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The ReX; system (X =S, Se) exhibits unique properties that differ from other transition metal dichalcogenides. Remarkably, its
reduced crystal symmetry results in a complex electronic band structure that confers this material in-plane anisotropic properties. In
addition, multilayered ReX; presents a strong 2D character even in its bulk form. To fully understand the interlayer interaction in
this system, it is necessary to obtain an accurate picture of the electronic band structure. Here, we present an experimental and
theoretical study of the electronic band structure of ReS, and ReSe; at high-hydrostatic pressures. The experiments are performed
by photoreflectance spectroscopy and are analyzed in terms of ab initio calculations within the density functional theory.
Experimental pressure coefficients for the two most dominant excitonic transitions are obtained and compared with those
predicted by the calculations. We assign the transitions to the Z k-point of the Brillouin zone and other k-points located away from
high-symmetry points. The origin of the pressure coefficients of the measured direct transitions is discussed in terms of orbital
analysis of the electronic structure and van der Waals interlayer interaction. The anisotropic optical properties are studied at high
pressure by means of polarization-resolved photoreflectance measurements.
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INTRODUCTION

The ReX; crystals (X =S, Se) are semiconductors from the family of
two-dimensional layered transition metal dichalcogenides
(TMDCs) that exhibit special properties. Rhenium-based TMDCs
have received increasing interest during the last few years owing
to their large in-plane anisotropic properties. These properties
result from their particular band structure and reduced crystal
symmetry, as well as a strong 2D character that has been
attributed to weak van der Waals interlayer bonding even in their
bulk form."? Besides the large fundamental interest, ReX; has also
shown to be a highly interesting technological material for many
potential applications, including photodetectors,>® solar cells,’
photonics,'® flexible electronics,’’ and field-effect transistors.'>~'®
Remarkably, the small interlayer coupling of ReX, opens an
exciting field of new possibilities, as it may allow to design bulk
devices that retain 2D functionalities only present in single-layered
materials.'” To fully exploit the applications of ReX, for developing
novel optoelectronic devices, it is crucial to further characterize its
fundamental properties.

Optical modulation spectroscopy is a very powerful method to
study the optical properties of semiconductors. Owing to its
differential-like character, interband-related features are highly
enhanced and background signal is suppressed, thus allowing to
accurately measure direct optical transitions.'® So far, different
modulation spectroscopies have shown to be very useful for
studying the optical transitions of ReX,: piezoreflectance,'
electrolyte  electroreflectance,®  thermoreflectance,’’  and
polarization-dependent measurements®>>* revealed two and

three excitonic transitions for ReS, and ReSe,, respectively. These
works provided evidence that these excitons, which exhibit a
strongly polarized dipole character, were confined within single
layers.

However, the extent to which ReX, behaves as stacked
decoupled layers has recently been a topic of intense
debate.>?>?32>27 On the one hand, direct photoreflectance (PR)
measurements on the electronic dispersion found that ReX,
indeed exhibits a significant degree of electronic coupling.?* This
result is also supported by angle-resolved photoemission experi-
ments (ARPES), which showed that there exists a significant
electronic dispersion along the van der Waals gap.?>° Also, recent
calculations show that the fundamental bandgap shrinks by 32.7%
in ReX, from monolayer to bulk, and the interlayer binding energy
is similar to other TMDCs such as MoS,.28

On the other hand, optical, vibrational, and structural measure-
ments indicate that ReX, exhibits a strong 2D character. For
instance, photoluminescence experiments revealed that the
emission energy of ReS, is almost independent to the number
of layers (AE = —50 meV from one monolayer to bulk) in contrast
with other G6-TMDCs (e.g., AE = —600 meV for MoS,).2 For the case
of ReSe,, it was shown that it retains a direct bandgap regardless
of its crystal thickness, with excitons strongly confined within
single layers for bulk crystals, indicating a weak interlayer
interaction.”> Moreover, the Raman spectrum of monolayer ReS,
is almost identical to that of bulk, which evidences an ultraweak
interlayer coupling.?” Also, low-frequency Raman measurements
showed that interlayer force constant in ReX, is significantly
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smaller than other G6-TMDCs (by a factor of =40%).%° One of the
most direct ways to probe interlayer interaction is to modulate the
interlayer distance from high-pressure (HP) measurements. In this
regard, HP X-ray diffraction measurements show that the bulk
modulus of ReX, (23-31 GPa)**?' is significantly lower than group
6 TMDCs (57-72 GPa).3>°> HP Raman measurements on ReS,
showed a twofold decreased pressure coefficient of the out-of-
plane A;4 phonon mode with respect to other TMDCs,? reinforcing
the decoupled behavior in bulk ReS,.? Also, the large pressure
metallization of ReS, (70 GPa) in comparison with MoS, (19 GPa)
has been attributed to the larger interlayer coupling in MoS,.3° In
spite of the fundamental properties of this crystal system being
relatively well-known at ambient pressure, HP optical measure-
ments are highly desirable to evaluate the degree of electronic
interlayer coupling in ReX,.

HP optical measurements are widely employed to obtain
detailed structural and band structure information of semicon-
ductors.>” Moreover, HP optical measurements provide a highly
useful benchmark to test first-principles calculations (such as
those based on density functional theory) on challenging systems
such as TMDCs. For the case of ReX,, which exhibits weak
interlayer forces at ambient pressure, HP optical measurements
would shed new light into the role of orbital composition and van
der Waals bonding on the excitonic energies and their pressure
dependence. To date, the amount of HP optical studies on ReX; is
scarce. The pressure dependence of the bandgap has only been
experimentally investigated for ReS, by means of photolumines-
cence and absorption.>*® These works found that the bandgap of
ReS, does not increase with pressure and an almost-direct-to-
indirect bandgap transition takes place around 27 kbar. At higher
pressures, calculations suggest that ReS, exhibits a metallization
and superconducting state.*®

Despite the previous investigations, there are still many
questions that remain to be addressed with regard to the HP
optical properties of ReX,. First, an experimental assignment of the
different excitonic transitions around the bandgap is desirable. So
far, piezoreflectance measurements on the ReSe,_,S. alloy
suggested that the nature of the direct band edges is similar for
each compositional end member,* but electronic dispersion
calculations together with ARPES measurements suggested that
the first direct electronic transitions take place either at the Z high-
symmetry point of the Brillouin zone (BZ) or away from the zone
center, far from any particular high-symmetry direction,2>26284041
Second, while the orbital composition of the states of ReS, has
been described for different numbers of layers,?® the interplay of
orbital composition on the pressure dependence on the electronic
band structure has not yet been investigated. Finally, the
anisotropic properties of ReX, at high pressure remain to be
explored.

To address these questions, we conduct PR measurements at
high-hydrostatic pressure on thin ReS, and ReSe, exfoliated flakes.
Polarization-dependent measurements performed at different
pressures are used to energetically resolve the different excitonic
transitions that exhibit very similar energies. Our results show that
the two main direct transitions for ReS, and ReSe, exhibit a
negative-pressure coefficient, in contrast to other TMDCs, such as
MoS,, MoSe,, WS,, or WSe,.*? Such findings provide valuable
information to assess the degree of electronic interlayer coupling
and the role of orbital composition on the energies of the band
edge states. We discuss the experimental results in light of ab
initio band structure calculations. These calculations are per-
formed using different functionals and considering different
hydrostatic pressures. We find good agreement between the
experimental and calculated pressure coefficients for the two
main transitions. The experimentally observed transitions are
assigned by inspecting the calculated electronic dispersion curves
along a large grid of k-points in the whole 3D-BZ. Finally, we
discuss the negative sign of the measured pressure coefficients in
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terms of orbital contributions to the states of the valence and
conduction band of each transition and van der Waals interaction.

RESULTS

We conducted PR measurements in order to determine the
pressure dependence of the first two direct optical transitions in
ReX,. To ensure the reproducibility of the experimental results,
samples obtained from different sources and grown in different
conditions are used for the experiments. The PR spectra obtained
for ReS; and ReSe; at different pressure values are shown in Fig. 1.
Two main features can be observed for all samples, which
correspond to the direct excitonic transitions A and B. These
excitonic transitions have been previously reported at ambient
pressure from modulated spectroscopies for ReS,'??' and ReSe,.*

The strongest transition (i.e., B for ReS, and A for ReSe;) is
clearly visible at all pressures. The weakest transition merges at
high (low) pressure for ReS, (ReSe;) as a consequence of different
pressure coefficients between the A and B transitions. It is worth
noting that weaker, energetically close transitions have been
previously reported from low-temperature and polarization
measurements for ReS,%° and ReSe,.*>?* We are able to resolve
these transitions from polarization-dependent measurements at
different pressures (shown in the Supplementary Information, S.l.).
Our polarization measurements allow us to conclude that the
relative amplitude and angular dependence for each transition are
preserved at the studied pressure range (i.e., up to 20 kbar). Hence,
the sample orientation and structural stability are maintained
throughout the studied pressure range.

The energy of each transition was obtained from the PR spectra
by fitting the Aspnes formula,** given by

n
%(E) =Re ZCje’ef(Eij+irj)7m , m
=

where n, C, and 6 are the number of transitions, amplitude, and
phase of the resonance, E; and I are the energy and broadening
parameter of the transition, respectively. For excitonic transitions
we take m=2. Two transitions are enough to successfully
reproduce all the spectra shown in Fig. 1 (dotted curves). Note
that the differences in line shape between different samples of the
same compound are accounted for by different phase values of
the resonance, defined by different built-in electric fields and
differences in chopper settings. However, the fitted energy values
of the transitions are not affected by these differences. For the
fitting procedure, we left all parameters unfixed for the spectrum
obtained at ambient pressure, while only the amplitude and the
energy of the transition were left as free parameters for spectra at
higher pressures, since these are expected to change with
pressure. The pressure dependence of the energy of each
transition is plotted in Fig. 2 for both samples.

As can be seen in Fig. 2, the energy of the transition A (red
symbols) decreases with increasing pressure at a different rate
than the energy of the transition B (blue symbols). Note that the
fitted energies of the transition B between different samples of the
same material are scattered to a certain degree. This can be
attributed to two factors: i) sample misorientations and ii)
uncertainties in the fitting procedure that naturally arise for weak
PR features energetically close (=60 meV) to a strong PR transition
with a relatively strong broadening parameter (typically =20 meV).
Despite uncertainties in the fitted energies of transition B, the
pressure coefficient of different samples of the same material was
consistent. For ReS,, the fitted pressure coefficient of the B
transition, —4.2 meV/kbar, is much larger than that of the A
transition, —2.3 meV/kbar. The latter value is in agreement with
previous HP photoluminescence (PL) measurements, which
yielded a pressure coefficient of —2.0 meV/kbar.>® In contrast, for
ReSe,, the pressure coefficient of the A transition, —3.5 meV/kbar,
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Fig. 1

Photoreflectance spectra obtained at different pressures for ReS, (sample | and Il) and ReSe, (sample Il and IV). Straight lines around

the fitted transition energies are shown as a guide to the eye for transitions A and B. Both features decrease in energy with increasing pressure

for all studied samples. Fittings are shown as dotted gray curves
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Fig. 2 The energy of the fitted transitions in the photoreflectance
experiments is plotted as a function of pressure for ReS, (up) and
ReSe, (bottom). The fitted energies of transitions A and B are shown
in red and blue colors, respectively. Linear fits have been performed
for both transitions and fitted values are included in the figure

is more pronounced than that of the B transition, —1.3 meV/kbar.
The latter result is qualitatively in agreement with the reported
absorption measurements, which show a redshift of the absorp-
tion edge with increasing pressure.? The fact that the pressure
coefficient of the A transitions is much larger for ReSe, and smaller
for ReS, (with respect to the B transition), evidences that the origin
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of the transitions is different for each material, as discussed in the
next section.

First-principles calculations were carried out in order to assign
the experimentally observed transitions and to provide further
insight into the electronic and optical properties of ReX,. The
electronic band structure and the optical matrix element were
calculated for a k-path intersecting the first BZ in a three-
dimensional manner. Figure 3 shows the electronic dispersion
curves for Okbar (black curves) and 20kbar (red curves), as
obtained from density functional theory (DFT) calculations within
the meta-generalized gradient approximation (GGA) strongly
constrained and appropriately normed (SCAN) functional.** The
normalized values of the optical matrix element as well as the
bandgap value along the k-path are also shown. The first and
second direct transitions for ReS, (ReSe,) are at Z (J1) and K1 (2)
points, respectively. Note that the matrix element maxima
correspond with the bandgap minima, which indicate that these
transitions are optically active. The calculated quasi-direct gaps for
ReS, and ReSe, are 1.2 and 1.15 eV, respectively. These values are
smaller than the measured optical gaps, around 1.5 and 1.31 eV,
respectively. The discrepancies between calculations and experi-
ments are accounted for by the systematic bandgap under-
estimation of the meta-GGA functional (SCAN) used. This
functional neither accounts for independent particle effects nor
for excitonic effects*® To better reproduce the experimental
values, we performed calculations at a higher level of theory using
the hybrid functional HSE06.* At this level of theory, our
calculations are able to predict the bandgap energies more
accurately, around 142 and 1.43eV (including the excitonic
binding energy) for ReS, and ReSe,, respectively. More detail on
the HSEO06 calculations can be found in the S.I.

Owing to the complex band structure of ReX,, which exhibits
very close direct and indirect bandgaps in energy and position in
the k-space,>?® some computational considerations should be
taken into account. For instance, a number of theoretical works
predict the valence band maximum (VBM) of bulk ReS, to be
either at 3% or at Z.*° This may result from choosing only a few
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high-symmetry paths for the calculation of the band structure, or
choosing functionals that fail to capture the details of the complex
electronic structure of ReX,. Hence, in order to accurately describe
the band structure of complex materials like ReX,, it is important
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Fig. 3 Electronic dispersion curves for ReS, (left) and ReSe, (right) as
calculated using the SCAN functional at zero pressure (black curves)
and 20 kbar (red curves). The corresponding matrix elements have
been calculated for each k-point, the stronger transitions are located
around Z and K1 for ReS, and around Z and J1 points for ReSe;. In
the lower panels, the direct bandgap energy is plotted along the
studied wave vectors

to consider the whole 3D-BZ, and to devote careful attention to
the choice of the functional. Recent contributions show that the
choice of the functional influences the number and location of
VBM and conduction band minimum (CBM) in ReX,.2>*'*° The
results of the meta-GGA SCAN functional employed here seem to
reproduce the experimental results well and with low-
computational cost.

The location of the fundamental direct gap of ReS,, predicted
by our calculations to be at Z, is in agreement with recent direct
measurements of the band dispersion using ARPES®*%*! and a
recent theoretical study employing quasiparticle approxima-
tions.?® For the case of ReSe,, our high-density k-mesh calculations
predict an indirect fundamental bandgap of 1.10 eV, with both the
VBM and the CBM located away from high-symmetry points
(named J2 and J3, respectively, coordinates shown in Table S1 of
the S.L). This is in agreement with recent studies, which also found
an indirect bandgap with the VBM close to the J2 point.25*°
Several other studies that take only high-symmetry k-paths into
account for evaluating the band structure predict either direct or
indirect bandgaps for ReSe, near the Z or I point.>?3383031 |t has
also been suggested that the indirect and the direct bandgap are
close in energy, and the discussion about the nature of the
fundamental bandgap for ReSe, is still ongoing.**~>2 At higher
pressure, an overall narrowing of the bandgap takes place along
the whole BZ with increasing pressure, as previously evidenced in
theoretical studies.*®>* This trend can be seen in the lowest panel
of Fig. 3 and results in an enhancement of the indirect nature of
the fundamental gap for both ReS;, and ReSe, at HP.

To assign the A and B transitions, we compare the experimental
and calculated pressure dependence of the first two direct
transitions. This is shown in Fig. 4, where the pressure dependence
of the variation of energy is plotted for both, calculated bandgaps
(crosses) and measured excitonic transitions (full symbols). The
figure plots the variation of energy rather than absolute values.
This allows to directly compare theoretical calculations with

Energy (eV)

0.54

k AN AN,

| / \J\“\/\ﬂf\/ﬁ\\é N\

NN AN

Band gap (eV) Matrix element

r2Z YT X R r VT
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Fig. 4

Increment of exciton energy versus pressure plotted for the transitions A (red color) and B (blue color) from measurements on ReS,

(top) and ReSe; (bottom), as well as the calculated values of the transport bandgap using the SCAN functional (crosses). The straight lines are
linear fits to the experimental values. Pressure coefficients of each transition are included
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experimental results, neglecting energetic differences arising from
the DFT bandgap underestimation and excitonic binding energy.
As can be seen in the figure, our calculations predict distinct
pressure coefficients for each transition, which is also observed
experimentally. The calculated pressure coefficients of ReS; (—1
and —3.4meV/kbar™') and ReSe, (—4.2 and —0.7 meV/kbar™")
slightly differ from the measured values. We attribute the
differences to the effect of structural distortion at high pressure
on the position of the maximum of the matrix elements in the
reciprocal space. Taking this into account, the differences between
calculated and experimental pressure coefficients agree within the
experimental and calculated errors (which are lower than +£0.3 and
+1.2 meV/kbar, respectively). Most importantly, the qualitative
trend is reproduced in our calculations, namely a negative-
pressure coefficient of distinct magnitude for both transitions.
After comparing the pressure coefficients (see Fig. 4), transitions A
(red symbols) and B (blue symbols) are unambiguously assigned
to the Z (J1) and K1 (Z) k-point for ReS, (ReSe,), respectively. The
calculated pressure coefficients within the SCAN functional can be
reproduced by HSE06 calculations (differences in the pressure
coefficients are below +0.5 meV/kbar, as shown in Tables S3 and
S4 in the S.I), which further supports the provided assignation.
The current assignation of the transition A at the J1 k-point for
ReSe, is in contrast with previous assumptions that all the
excitonic transitions took place around the Z point of the BZ.?3
This result should be taken into account for future work on the
compositional dependence of the bandgap of the ReSe,_,S, alloy,
since J1 is away from either Z or K1 (coordinates are shown in
Table S1 of the S.I). Previous absorption®* and piezoreflectance®
measurements along the entire composition range found
evidence that the nature of the bandgaps is similar for the
ReSe,_,S, compositional end members. However, while we found
that both direct excitonic transitions are similar in energy (the

First direct optical transition

4 -
o 2
8
%
> 0
o
g
5 2]
3

4

@OQ)%@Q%QW q\%"v $%0”/ @%WQ&QN
Fig. 5 Histogram showing the pressure coefficient of the first direct
optical transitions of MoX, and WX, published elsewhere** and
ReX; (X=S and Se), as obtained from high-pressure photoreflec-
tance measurements
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transition energy in J1 is only =40 meV below that at Z), they
belong to different k-points between different compositional end
members. Hence, it is expected that the compositional depen-
dence of the lowest direct transition (i.e., transition A) exhibits a
crossover from the J1 for ReSe; to Z for ReS,.

DISCUSSION

Owing to its different crystallographic structure, the optoelec-
tronic properties of ReX, are drastically different from those of
group 6 TMDCs. Remarkably, the pressure coefficient of the first
direct optical transition is negative, in contrast to other TMDCs.
Figure 5 shows the pressure coefficient of the first direct optical
transition for MX, TMDCs (M = Mo, W, and Re and X =S and Se),
as measured by HP PR spectroscopy elsewhere,** together with
the present experimental results for ReX,. While MoX, and WX,
exhibit positive-pressure coefficients, this is not the case for ReX,,
which exhibits negative-pressure coefficients. As a general trend, a
closing of the bandgap with increasing pressure (i.e., negative-
pressure coefficient) is expected for all TMDCs, since all TMDCs
metallize at HP (metallization takes place around 350 kbar for
ReX,). Still, while their indirect bandgaps decrease with pressure,
all group 6 TMDCs exhibit a positive-pressure coefficient of the
direct gaps.>**® Such striking difference is accounted for by the
particular crystallographic structure of ReX,, and the particular
electronic configuration of Re: with respect to group 6 transition
metals, rhenium compounds possess one more valence electron,
and the valence and conduction band states are importantly
characterized by the Re-d orbitals. To investigate the physical
origin of the negative direct pressure coefficient, and its
connection with the reduced van der Waals interaction in ReX,,
we performed an orbital analysis of the states associated with the
A and B transitions.

The orbital composition of the states of the A and B direct
transitions is shown in Table 1 for ReS, and ReSe,. The CBM and
VBM of ReS, are dominated by Re-d,. orbitals, in agreement with
recent calculations,®® while for ReSe,, the orbital contributions are
more diverse. In the table, Re-d,» and X-p, orbital contributions,
which importantly contribute to the band edge states®> and show
out-of-plane character,"®>? are highlighted since these are
expected to be highly sensitive to the interlayer interaction. The
z-axis denotes the out-of-plane direction, so that z orbitals are
located at least partially within the van der Waals gap. With
increasing pressure, states with large contributions from Re-d,
and X-p, orbitals destabilize, and therefore rise in energy with
increasing pressure. Such destabilization has been attributed to
Coulomb repulsion of antibonding p orbitals between interlayer
chalcogen atoms for MoS,.>™® Similarly, d,» orbitals are fairly
delocalized and directed perpendicular to the layers. The role of
orbital contribution to the bandgap dependence on interlayer
distance is well studied for other TMDCs, and is the state-of-the-art

Table 1. Calculated orbital composition of the important extrema (transitions A and B) of the electronic band structure of ReS, and ReSe,
Material k-point Assigned transition Orbital composition
ReS, z A VBM: 33% djz +20% dy, + 15% Py + 14% dyy + ...
CBM: 33% d,2 + 22% py + 18% dyz 2 + 14% dy, + ...
K1 B VBM: 32% d,2 +22% p, + 15% d,, + 12% d, + ...
CBM: 31% d,2 +20% py+19% dyz 2 +1 % dyy + ...
ReSe, I A VBM: 50% p, + 15% dyz2 -+ 12% p, + 7% dyz 2 + ...
CBM: 21% dy2_y> +21% d,2 + 16% p, + 12% dy, + 11% dy, + ...
z B VBM: 31% dy, +25% dy2_y2 + 17% dyz +9% py + 9% p, + ...
CBM: 32% d,2 +30% p, + 14% d,o_,> + 9 dy, +6% p; + ...
Highly interlayer-affected orbitals (p,, d,,, and d,2) are highlighted in bold. The d-orbital contributions come solely from Re atoms, while p, orbitals are primarily
of chalcogen atoms
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explanation for the direct-to-indirect bandgap crossover of MoS,
at its transition from monolayer to bulk.>®*° Quantitatively,
increasing pressure has a similar effect on the electronic structure
as increasing the number of layers, i.e., pressure results in a
stronger interaction of electrons along the van der Waals gap and
a reduction of interlayer distance. In fact, the pressure and strain
dependence of the bandgap of MoX; has been explained in terms
of orbital contributions to the bandgap states.®®®! Hence, larger
contributions of the Re-d,: and X-p, orbitals in the VBM with
respect to the CBM would result in a narrowing of the bandgap
with increasing pressure, which is the case for ReX; as discussed in
detail below.

The orbital interplay on the bandgap reduction of ReX, with
increasing pressure/strain has been previously hinted''?°, but
never evaluated from orbital analysis. For the case of ReS,, the
highest contribution to the analyzed states arises from Re-d,.. In
Table 1, it can be seen that larger contributions of the p, orbital
take place in the VBM with respect to the CBM. Hence, at higher
pressures, the VBM experiences a stronger destabilization than the
CBM, resulting in a narrowing of the bandgap, as observed
experimentally. Furthermore, the transition at K1 (i.e., transition B)
exhibits a significantly higher contribution from the S-p, states,
which accounts for its more negative pressure coefficient with
respect to the transition at Z (i.e, transition A), as observed
experimentally (see Fig. 4). Similarly, for the case of ReSe,, the
contributions from the Se-p, and Re-d,. orbitals to the VBM are
large, which implies a large redshift of the transition at J1 (i.e,
transition A) with increasing pressure, in agreement with the
experimentally observed large negative pressure coefficients for
the transition A (see Fig. 4). In contrast, the transition at Z (i.e,
transition B) shows only moderate contributions of Se-p, in the
VBM. To account for the negative pressure coefficient of transition
B, we suggest that the Re-d,, orbitals might play a significant role.
In conclusion, the bandgap narrowing with increasing pressure on
the transitions A and B of ReX, is mainly accounted for by an
increased contribution of X-p, orbitals in the VBM.

So far, it has been shown that the negative-pressure coefficients
observed for the direct transitions in ReX, can be qualitatively
explained from orbital theory. However, the value of the pressure
coefficient could be influenced by the reduced van der Waals
interactions present in ReX, with respect to other TMDCs. To
elucidate whether ReX, exhibits a decreased van der Waals
interaction with respect to MoS,, we compare the effect of orbital
interplay on the pressure coefficient between both compounds.
For MoS,, a negative pressure coefficient of the indirect bandgap
has been predicted to be in the range —3.79 to —7.9 meV/kbar.*?
Such a low-pressure coefficient is a consequence of a strong
blueshift of the VBM at I, where the orbital contributions from d,.
and p, orbitals are strong, i.e.,, 60% Mo-d,: 4+ 30% S-p,.>® However,
the contribution of the d,. and p, to the CBM (at K) is in the same
order of magnitude, i.e,, 86% Mo-d,> +9% S-p,, + 5% S-p. Since
the direct pressure coefficients of ReS, and ReSe, (i.e, —4.2 meV/
kbar and —3.5meV/kbar) are similar to the indirect pressure
coefficient in MoS,, we conclude that the decreased van der Waals
interactions in ReX, (as evidenced by HP XRD**3' and low-
frequency Raman measurements®?) do not play a significant role
in its pressure coefficient.

To summarize, we performed HP PR measurements on ReS, and
ReSe, samples obtained from different sources and grown on
different conditions. Our results reveal that two main excitonic
transitions decrease in energy with increasing pressure for each
material. For the case of ReS,, the obtained pressure coefficients
for the A and B transitions are —23 and —4.2meV/kbar,
respectively, and for ReSe,, —3.5 and —1.3 meV/kbar, respectively.
Polarization-resolved measurements allowed to measure a third
transition for ReS,, as well as determining the crystal orientation
and assessing the structural stability up to 20 kbar in ReX,.
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The electronic band structure of ReS, and ReSe, was calculated
from ab initio calculations within the density functional theory, using
the meta-GGA SCAN functional. We probed the whole BZ in order to
explore all the possible direct transitions around the bandgap. The
calculations were performed at different pressure values, which
allowed the comparison of the experimental and theoretical results
and assignment of each transition. For ReS,, the transitions A and B
were assigned to Z and K1 k-points of the BZ, whereas for ReSe,, the
A and B transitions were assigned to the J1 and Z points,
respectively (with both K1 and J1 located away from the high-
symmetry k-points). The negative pressure coefficients measured in
ReX, were explained in terms of orbital analysis. This allowed us to
conclude that the destabilization of the p, orbital with increasing
pressure is mostly responsible for the measured pressure coeffi-
cients. This work evidences that ReX, does not exhibit a strong
electronic decoupling and hence the optoelectronic properties of
few-layered ReX, could be drastically different from the bulk form.

METHODS
Experimental details

Two samples of different origins were used for each set of ReS, and ReSe,
materials. One sample for each material was commercially obtained from
HQgraphene, which consisted of thin flakes mechanically exfoliated from
synthetic bulk crystals (99.995% purity). These are here labeled as samples |
and Il for ReS, and ReSe,, respectively. The ReS, (sample Il) and ReSe,
(sample 1IV) samples were synthesized by the chemical vapor transport
growth technique using Re (99.9999% purity), S, or Se (99.9999% purity)
pieces. These precursors were mixed at atomic stoichiometric ratios and
sealed into 0.5-in. diameter and 9-in-long quartz tubes at 10~ Torr. Extra
Rel3 was added as a transport agent to initiate the crystal growth and
successfully transport Re, S, and Se atomic species. Closely following
Re-S-Se binary-phase diagrams, we have synthesized crystals with
temperature variation (drop) of 50°C over 5 weeks to complete the
growth. Samples were cooled down to room temperature and ampoules
were opened in a chemical glove box. The use of two samples grown
under different conditions for each material allows to further validate the
reproducibility of the here-presented experimental results.

To perform the HP hydrostatic measurements, the samples were
mounted inside a UNIPRESS piston cylinder cell. The chosen pressure
hydrostatic medium was Daphne 7474, which remained hydrostatic and
transparent during the whole measurement, up to pressures of 18 kbar.
The pressure was determined by measuring the resistivity of an InSb
probe, which provides a 0.1-kbar sensitivity. A sapphire window in the
press allowed optical access to perform PR measurements. For the PR
measurements, a single grating of 0.55-m focal length and a Si pin diode
were used to disperse and detect the light reflected from the samples. A
chopped (270 Hz) 405-nm laser line was pumped into the sample, together
with a probe tungsten lamp (power of 150 W). Phase-sensitivity detection
of the PR signal was processed with a lock-in amplifier. Further details on
the experimental setup can be found elsewhere.®? All measurements were
performed at ambient temperature and pressures up to =18 kbar. At this
pressure range, no phase transition was observed and only the Ty crystal
structure was investigated.

Computational details

Ab initio calculations on the the DFT level were carried out using the
Vienna Ab initio Simulation Package (VASP),%*%* with the projector-
augmented wave®® potentials as implemented by Kresse and Joubert.%®
The SCAN*® semilocal exchange-correlation functional was employed.
SCAN belongs to the meta-general-gradient-approximation (meta-GGA)
functionals and has shown to produce more accurate results than
conventional GGA functionals at a very comparable computational
cost.*4%7 |In particular, SCAN is recommended for electronic structure
prediction of materials with heterogeneous bond types®’ (e.g., covalent
and van der Waals) as well as layered materials.* It is therefore well suited
for the band structure prediction of ReX,. In addition, a revised Vydrov-van
Voorhis (rVV10) long-range van der Waals interaction®®’° was used.
Structure information of ReS, and ReSe, was taken from Murray et al.”’
and Alcock and Kjekshus,”* respectively. Structure relaxation was under-
taken with a Monkhorst-Pack’® k-mesh of 5x5x5 with the above-
mentioned basis set and functionals. Seven electrons were considered for
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the valence of Re (5d° 6s?). The cutoff energy for the plane-wave
expansion was set to 323.4 and 282.8 eV for ReS, and ReSe,, respectively,
which is 25% above the recommended values in the pseudopotential files.
Relevant properties (pressure coefficient, bandgaps, and band character)
were carefully checked for convergence with the kinetic energy cutoff as it
can be seen in Figures S12-S17 of the S.I. Structures were relaxed until the
total energy change and the band structure energy change dropped below
107 eV, and the residual atomic forces were less than 0.02 eV/A in their
absolute value. Crystallographic information files with atomic structures at
0 and 20 kbar, as used in the calculations, can be accessed through the
Cambridge crystallographic data center (CCDC deposition numbers
1862132-1862135).

For calculations of the band structure and optical properties, spin-orbit
interaction was taken into account. The cutoff energy was set to normal
accuracy, which is 258.7 eV for ReS, and 226.2 eV for ReSe,. High-density
gamma-centered k-mesh calculations (34 x 34 x 34) were performed to
investigate possible VBM and CBM located off the symmetry points.
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