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Abstract: Optical measurements under externally applied stresses allow us to study the materials’
electronic structure by comparing the pressure evolution of optical peaks obtained from experiments
and theoretical calculations. We examine the stress-induced changes in electronic structure for the
thermodynamically stable 1T polytype of selected MX; compounds (M=Hf{, Zr, Sn; X=S, Se), using
the density functional theory. We demonstrate that considered 1T-MX; materials are semiconducting
with indirect character of the band gap, irrespective to the employed pressure as predicted using
modified Becke—Johnson potential. We determine energies of direct interband transitions between
bands extrema and in band-nesting regions close to Fermi level. Generally, the studied transitions
are optically active, exhibiting in-plane polarization of light. Finally, we quantify their energy
trends under external hydrostatic, uniaxial, and biaxial stresses by determining the linear pressure
coefficients. Generally, negative pressure coefficients are obtained implying the narrowing of the
band gap. The semiconducting-to-metal transition are predicted under hydrostatic pressure. We
discuss these trends in terms of orbital composition of involved electronic bands. In addition, we
demonstrate that the measured pressure coefficients of HfS, and HfSe, absorption edges are in perfect
agreement with our predictions. Comprehensive and easy-to-interpret tables containing the optical
features are provided to form the basis for assignation of optical peaks in future measurements.

Keywords: MXj; DFT; bulk; band structure; pressure coefficients; transition metal dichalcogenides

1. Introduction

Among the large family of van der Waals (vdW) crystals, transition metal dichalco-
genides (TMDs) have attracted a great deal of interest owing to their unique combination of
direct band gap, significant spin-orbit coupling and exceptional electronic and mechanical
properties, making them attractive for both fundamental studies and applications [1,2]. In
particular, their semiconducting nature opens a door to potential optoelectronic, photonic
and sensing devices such as light emitting diodes, microlasers, solar cells, transistors or
light detectors [3-6].

Optoelectronic properties of vdW materials can be tuned by multiple external fac-
tors. One of them is an effective strain engineering. Recent theoretical and experimental
reports have demonstrated flexible control over their electronic states via applying exter-
nal strains [7-9]. For instance, applying an uniaxial tensile strain to monolayer of MoS,
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may result in direct-to-indirect band gap transition [10], whereas applying a biaxial strain
gives rise to a semiconductor-to-metal phase transition [11]. Meanwhile, the prominent
mechanical strength of TMDs [12], compared with conventional 3D semiconductors, al-
lows to use large strains for band structure engineering. For instance, combined studies
by means of density functional theory (DFT) calculations and atomic force microscopy
measurements have reported that the fracture stress of a freely suspended MoS; [12,13]
approaches the theoretical limit of this quantity for defect-free elastic crystal (one-ninth
its Young’s modulus) [14]. In addition, numerous nondestructive optical techniques, in-
cluding Raman, absorption, photoreflectance, and photoluminescence experiments, can be
readily employed to quantitatively determine strain-tuned optical properties. In addition,
high-pressure measurements are highly desirable for detailed band structure information
as well as give useful benchmark to test DFT calculations. Such techniques also provide
a direct way to probe interlayer interaction in the layered structures. In particular, recent
experimental reports have demonstrated that the energies of various optical transitions
in TMDs exhibit significant pressure dependence [15-18], which allows for the identifi-
cation of the optical peaks, making them attractive for applications in pressure-sensing
devices [19-21]. Generally, the unique mechanical flexibility and strength of TMDs make
them an ideal platform for band gap engineering by strain, thus, enabling enhancement of
their optical properties.

The chemical formula of hexagonal TMDs is MX,, where M stands for a transition
metal element, and X is a chalcogene element (S, Se or Te). TMDs exhibit several structural
polytypes of which two most common are trigonal prismatic (2H) and octahedral (1T) ones
(see Figure 1). The difference between 2H and 1T polytypes can be viewed in different
arrangement of atomic planes sequence within the monolayer. Namely, 2H polytype corre-
sponds to an ABA arrangement, whereas 1T polytype is characterised by ABC sequence
order [22]. Although 2H polytype of TMDs, based on Mo and W, have been extensively
studied, the octahedral 1T MX, compounds containing the M=Hf, Zr and Sn, X=S, Se el-
ements have been less examined. The latter ones are indirect-gap semiconductors with
band gaps ranging from visible to near-infrared wavelengths [23]. The earlier studies on
1T-MX; compounds have predicted very high electron mobility and sheet current density in
HIS,, superior to MoS; [24,25], which makes ultrathin HfS, phototransistors appealing for
optoelectronics [26]. Thin SnSe; flakes were shown to exhibit high photoresponsivity [27].
ZrS; nanosheets were found suitable as anodes for sodium ion batteries [28]. These findings
motivate further studies of electronic properties of 1T-MX; crystals in 1L and bulk form.
Despite some works reporting pressure evolution of Raman spectra [29-31], as well as
X-ray diffraction and transport measurements [32], optical measurements under pressure
are largely missing for 1T-MX; compounds.

In this work, we systematically investigate the impact of external stress on the basic
features of the band structure of MX, (M=Hf, Zr, Sn; X=S, Se) in the 1T bulk polytype
by DFT calculations. For each compound, we identify the dominant direct electronic
transitions in BZ. As the structural anisotropy of in-plane and out-of plane directions in
layered systems may result in different response to the strain, we study the evolution of the
band structure upon applying stress types that are most frequently realized in experiments,
i.e., compressive isotropic (hydrostatic), biaxial, and uniaxial stress. We quantify the energy
trend for each transition between ambient and band gap closing pressure by determining
the linear pressure coefficients. In addition, we examine the effect of light polarization
for optically active direct transitions using dipole selection rules. Our predicted pressure
coefficients and polarization of transitions can serve for identification of the features in
measured optical spectra. Meanwhile, we explain the observed chemical trends by the
orbital composition of electronic bands involved in the transitions. Finally, we compare
our calculated results to the pressure trends of absorption edges positions measured in
HIS; and HfSe; crystals, finding an excellent agreement. It corroborates that our adopted
computational strategy is accurate at the quantitative level.
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Figure 1. Top and side views of the (a) trigonal prismatic (2H) and (b) octahedral (1T) polytypes of
MX3. (c) The first Brillouin zone (BZ) with high-symmetry k-points and lines denoted in blue.

2. Methods and Materials

The DFT calculations have been performed in Vienna Ab Initio Simulation Package [33].
The electron-ion interaction was modeled using projector-augmented-wave technique [34].
In the case of tin (Sn) atom, the 4d!? states were included in valence shell, for hafnium and
zircon, additional s states were taken (4s? for Zr, 5s> for Hf). The Perdew-Burke-Ernzerhof
(PBE) [35] exchange-correlation (XC) functional was employed. A plane-wave basis cutoff
of 500 eV and a 12 x 12 x 8 Monkhorst-Pack [36] k-point grid for BZ integrations were set.
These values assured the convergence of the lattice constants and the electronic gaps were
within precision of 0.001 A and 0.001 eV, respectively. A Gaussian smearing of 0.02 eV was
used for integration in reciprocal space. It is well known that standard exchange correlation
functionals are insufficient to describe a non-local nature of dispersive forces, crucial to
obtain a proper interlayer distance for layered structures [37,38]. Thus, the semi-empirical
Grimme’s correction with Becke-Johnson damping (D3-BJ) [39] was employed to properly
describe the weak vdW forces. The spin—orbit (SO) interaction was taken into account.

It is well established that the standard approximations to the XC functional lead to
a severe underestimation of the electronic band gap and the lack of inclusion excitonic
effects. In this regard, DFT is inaccurate for identification of optical transitions based on
their absolute energy values. This issue can be partly improved by using more advanced
techniques such as hybrid functionals or GW method [40,41], but their computational
costs often make the calculations unfeasible for systems containing more than few atoms.
The modified Becke-Johnson (mB]) potential is an alternative approach to improve the
band gaps with relatively low computational cost [42—44]. Recent report shave shown
that mB] provides reasonable results for identifying the optical transitions in ReS; and
ReSe; bulk crystals [16]. It also yields pressure coefficients of optical transitions in excellent
agreement with experimental values [15,45]. Therefore, we employ mB] potential for band
structure calculations, on top of the optimized geometry obtained within the PBE+D3-
BJ+SO approach. The direct interband momentum matrix elements were computed from
the wave function derivatives using density functional perturbation theory [46].
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3. Results
3.1. Theoretical Analysis

We start our research by considering the geometry and electronic structure for the
unstrained systems. The optimized lattice parameters, provided in Table 1, are in perfect
agreement with experimental values. Similarly to 2H-TMDs, lattice constants are mostly
governed by chalcogene atoms [15]. As it is expected for heavier atoms, the selenium (Se)
compounds possess larger lattice parameters than sulfur (S) ones. The electronic band
structures calculated under ambient conditions are presented in Figure 2. The band edges
are located at the same high symmetry k-points for all studied systems. Namely, the valence
band maximum (VBM) and conduction band minimum (CBM) are located at I" and L k-
points, respectively. Note that the VBM of SnSe, at ambient pressure is not located exactly
at ' point, but between the I and K points (on the I'-M path the local maximum is 2 meV
lower). Under biaxial stress the VBM shifts to A point, but under hydrostatic and uniaxial
stress the position and shape of VBM remain unchanged. This type of pressure behavior
has already been observed in InSe crystals, where VBM exhibits toroidal shape [47,48]. The
toroidal shape has consequences in transport and optical properties and would require
further investigations, which are beyond the scope of our work. The calculated fundamental
gaps exhibit indirect character with values systematically lower by 30-50% with respect to
experimental values (see Table 1). The systems containing Se atoms exhibit reduced size of
the energy gaps in comparison to S-containing systems.

The underestimation of the band gap is related to the geometrical structure—a better
agreement is obtained with the use of experimental lattice constants, as shown in Ref. [49]
and discussed in Appendix B for ZrSe;. In our study, we focus, however, not on the absolute
value of the band gap, but rather on the pressure dependence of optical transitions, which
requires a full optimization of geometry. Further, the discrepancies between theoretical and
experimental bands gaps stem from the systematic underestimation of the band gap and
the lack of including excitonic effects in our theoretical approach. On the other hand, the
quasi-two-dimensional character of layered crystal leads to exciton binding energies on the
order of tens or hundreds of meV [50-54], which redshifts the optical energies from their
band-to-band values. Incidentally, it can improve the agreement with experiments, but this
is fortuitous result and strongly material-dependent. In contrast to the absolute energy of
transition, variation of its energy with respect to pressure, quantified by a linear pressure
coefficient, demonstrates to be in good agreement with measured value [15-17]. Additionally,
the dependence of the exciton binding energies upon the pressure can be neglected, whenever
the exciton binding energy is much smaller than the transition energy [45,55]. Aforementioned
suggest that the pressure coefficients obtained using mBJ might provide reasonable values and
enable proper identification of the measured optical peaks on a quantitative level. Therefore, in
order to compare the optical experimental results with our theoretical outcomes, the pressure
coefficients are computed.

Table 1. Calculated and measured lattice constants and fundamental band gaps of all the compounds.

System aPfT(A) PFT(A) EPFT (V) a®P(A) <P (A) Eg? (eV)

1.96 [57], 1.80 [58],
HfS, 359 5.75 1.50 3.63[56] 5.86 [50] 187 [39]
HfSe,  3.70 6.08 0.71 3.67[56]  6.00 [56] 1.13[57], 1.15 [58]

1.68 [57], 1.70[60],
ZrS; 363 5.72 112 3.66[57] 5.82[57] 178 [61]

1.20 [60], 1.10 [62],
ZrSe, 374 6.04 0.33 377[57]  6.14[57] 118 [¢3]
SnS,  3.67 5.80 2.14 3.65[64] 5.90 [64] 2.88 [65]
SnSe,  3.84 6.00 1.10 382[64] 614 [64] 1.63 [65]

Although structural phase transitions under pressure were reported for our com-
pounds [30,31,66-69], they are out of the scope of this work and we consider only the 1T
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phase under hydrostatic pressures up to metallization limit. In our mBJ-PBE+SO calcula-
tions they occur at pressures of: 266 kbar for SnS,, 188 kbar for HfS,, 128 kbar for ZrS,,
84 kbar for SnSe;, 65 kbar for HfSep and 26 kbar for ZrSep. We also apply uniaxial and biax-
ial stresses, as depicted on Figure A2, which result from reducing the lattice parameters by
up to 8% (see Appendix B). Figure 3 presents the band structures of HfS; and SnSe; under
hydrostatic, uniaxial, and biaxial stress, as representatives of (Hf,Zr)X; and SnX; groups.
Note, that the indirect character of the band gaps is preserved, irrespective of the pressure
applied. The band edges positions are located at the same k-points as for unstrained sam-
ples, except for SnX; systems under hydrostatic pressure, where CBM moves from L to M
point, and biaxial strains, where VBM moves from I' to A point. Note that, the application
of compressive uniaxial strains result in reduction in the band gaps. Notably, the impact of
hydrostatic or biaxial pressures is non-trivial and more complicated. In particular, for SnX,
compounds, the biaxial stresses initially increase the energy gap and move the VBM from T’
to A point (see Figure 3b and the Appendix B for a detailed discussion).

\7 Y

E

N F
A

rA LH AT ﬁrK rA LH AT MK TA LH

Figure 2. The electronic structure of bulk MS, (M=Hf, Zr, Se) for (a) and MSe; for (b) high symmetry
lines in BZ obtained using mBJ potential on the top of PBE+D3-BJ+5SO geometry optimization. The
VBM and CBM are denoted in blue circles.

On the basis of the calculated electronic band structures, we identify direct electronic
transitions with energies below 4.5 eV that might be optically active. For that, we calculate
the energy differences between three uppermost valence bands (VB, VB-1, and VB-2) and
three lowermost conduction bands (CB, CB+1, and CB+2) and plot them along the k-path,
as presented in Figure 4c,d. The minima and plateaus in these plots denote the regions of
BZ, where transitions occur between bands extrema at high-symmetry k-points or between
parallel bands between high-symmetry k-points, called band-nesting regions. Both types
of transitions contribute to van Hove’s singularities, that give rise to measurable optical



Nanomaterials 2022, 12, 3433 6 of 18

signal. Figure 4c,d reveal multiple of such transitions in HfS; and SnSe;. Additionally,
in order to be optically active a transition must have a finite dipole strength, or intensity.
Their calculated values are presented in Figure 4e f, distinguishing the in-plane and out-of-
plane components. In case the former (latter) one has a non-zero value, the emitted light
propagates perpendicular (parallel) to the layers’ plane. Basing on these two conditions, we
identify the optically active transitions in all studied compounds and depict the exemplary
ones for HfS, and SnSe, with arrows in Figure 4a,b.

(a) hydrostatic pressure uniaxial stress biaxial stress
5 - - — 7 5 AV T .
4 . .
3
S 2
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> 1
o0
) :
S -1
2} A L . v
-3 N b A A ; A X
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o -
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5 ] \,\\I/ T : = 7 Y/ v N
3 D ; ‘ - : 4
> 2 | Y. | | A4
2
u>6 1
o O o
S
-2 : \ | _
-3 : ‘: L ' A\ A
r MmKk TA LH Al M A LH Ar MK TA LH A

Figure 3. The electronic band structure for unstressed (grey lines) and stressed samples under
hydrostatic pressure (blue lines), uniaxial stress (green lines), biaxial stress (violet lines), respectively,
for (a) HfS; and (b) SnSe;. The uniaxial and biaxial stresses correspond to —8% and —2 % strains,
respectively. Zero in energy is rigidly set to the VBM.

A significant difference between the systems containing transition metal (Hf, Zr) com-
pared to the p-block metal (Sn) is visible in the orbital composition of their conduction
bands. The lack of the d-type orbitals close to the Fermi level for Sn compounds substan-
tially affects the curvature of the bands. Note that, for SnS, and SnSe; systems CBM is
separated from other conduction bands by several hundred meV (see Figure 2a,b). Such
separation reflects an intermediate character of the CBM, thus in turn, significantly de-
creases the number of optical transitions potentially visible in experiments. In particular,
two transitions with highest intensities and the different polarization of light are located at
I' (from VB to CB, out-of plane polarization) and M (from VB to CB+1, in-plane polarization)
k-points, respectively, (see Figure 4fb). However, the latter one is less plausible due to
much higher energy difference. Considering the Hf, Zr contained systems, their conduction
bands are mainly composed of 44 states, and many bands appeared in CB, resulting in a
higher number of plausible transitions (see Appendix D).
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Figure 4. Electronic band structures with orbital projections for (a) HfS,, (b) SnSe;. The arrows in
(a,b) mark the optically active transitions with highest intensities. The color of the arrow reflects
the position from which the transition occurs. For instance, the blue arrow denotes the transition
from VB-1 to CB, whereas the light green—from VB to CB. (¢,d) graphs show energy of direct
transition between selected bands (the other pairs of bands are omitted for the sake of clarity), and
(e,f) demonstrate the corresponding dipole strengths and polarizations of transitions.

After selecting the direct transitions at high symmetry points and band-nesting re-
gions with non-zero intensities, we discuss the pressure coefficients assigned to them and
collected in Table 2. Note that, the transition energies exhibit nonlinear trends in the whole
pressure range, as exemplified on Figure 5a,c for VB-CB transition in HfS, and SnSe,. Thus,
for each compound we divide the whole pressure range into three ranges, denoted I, II, and
III, where the energy trends are approximately linear (for the complete list see Table A1).
Figure 5b,d present the dispersion of the pressure coefficient for VB-CB transition in HfS,
and SnSe,. In HfS,, the pressure coefficients in II and III are similar and significantly differ-
ent fromIatT, K, L, and H points. In SnSe; the differences are even larger. For example, the
VB-CB transition at I" exhibits a negative pressure dependence for low pressures (0-25 kbar).
In range II (25-60 kbar) the energy is nearly constant and increases at higher pressures
(>60 kbar).

The five lowermost optically active transitions for each compound, are collected in
Table 2. The full list of all possible transitions up to 4.5 eV upon various stresses, with
corresponding pressure coefficient are presented in Tables A2-A4. Most of the selected
transitions are located at high symmetry k-points, with a few band-nesting transitions
present on I'-A and A-L paths. Most of transitions exhibit in-plane polarization of the
light. The Se-based compounds display higher pressure coefficients than S-based ones. In
particular, for the lowermost optical transition the uniaxial coefficients have in the former
ones have at least two times larger absolute values than in the latter ones.

The fundamental difference between the systems containing transition metal atoms
and Sn atoms is observed in the sign of pressure coefficients. For the first ones, most of
the predicted pressure coefficients are negative, whereas for the systems with Sn atoms, the
positive values are obtained in the case of hydrostatic and biaxial stresses (see Figures 2 and 6).
In addition for SnX; the largest pressure coefficients are obtained for uniaxial stresses (one
order of magnitude larger than the rest ones), while for the rest structures it is not conclusive.



Nanomaterials 2022, 12, 3433 8 of 18

(a) (b)_
l HfS, 3
2.4 §
—_ [0)
2.0}
g oy 2
2 o 5 sl
B 1.6 8
o
10 3
125550 100 150 200 £-10

Hydrostatic pressure (kbar)

(c) (d)
15 s 20
SnSe; <
%8)15-
314} =10}
= 5 I
S © 5F |
) % |
< L A J - 1
31'3 e;ego‘, § 0 I I 1
5_5_ | | |
| [l 1 2 | S
tob— £-10 ' ' '
25 50 75 = r M K r A L H A

0
Hydrostatic pressure (kbar)

Figure 5. The energy transition under the hydrostatic pressure at I" point for (a) HfS, (c) SnSe; bulk
structures. Three linear ranges have been selected (I, II, III), different for both systems. Corresponding
pressure coefficients for HfS, and SnSe,, are presented in (b,d), respectively, along the entire k-path.

3.2. Comparison with Experiment

To benchmark our results, we compare them to the pressure trends of absorption edge
positions measured in HfS; and HfSe,. For that purpose the commercial HfS; and HfSe;
crystals were used, grown using the state-of-art flux zone technique at 2D Semiconductors
company. In order to measure the pressure dependence of absorption spectra, crystals
were exfoliated to bulk-like flakes and enclosed in a diamond anvil cell (DAC). A helium-
filled membrane was used to control the thrust on the diamonds and the pressure inside
the chamber. The value of pressure was determined by measuring the red shift of R1
photoluminescence line from ruby spheres using the high resolution Ocean Optics HR2000+
fiber spectrometer with 1800 g/mm grating and a silicon CCD detector. Light from standard
halogen lamp was focused onto the sample with reflective objectives. The absorption
spectra from the sample were measured by a second spectrometer of the same type but
equipped with 300 g/mm grating.

Figure 6a,b show the pressure dependence of absorption spectra measured at room
temperature for HfS, and HfSe,, respectively. In order to extract the absorption edge,
the square of absorption was plotted and extrapolated to zero. The obtained pressure
dependence of absorption edge is plotted by solid circles in Figure 6¢,d for HfS, and HfSe,,
respectively, together with the linear fit. The respective pressure coefficients are equal to
—5.13 and —7.89 meV /kbar. According to theoretical calculations the observed absorption
edge can be attributed to the direct optical transition at the I' point of Brillouin zone. The
pressure coefficient for this transition in HfS, and HfSe, determined from DFT are equal,
respectively, to —5.49 and —7.34 meV /kbar. Note, that these theoretical values are different
than those collected in Table 2, due to different pressure ranges for linear fitting. The
experimental and theoretical values are in excellent agreement, confirming a quantitative
accuracy of our calculations. Basing on that we predict, with high level of credibility, that it
applies also to other compounds, not investigated experimentally yet.
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Figure 6. Pressure dependence of absorption spectra measured at room temperature for (a) HfS; and
(b) HfSe,. Inset shows the absorption edge determined from the absorption spectra (solid circles)
together with the linear fit (red lines). Pressure dependencies of the absorption edge energy (black
points) and calculated VB-CB transition at I' (green) and fundamental indirect transition I'-L (violet)
as a linear fit of points on the same range and derived pressure coefficients (meV /kbar) for (c) HfS,
and (d) HfSe;.

4. Summary

This work reports an extensive DFT investigation of band structure evolution and
electronic features upon applying various pressures for the bulk MX; compounds (M=Hf,
Zr, Sn; X=S, Se) in 1T polytype. We study the trends of the fundamental indirect band gap
and direct transitions energies upon application of hydrostatic, uniaxial and biaxial stresses,
up to semiconductor-to-metal transition. We provide the values of pressure coefficients
in the ranges of linear behavior of transitions energies. Additionally, dipole strengths
and polarizations of direct transitions are computed. The observed chemical trends are
discussed in terms of orbital composition of involved electronic bands. In general, the
negative pressure coefficients have been determined, except the (M=5Sn; X=Se, S) structures
under hydrostatic and biaxial stresses. The largest pressure coefficients are predicted
under uniaxial stresses for Sn containing structures. We compare the calculated pressure
coefficients to the experimental values for the absorption edges of HfS; and HfSe;, obtaining
and excellent agreement. It corroborates, that our computational strategy (PBE+D3-BJ+SO
for geometry optimization, mBJ+SO for band structure calculations), yields a quantitative
precision for identification of optical peaks in 1T-MXj, based on their pressure evolution.
Our work provides easy-to-interpret tables with electronic band structure features under
applying stress. Such results provide an indispensable and complete aid for materials
characterization, as they enable assignment of measured optical peaks to specific transitions
in the electronic band structure.
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Table 2. Direct optical transitions for particular high symmetry k-points for all employed compounds.
The n.XY represents the nesting bands transition between the X and Y k-points, whereas the v
(valence band) and ¢ (conduction band) indicate positions for which the transition occurs. The E,
Pﬁ and PJZ_ denote the energy of transition, intensity of in-plane and out-of plane polarization of
light (given in eV2A2), respectively. The last nine columns indicate the pressure coefficients (given
in meV /kbar), where the lower index denotes the pressure regions defined in Appendix C, and the
upper index indicates the type of pressure: h—hydrostatic, u—uniaxial, and b—biaxial.

. h h h b b b
Point v c E Pﬁ Pi aj afy afy aj ay ayy; aj ap aj
HfS,
L VB CB 2.076 21 11 -7.61 —-545 —5.05 -5.16 —-291 -1.72 -549 —6.99 —7.68
T VB CB 2448 0 3 —6.64 356 378 —12.83 -9.51 —8.00 1.08 -6.29 —9.26
nTA VB CB 2.687 67 0 —-419 -171 -0.96 —9.16 —7.96 -703 -—-171 —-2.07 —2.98
T VB-1 CB 2.690 66 0 0.87 0.66 0.66 —-0.21 0.14 0.25 —1.63 —6.74 —9.75
L VB-1 CB 2.781 30 2 —263 —126 -094 1.06 2.63 350 —6.89 —4.89 —4.98
HfSe2
T VB CB 1.699 52 0 -9.04 —-657 =579 -10.77 —8.70 -794 —-8.15 —13.52 —14.72
T VB-1 CB 1.716 5 5 —4.02 —4.06 —4.79 0.84 1.03 113 —434 —-12.03 -—-13.93
L VB CB 1.758 14 14 -1018 —-811 —6.97 —-3.32 —2.02 —-1.26 —8.63 —9.98 -9.97
T VB-1 CB+1 1811 22 0 —-292 233 -196 0.34 0.71 0.94 0.40 —-2.10 —2.58
A VB CB 1962 68 0 1.32 1.02 0.79 4.02 3.63 357 —3.06 —3.65 —4.49
ZrS,
T VB CB+1 1777 4 0 -541 -253 -1.69 -—11.51 —8.27 -722 =373 —3.09 —2.86
L VB CB 1.949 10 20 -7.64 570 —5.30 -5.17 —-2.70 —-152 -—1.68 —1.01 —0.60
T VB-1 CB+2 2073 11 0 —441 —-444 —4.10 3.65 4.20 4.69 1.18 1.57 1.86
T VB-2 CB+1 2164 41 0 -137 —-096 —-0.78 —0.16 0.23 040 —0.05 0.09 0.16
A VB CB 2209 61 0 1.36 1.11 1.13 2.96 2.67 2.63 0.96 1.00 1.04
erez
T VB CB+1 1.151 14 0 —6.76 —350 —2.46 —8.29 —5.75 —492 -292 —3.48 0.60
nTA VB CB 1252 54 0 -531 236 —146 —10.08 —7.87 -706 —-362 -—1030 —12.88
T VB-1 CB 1252 53 0 —287 —288 —5.39 1.34 1.38 134 —-1.65 —12.33 -9.91
L VB CB 1.320 23 6 -10.03 -7.75 -7.10 —-3.25 —1.86 —-098 —-922 -1043 -10.32
A VB CB 1.460 60 0 1.64 1.33 0.89 4.46 391 3.87 —294 —3.10 —3.34
Sn52
T VB CB 259 0 61 —4.73 0.22 128 —2859 —2578 —24.78 13.08 1.03 —1.09
L VB-2 CB 3786 3 35 2.20 4.21 8.71 —4.56 —1.89 —0.30 432 1.38 —2.14
H VB CB 3.871 4 0 3.01 3.00 2.85 —2.63 —3.11 —3.71 3.84 2.21 1.42
H VB-1 CB 3.889 7 0 2.89 3.01 2.85 —2.48 —2.99 -3.60 3.78 2.16 1.38
K VB CB 3953 20 0 3.87 2.52 1.65 1.38 0.96 0.55 2.64 1.52 0.96
SnSe,
T VB CB 1446 8 67 —-531 -0.15 117 —-34.07 3148 —-3220 1154 —0.14 —2.98
r VB-2 CB 1959 112 0 3.18 8.11 8.06 —6.45 —5.74 2.35 4.45 0.08 —2.75
H VB CB 2969 3 3 2.74 3.00 2.56 —4.41 -5.21 —6.68 4.16 2.25 1.21
L VB-2 CB 2986 14 14 4.16 4.95 4.96 1.36 5.21 8.35 1.66 —2.95 —4.30
K VB CB 3.072 22 0 4.17 3.24 1.43 0.47 —0.52 —-1.76 2.73 1.42 0.69
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Abbreviations

The following abbreviations are used in this manuscript:

CB Conduction band

CBM Conduction band minimum
DFT Density functional theory

GGA  Generalized gradient approximations
mBJ modified Becke-Johnson

PBE Perdew-Burke-Ernzerhof

SO Spin-orbit

TMDs Transition metal dichalcogenides
VB Valence band

VBM Valence band maximum

vdW van der Waals

XC Exchange-correlation

Appendix A. Band Gap Dependence on Geometrical Parameters

Previously, a comparison of mB] and experimental band gaps for Hf and Zr-based
compounds was reported by Jiang [49]. The better agreement obtained by Jiang is related
to the use of experimental geometrical parameters. In Figure Al, we compare the band
structures of ZrSe; calculated on top of geometrical structures from various optimization
schemes. Depending on the scheme, band gap varies from 0.33 to 0.95 eV. Particularly,
following Jiang’s approach (experimental lattice constants and relaxed atomic positions) we
obtain a band gap of 0.65 eV, very close to his value of 0.68 eV. It should also be noted, that the
best agreement with experimental band gap is obtained from PBE optimization without vdW
correction. However, this scheme is known to fail for pressure/stress calculations [15,29].
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Figure A1. Band structures of ZrSe; calculated with mB] on top of geometry obtained with full PBE
optimization (a) with vdW D3 —BJ correction, (b) without vdW correction, and experimental lattice
constants (c) with relaxed atomic positions and (d) with fixed atomic positions.
Appendix B. Stress vs. Strain Dependencies
In order to determine the stress coefficients of the systems, the modifications of the
in-plane lattice constant 2 were made in the case of biaxial stresses, and the out-of-plane
lattice constant ¢ in the case of uniaxial stresses. After optimizing the remaining degrees of
freedom, the applied deformations led to non-zero stress tensor components as can be seen
in Figure A2.
(@) (b) (c) (d)
200 80
T 160f T 60 | / ‘
2 120f 3
40 1
2 sof 2 —> <
B 40 3 20t 1 /
0% —2% 2% —6% —8% 0% —2% 4% —6% —6% T
* Biial etrain “Unisxial strain Biaxial strain Uniaxial strain

Biaxial strain

Uniaxial strain

Figure A2. Stresses (07 = 0y for biaxial, 03 for uniaxial) due to (a) biaxial (¢1 = €5) (b) uniaxial (e3)
strain for all system, applied as illustrated in (c,d), respectively.

Analyzing the chemical trends, we see that in the case of biaxial strains the stress
caused by deformation is clearly higher for sulfur-based compounds and depends mainly
on chalcogene atoms, while in the case of uniaxial strains, the resulting stress is similar for
sulfur and selenium, but significantly different depending on whether we have transition
metal or p-block metal, which is confirmed by the values of elastic constants obtained in
the literature for these systems [40,70,71].

Appendix C. Indirect Transition

The fundamental band gaps of all the studied compounds are indirect. At ambient
pressure, the VBM and CBM are located at I and L points, respectively. The pressure/stress
behavior of the indirect band gaps is presented in Figure A3.
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Figure A3. Stress/pressure dependence of the fundamental indirect transition energy for all stud-

ied compounds. The values of pressure coefficients from linear fitting in selected pressure ranges

are provided.

As in Section 3, the pressure ranges are divided into arbitrary sections, where the
dependencies can be approximated linearly. Tabulated values of linear pressure coefficients
with the corresponding ranges are summarized in Table Al. Only for compounds with
tin there is a change of vertices from I'-L to I'-K (for SnSe, A-K). For hydrostatic pressure,
this transition takes place between 20 and 40 kbar for SnS; and 10-20 kbar for SnSe;. For
uniaxial stresses it is around 20 kbar for the sulfur compound and slightly larger 5 kbar
for the material with selenium. For biaxial stresses, the discussed transition in SnS, occurs
at around 40 kbar, but for the selenium counterpart, the transition from the I' to L points
changes into A to K already at 10 kbar. Negative values in Figure 3 mean further energy
difference between these points, after exceeding band gap closing pressure.

Table Al. Pressure ranges and linear pressure coefficients of fundamental indirect transitions in all

studied compounds.

Pressure Range of a (kbar)

Stress Range of aj; (kbar)

Stress Range of a’; (kbar)

I I I I I II

HIS, [0-60] [60-180] [0-23.5] [23.5-60.9] [0-58.5] [58.5-239.5]
HfSe, [0-40] [40-60] [0-24.5] [24.5-61.3] [0-62.9]

ZrSy [0-60] [60-120] [0-23.2] [23.2-53.01] [0-53.8] [53.8-169.0]
ZrSep [0-20] [0-25.5] [25.5-63.5] [0-27.56]
SnS; [0-180] [0-20.6] [20.6-29.5] [0-32.3] [50.5-169.8]
SnSe, [0-80] [0-5.26] [8.2-25.2] [0-11.8] [25.6-129.2]

al" (meV/kbar) alt (meV/kbar) al (meV/kbar)

n I I I I I I
HIS, —10.66 —6.75 —9.40 —4.63 —3.78 —8.33
HfSe, —12.61 -9.37 —8.90 —4.95 —10.95
ZrS; —10.57 -7,19 —9.04 —3.94 —4.23 —8.53
ZrSe) —13.67 —8.06 —3.84 —8.56
SnSp —8.52 —-11.92 —22.53 3.71 —4.51
SnSe; -7.19 —13.70 —32.98 2.43 —7.38
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Appendix D. Tables with Pressure Coefficients

The pressure coefficients of direct transitions under hydrostatic, uniaxial, and biaxial
stresses for Hf, Zr, and Sn-based compounds are collected in Tables A2—-A4, respectively.
The first column contains the position of the transition in the BZ. The next two columns
indicate the valence v and conduction ¢ bands between which the optical transition occurs.
The ambient pressure energy E and polarization ¢ of the transition are provided in fourth
and fifth column. The last nine columns contain the pressure coefficients assigned for
hydrostatic, uniaxial, and biaxial stress in the selected pressure ranges.

Table A2. Pressure coefficients of Hf-based compounds.

h b b

Point \4 c E o al al} afy; aj aq afy aP ap ap
HfS,
L VB CB 2.076 I/ L -761 —-545 —-5.05 =516 -291 -172 549 —6.99 —7.68
r VB CB 2.448 il —-6.64 356 378 1283 -951 —8.00 1.08 -6.29 -9.26
nl'A VB CB 2.687 I —419 -171 -096 -916 -796 -7.03 -—-1.71 —-2.07 —2.98
r VB-1 CB 2.690 I 0.87 0.66 0.66 -0.21 0.14 025 -1.63 —6.74 -9.75
L VB-1 CB 2.781 I/ L —-263 —-126 —094 1.06 2.63 350 —6.89 —4.89 —4.98
A VB CB 2.833 I 0.98 0.84 0.80 244 2.34 223 —1.56 —1.85 —2.06
r VB-2 CB+1 2.842 I -154 —-1.06 -1.06 —0.26 0.33 054 —-0.73 2.32 2.52
A VB-1 CB+1 2.955 I 0.86 0.85 0.85 242 2.37 228 —1.85 —1.84 —2.18
M VB CB 3.120 I -089 —-091 —-0.93 5.29 473 444 —6.07 —-5.50 —-5.59
r VB CB+2 3.134 L -826 523 357 —-8.88 —5.68 —4.29 —4.98 —4.13 —-2.76
r VB-1 CB+2  3.356 I —-4.00 -3.50 —2.55 3.10 3.57 365 —6.57 -3.70 —-2.70
n.AL VB-2 CB+1 3.486 L 0.03 1.07 1.38 —6.03 =559 —-5.65 4.10 2.86 2.07
A VB CB+2  3.841 I 0.84 0.44 0.32 3.97 3.43 316 —-3.82 —4.60 —5.40
A VB-1 CB+2  4.082 € 0.74 0.37 0.25 3.97 3.45 318 392 —4.67 —5.47
HfSe,
r VB CB 1.699 I -9.04 -657 -579 -1077 -870 794 815 1352 1472
r VB-1 CB 1.716 I/ L —4.02 —4.06 —4.79 0.84 1.03 113 —434 —-12.03 -—13.93
L VB CB 1.758 /7L —-1018 —8.11 —6.97 -332 202 -126 -8.63 —-9.98 -9.97
r VB-1 CB+1 1.811 I —-292 -233 -196 0.34 0.71 0.94 0.40 -2.10 —2.58
A VB CB 1.962 I 1.32 1.02 0.79 4.02 3.63 3.57 -=3.06 —3.65 —4.49
r VB-1 CB+2  2.140 uE =578 —4.69 347 3.35 3.89 434 346 —-2.85 —-2.77
r VB CB+2 2161 I -10.81 —-720 —4.47 —-826 584 —472 727 —4.35 -3.57
L VB-1 CB 2.183 I/ L -948 763 —6.59 —1.24 1.46 3.00 -59 —5.51 —-5.32
r VB-2 CB 2.256 uE =525 432 475 —1.68 0.11 064 —-339 -5.52 —5.64
A VB-1 CB 2.317 I 1.35 1.05 0.81 3.93 3.52 347 293 -3.52 —4.36
A VB-1 CB+1 2.318 I 1.09 0.86 0.69 3.79 3.45 344 292 -3.07 —2.89
r VB-2 CB+1 2.341 I —-415 260 —192 =218 —-0.21 0.45 1.34 441 5.71
M VB CB 2.476 I -015 -065 —0.82 6.80 5.87 579 730 -7.71 —7.66
r VB-2 CB+1 2.673 I/ L =702 —496 341 0.83 297 385 252 3.66 5.52
A VB CB+2 2728 I 1.41 0.86 0.54 545 4.57 438 538 —7.07 —7.29
A VB-1 CB+2  3.055 I 1.45 0.89 0.57 5.35 4.46 427 =525 —6.94 -7.15
n.AL VB-2 CB 3.433 L 2.28 2.00 1.83 -026 -081 -132 -276 —7.23 —7.53
Table A3. Pressure coefficients of Zr-based compounds.
Point v c E @ ap aly aly; at aly a¥y; ab al al;
Zl‘Sz
r VB CB+1 1.777 I —-5.41 —-253 -169 -—-11.51 827 —7.22 -3.73 -3.09 —2.86
L VB CB 1.949 I/ L —7.64 =570 —=5.30 =517 =270 —1.52 —1.68 -1.01 —0.60
r VB-1 CB+2  2.073 I —4.41 —4.44 —4.10 3.65 4.20 4.69 1.18 1.57 1.86
r VB-2 CB+1 2.164 I —1.37 —-0.96 —0.78 —0.16 0.23 0.40 —0.05 0.09 0.16
A VB CB 2.209 I 1.36 111 1.13 2.96 2.67 2.63 0.96 1.00 1.04
L VB-1 CB+1 2.259 I 0.83 1.32 1.45 —-2.60 —2.09 —2.03 —0.84 —0.78 —0.80
A VB-1 CB+1 2.299 I 1.40 1.15 1.15 293 2.67 2.64 0.95 1.00 1.05
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Table A3. Cont.

Point v C E @ a{‘ ai‘l a}‘n af ajp ayy; a‘I’ a}’l a}’H
A VB-1 CB+2 2.331 I 1.32 0.64 0.48 5.45 4.53 4.34 1.76 1.69 1.72
r VB CB+2 2.547 1 —8.45 —598 —5.00 545 —4.29 —-2.90 —2.51 —1.61 —-1.15
M VB CB 2.702 I —0.07 —045 —0.82 6.52 5.76 5.73 211 2.15 227
r VB-1 CB 2.834 I —1.38 —-1.03 —-1.55 —0.16 0.16 0.29 —0.05 0.06 0.11
T VB-2 CB+2 2.927 I —4.41 —4.42  —4.08 3.58 4.21 4.72 1.16 1.57 1.87
M VB-1 CB+1 3.366 I 5.93 3.13 3.71 2.94 0.01 —1.80 0.95 0.01 —-0.71
n.AL VB-2 CB 3.400 1 —2.42 —046 —0.35 —6.41 —4.89 —4.47 —2.07 —-1.83 —-1.77
A VB CB+2 3.486 I 1.33 0.64 0.49 5.47 4.53 4.34 1.77 1.69 1.72
M VB-2 CB 3.894 |/ L -1.71 —2.81 —2.88 —225 —-2.04 —-1.70 —-0.73 —-0.76 —0.67
L VB CB+1 4.272 I —0.01 1.55 1.90 —-9.14 —-7.58 —7.38 —-2.96 —2.83 —2.93
Z1Se,
r VB CB+1 1.151 I —6.76 —3.50 —2.46 —-829 575 —4.92 —2.92 —3.48 0.60
nTA VB CB 1.252 I —5.31 —-236 —146 —10.08 —7.87 —7.06 —3.62 —10.30 —12.88
r VB-1 CB 1.252 I —2.87 —2.88 —5.39 1.34 1.38 1.34 —1.65 —12.33 -9.91
L VB CB 1.320 I/ L —10.03 -7.75 =710 —-325 —1.86 —0.98 —-9.22 —10.43 —-10.32
A VB CB 1.460 | 1.64 1.33 0.89 4.46 3.91 3.87 —2.94 —-3.10 —3.34
A VB CB+1 1.465 I 1.68 1.35 0.90 4.49 3.92 3.87 —2.95 —3.01 —-3.11
r VB CB+2 1.513 1 —11.36 -740 —-3.97 —5.66 —2.54 —-1.15 —10.02 —-3.77 0.50
r VB-1 CB+2 1.604 I —7.28 —5.86 —3.40 3.19 4.04 4.75 —6.41 —-1.67 —2.53
L VB-1 CB 1.653 I —9.60 —-759 —6.93 —0.65 2.10 3.65 —6.73 —5.97 —5.78
r VB-2 CB+1 1.663 I —3.23 -194 —-1.76 0.42 0.65 0.79 0.23 3.85 5.16
A VB-1 CB+1 1.798 I 1.82 1.47 1.02 4.37 3.79 3.72 —-2.70 —2.77 —2.88
r VB-2 CB+2 2.031 |/ L —7.83 —5.84 —3.27 3.04 3.86 4.55 —6.87 3.56 5.06
M VB CB 2.133 I 0.49 —-0.12 —-0.51 7.90 6.75 6.63 —7.60 —-7.90 —7.85
A VB CB+2 2.379 I 1.63 0.92 0.45 7.07 5.78 5.53 —6.55 —8.38 —9.36
A VB-1 CB+2 2.663 I 1.78 1.05 0.57 6.95 5.65 5.37 —6.30 —-8.13 -9.12
L VB-1 CB+1 3.939 I 0.52 1.86 2.21 —454 —2.68 —2.17 7.12 8.78 8.82
L VB CB+2 4.107 I 1.98 3.16 3.19 —-7.75 —7.38 —7.74 6.45 4.05 2.07
M VB CB+1 4.272 I 9.62 8.37 7.57 5.71 4.46 4.00 4.14 4.85 491
H VB-1 CB 4.372 |/ L 2.58 —0.12 0.03 —5.76 —5.51 —5.96 2.37 0.99 0.32
L VB-1 CB+2 4.413 I 2.41 3.33 3.36 —5.16 —3.42 —3.12 8.93 8.51 6.61
K VB-1 CB 4.500 |/ L 5.25 4.87 4.64 —4.69 —492 —5.46 9.90 9.73 1.37
Table A4. Pressure coefficients of Sn-based compounds.
Point v c E (1] a{‘ a{‘I a{‘n ap aj ajyy a}’ a}’l a}’n
SI‘ISZ
r VB CB 2.595 1 —4.73 0.22 128 —2859 2578 —24.78 13.08 1.03 —-1.09
L VB-2 CB 3.786 I/ L 2.20 4.21 8.71 —4.56 —1.89 —0.30 4.32 138 —2.14
H VB CB 3.871 I 3.01 3.00 2.85 —2.63 —-3.11 —3.71 3.84 2.21 142
H VB-1 CB 3.889 I 2.89 3.01 2.85 —2.48 —2.99 —3.60 3.78 2.16 1.38
K VB Cb 3.953 I 3.87 2.52 1.65 1.38 0.96 0.55 2.64 1.52 0.96
L VB-1 CB 3.960 I 11.38 9.33 3.81 14.60 18.29 20.07 1.79 1.56 1.23
A VB-2 CB 4.439 I 13.55 9.42 3.37 9.98 8.16 7.35 6.32 4.01 2.43
SnSe;
r VB CB 1.446 I/ L —5.31 —0.15 1.17 —-34.07 —-3148 —32.20 1154 —-0.14 —298
r VB-2 CB 1.959 I 3.18 8.11 8.06 —6.45 —5.74 2.35 4.45 0.08 —-2.75
H VB CB 2.969 I/ L 2.74 3.00 2.56 —4.41 —5.21 —6.68 4.16 2.25 1.21
L VB-2 CB 2.986 ||/ L 4.16 4.95 4.96 1.36 5.21 8.35 1.66 —295 —4.30
H VB-1 CB 3.056 I 2.92 3.12 2.66 —3.91 —4.71 —6.15 4.02 213 1.10
K VB CB 3.072 I 4.17 3.24 143 0.47 —0.52 —-1.76 2.73 1.42 0.69
K VB-1 CB 3.158 I 3.56 2.52 2.16 —0.38 —1.65 —3.34 2.75 1.42 0.67
A VB-2 CB 3.620 I 16.97 12.85 5.78 14.57 12.49 11.58 5.25 2.93 0.86
A VB CB+1 3.676 I —0.08 0.27 5.86 —6.28 —6.90 —8.13 4.06 3.08 2.62
A VB-1 CB+1 3.937 I 0.01 0.33 5.92 —6.45 —7.13 —8.36 4.29 3.29 2.83
r VB-1 CB+1 3.955 I 6.62 1.84 1.78 6.22 7.03 —0.44 7.55 2.74 2.37
M VB-2 CB 4.092 I 16.77 12.96 11.78 24.12 24.44 2634 —200 —-270 —3.50
K VB-2 CB 4.445 1 —10.08 —6.11 —-583 2572 —-26.06 —29.05 6.28 3.92 2.70
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