternative thermodynamic parameter, could modulate the atomic and electronic structures by
changing the bond distances. In this regard, SbTel may have a transition from the monoclinic —

lone-pair phase to the phase of completed polyhedron.

IVV. Conclusions

Single crystal XRD measurements indicate that SbTel obtained by using standard synthesis
methods at ambient pressure are of base-centered monoclinic lattice with a space group C 2/m.
The structure consists of double-chains that lie in plate-like blocks. Therefore, these crystals are
characterized by strong anisotropy, while XPS shows their surface in the air is being oxidized.

Such atomic layout is considerably different from BiTel compound that settle in trigonal P3m1 at

10
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ambient. Despite the fact that bismuth and antimony are both trivalent cations, their ternary
compounds have several differences that may be detected in this fashion, such as SbTel being
made up of unfinished octahedra, having a structure that is closer to the 1D arrangement, and
having a larger band gap. The valence band spectra observed for SbTel indicated three bands that
are dominated by p and s orbital hybridization while the conduction band is composed only of
hybridized p orbitals. Such hybridization should result in strong optical absorption near band gap
energies, which is important for a solar absorber material. Another important factor is the lone
pair which plays a key role in the SbTel structure and could be further manipulated with pressure

to generate novel structures and electrical, and optical properties.

Supplementary Material
Detailed crystallographic information on the structure of SbTel determined experimentally and

predicted theoretically can be found in the supplementary material.

Data Availability Statement
The data that supports the findings of this study are available within the article and its

supplementary material.
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Captions for figures

Figure 1. Visual and structural view of the ShTel crystal. (a) Microscope image of the SbTel single crystal grown
by chemical vapor transport. (b) Crystal structure of SbTel highlighting plate-like blocks and double-chains
projected in c-b and a-c planes, respectively. Here, the double-chains consist of Sb-Te and Sh-I chemical bonds
while Te and | atoms are well separated and do not form any connections. The monoclinic unit-cell distinguished by

thick solid lines. (c) Coordination polyhedrons of the antimony with a lone pair marked as dashed line.

Figure 2. XPS spectra of the Sb 3d (a), I 3d (b), Te 3d (c) spin-orbit doublets and valence band (d) collected from
the surface of SbTel crystal.

Figure 3. The T-DOS (a) and P-DOS (b, c) of ShTel crystal (monoclinic C 2/m phase). The valence band has three

well separated bands in the energy range from -13.5 to 0 eV. The conduction band situated from 0.7 to 4.2 eV.
Figure 4. Schematic diagram of the energy-volume curves for different phases of SbTel. The black curve

corresponds to the monoclinic C 2/m phase observed experimentally. The other curves correspond to the

theoretically simulated phases described in the text.
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Tables

Table 1. Data collection and structure refinement for SbTel.

Radiation source Microfocus Incoatec Ims 3.0 (Ag Ka, L =0.56086 A)

Theta range for data collection | 2.24 t0 22.12°

Index ranges -18<=h<=17, -5<=k<=5, -8<=I<=12

Reflections collected 2132

Independent reflections 604 [R(int) = 0.0436]

Coverage of independent 100.0%
reflections
Absorption correction Multi-Scan

Structure solution technique direct methods

Structure solution program SHELXT 2014/5 (Sheldrick, 2014)

Refinement method Full-matrix least-squares on F?

Refinement program SHELXL-2018/3 (Sheldrick, 2018)

Function minimized T W(Fo? - F¢?)?

Data / restraints / parameters

604/0/19

Goodness-of-fit on F?

1.20

Final R indices

542 data; [>20(1)

R: = 0.0327, wR2 = 0.0750

all data

R: = 0.0398, wR, = 0.0872

w=1/[c2(Fo?)+(0.0130P)?+12.5256P]
where P=(F,?+2F:)/3

Weighting scheme

Largest diff. peak and hole 1.792 and -1.711 eA3

R.M.S. deviation from mean 0.387 eA3

F(000) 624

Table 2. Atomic coordinates and equivalent isotropic atomic displacement parameters (A?).

Atom Space group C 2/m, T = 296.2 K.
a=13.698(6) A, b=4.2289(18) A, c =9.191(4) A, o =y =90°,  =128.626°,V=4159A% 7 =4
x/a y/b zlc U (eq)* Occ.
Sh 0.36588(8) 12 0.74674(12) 0.0271(2) 1.0
Te 0.32611(8) 12 0.40553(12) 0.0233(2) 1.0
I 0.58161(8) 0 0.86379(12) 0.0274(2) 1.0

*U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 3. Anisotropic atomic displacement parameters (A2). The anisotropic atomic displacement factor exponent
takes the form: -2a?[h? a2 Uy, + ... + 2 h ka" b" Uyy].

Publishing

AlP

Un U2 Uss Uzs Uis Uiz
Sb | 0.0298(5) 0.0229(4) 0.0202(4) 0 0.0116(4) 0
Te | 0.0249(4) 0.0194(4) 0.0256(4) 0 0.0158(4) 0
[ 0.0289(5) 0.0229(4) 0.0297(5) 0 0.0179(4) 0
Table 4. Bond lengths (A) and angles (°).
Bond lengths
Sh-Te 2.8281(18) | Sh-1(x 2) 3.2236(15)
Sbh-Te (x 2) 2.9582(13)
Bond angles
Te-Sbh-Te (x 2) | 88.65(3) Sh-Te-Sb (x 2) | 91.35(3)
Te-Sb-Te 91.25(5) Sbh-Te-Sh 91.25(5)
Te-Sb-1 (x 2) 170.32(4) | Sb-I-Sb 81.98(5)
Te-Sb-1 (x 2) 82.64(3) 1-Sb-1 81.98(5)
Te-Sbh-1 (x2) | 92.76(4)
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