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Abstract: Rhenium disulfide (ReS;), known in nature as the mineral rheniite, is a very interesting
compound owing to its remarkable fundamental properties and great potential to develop novel
device applications. Here we perform density functional theory (DFT) calculations to investigate
the structural properties and compression behavior of this compound and also of the (Re,Mo)S,
solid solution as a function of Re/Mo content. Our theoretical analysis is complemented with high-
pressure X-ray diffraction (XRD) measurements, which have allowed us to reevaluate the phase
transition pressure and equation of state of 1T-ReS,. We have observed the 1T-to-1T” phase transition
at pressures as low as ~2 GPa, and we have obtained an experimental bulk modulus, By, equal to
46(2) GPa. This value is in good agreement with PBE+D3 calculations, thus confirming the ability
of this functional to model the compression behavior of layered transition metal dichalcogenides,
provided that van der Waals corrections are taken into account. Our experimental data and analysis
confirm the important role played by van der Waals effects in the high-pressure properties of 1T-ReS,.

Keywords: rheniite; ReS;; rhenium disulfide; synchrotron radiation; high pressure (HP); diamond
anvil cell (DAC); ReMoS; alloys; MoReS,; ReSe;; transition metal dichalcogenides (TMDCs)

1. Introduction

Rhenium disulfide (ReS;) is a highly interesting material from many different per-
spectives, including the fundamental, applied, and mineralogical points of view. In its
natural form, ReS; is known as rheniite and was first discovered forming sublimates in
high-temperature fumaroles at the Kudryavy volcano, in the Kurile volcanic arc, Rus-
sia [1,2]. This mineral was subsequently found in porphyry-type mineralizations in the
Pagoni Rachi and Konos prospects, in northeastern Greece [3]. Some of these sites have
also yielded Re-rich molybdenites and Mo-rich rheniites [3,4], which are nice examples of
ore-grade enrichment of rhenium. This element is among the most valuable metals due
to its low average crustal concentration (<1 ppb). Although it is now clear that Re-rich
molybdenites crystallize in the usual 2H polytype and not in the 3R polytype as previously
hypothesized by some authors [5,6], a full characterization of the fundamental structural
properties and stability of the (Re,Mo0)S; solid solution is still lacking.

In its synthetic form, ReS, is a highly remarkable compound as it belongs to the family
of two-dimensional (2D) layered transition metal dichalcogenide materials (TMDCs). These
are MX,-type compounds where M is a transition metal atom (Mo, W, Hf, Zr, Re, ...) and X
is a group-16 atom (S, Se, Te). Natural TMDCs include rheniite (ReS;), molybdenite (MoS,),
tungstenite (WS;), or drysdallite (Mo(Se,S),). Their synthetic counterparts are currently
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attracting a great deal of research attention due to their unusual fundamental properties
and great potential to develop novel electronic and optoelectronic applications [7]. Given
their layered structure, TMDCs can be obtained in monolayer form, thus resulting in
remarkable optical and electronic properties arising from the 2D nature of the material.

In particular, rhenium-based TMDCs have attracted considerable research attention in
the last few years owing to their large in-plane anisotropic properties, which arise from their
reduced crystal symmetry and presumed 2D character even in bulk. Rheniite crystallizes
in a distorted CdCl, structure with triclinic symmetry (space group P1, see Figure Sla in
the Supplementary Material) [8,9]. The pronounced Jahn-Teller effect and, presumably;,
the Peierls mechanism, prevent an ordered stacking, which results in a weakened van der
Waals (vdW) interaction and decreased crystal symmetry [10-12]. Each molecular unit is
composed of a Re atom octahedrally coordinated with sulfur atoms, giving rise to Re layers
sandwiched between S atoms that dominate the vdW interaction. This particular crystal
structure strongly affects the optical, vibrational and structural properties of Re-containing
TMDCs. For instance, and in contrast to what is observed in other TMDCs, the Raman
spectra and photoluminescence emission of bulk ReS; are practically identical to those of
the monolayer form, which led some authors to the conclusion that ReS; and also ReSe;
mostly behave as stacked decoupled layers [13]. According to this point of view, the small
interlayer coupling in ReS,-type materials might allow one to develop bulk devices that
could retain the 2D functionalities of the single-layered materials.

However, angle-resolved photoemission spectroscopy (ARPES) measurements showed
that there exists a significant electronic dispersion along the vdW gap [14], thus suggest-
ing that the interlayer forces still play an important role in this compound. Moreover,
high-pressure (HP) optical measurements in combination with an orbital analysis based
on density functional theory (DFT) calculations have recently shown that the optical and
electronic properties of ReS, are strongly affected by interlayer interactions [15]. Despite
the intriguing fundamental properties and high technological interest of Re-based TMDCs,
more work is required in order to gain a full understanding of the role played by interlayer
coupling on their structural properties and HP behavior.

With regard to the latter, pressure studies may be particularly informative, since com-
pression strongly affects the weak vdW bonds between layers. Several works have studied
the fundamental properties of ReS, upon compression, experimentally or theoretically. HP
X-ray diffraction (XRD) measurements allow one to effectively modulate the interlayer
distance as a function of compression, and have revealed that the bulk modulus of ReS; is
significantly lower than that of other TMDCs (typically in the range 55-75 GPa [16-18]).
The larger compressibility of ReS, confirms that the interlayer forces are smaller relative
to other layered compounds [16,19,20]. However, the range of reported bulk modulus
(23—44 GPa) [8-10] and phase-transition pressures (6-11.3 GPa) in this compound is rather
disperse [21-23] and, therefore, more experimental work seems necessary.

In addition, the HP phase has proven to be more difficult to identify owing to its
similarity with the low-pressure phase. Both phases belong to the P1 group but exhibit
a different layer stacking configuration (see Figure S1). Most studies identify the room
pressure phase as distorted-1T and the HP phase as distorted-1T" [8,13,22,23]. We would
like to mention, however, that Zhou et al. [19] showed that the ambient-pressure phase
can be better symmetrized into a distorted 3R structure (space group: R3m). This phase is
equivalent to the 1T-phase reported in other works. Then, these authors denominate the
HP phase as “distorted 1T”. On account of these assignments, supported by subsequent
DFT calculations [24], both phases are also sometimes referred as P1 and P1/, respectively.

Raman scattering measurements have also been extensively used to study layered
compounds. However, owing to the striking similarities between the 1T and 1T phases
of ReS,, the resolution of the phase transition with pressure is not straightforward, even
for this highly sensitive technique [25]. So far, high pressure Raman measurements ei-
ther omitted the phase transition [13] or have provided highly scattered values, ranging
from 2.5 GPa [26] up to 15 GPa [27]. Some Raman works reported transition pressures
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around 6-8 GPa [23], in agreement with the HP-XRD studies, which report values around
6-11.3 GPa [21-23]. However, it is worth noting that the previous Raman-scattering stud-
ies only considered high-frequency modes related to intralayer vibrations rather than
low-frequency interlayer modes, which should be more sensitive to the layer stacking
configuration. A recent first-principles study found that calculated differences between
Raman frequencies and pressure coefficients in both phases should be very similar [28].
Hence, alternative techniques such as infrared spectroscopy or inelastic X-ray and neutron
scattering have been proposed to better resolve the transition pressure.

DFT calculations have been widely used to understand, among others, the optical [27],
electrical [19] and structural [22] properties of ReS;. DFT studies published so far have
shown to be highly dependent on the particular functional used, predicting a phase
transition onset between 0.1 GPa and 3 GPa, [19,22,24] far from most experimental values,
around 6-11.3 GPa [21-23]. The poor agreement between experimental and theoretical
results highlights the importance of additional experimental and theoretical works to better
constrain the pressure behavior of ReS,.

The aim of the present work is to investigate the compression behavior of the low-
pressure phase, i.e., (triclinic) 1T-rheniite and, by extension, of the corresponding 1T-
(Re,M0)S; solid solution. For this purpose, we have performed DFT calculations using spe-
cial quasirandom structures (SQSs) [29] to model the substitutionally random Re;_,MoxSp
alloy. Using the SQS approach, we have calculated the structural properties of 1T and 2H
Re;_xMoyS; alloys as a function of Mo molar content (x). Our results show that, at ambient
pressure, the 1T (2H) phase is more energetically favorable above (below) x = 0.5. The
calculations predict a reduction of the ¢ parameter of 1T-Re; _,Mo,S, with increasing Mo
content and a much smaller dependence for the rest of parameters. The bulk modulus of
1T-Re; _xMo,S; is found not to depend very strongly on x, which can be attributed to the
similar ionic radius of Re and Mo.

Given the high dispersion of experimental and theoretical bulk modulus and 1T-to-
1T’ phase-transition pressure values reported in the literature for the case of pure ReS,,
we complement the pressure work with additional HPXRD synchrotron experiments
on synthetic material. These measurements show that the onset of the phase transition
in ReS; is as low as ~2.1 GPa. This value, to the best of our knowledge, is the lowest
experimental value so far reported, in good agreement with previous theoretical predictions.
The experimental bulk modulus of ReS; is reevaluated, and the value thus obtained
(Bp = 46 GPa) is in good agreement with the PBE+D3 calculations. This confirms the
validity of this functional, when vdW interactions are taken into account, in order to
describe the structural properties of TMDCs under high hydrostatic pressure.

2. First-Principles Calculations

Recent works testing different DFT methods against experimentally determined HP
optical, vibrational and structural properties of TMDCs have concluded that the widely
employed LDA functional is too simplistic. Therefore, more advanced methods including
the exchange-correlation functional in the generalized gradient approximation (GGA)
with vdW corrections such as Grimme’s D2 or D3 [30], Tkachenko-Scheffler [31] or meta-
GGA SCAN functional [32] with rVV10 vdW functional [33], better predict the structural
properties of layered materials [34,35]. In the present work we rely on the Perdew—Burke-
Ernzerhof (PBE) parametrization [36] and D3 vdW correction, which has been shown to
provide very good results for the HP behavior of 1T-TMDCs [34].

DFT calculations have been performed for 1T-ReS; and for the (Re,Mo)S; solid solu-
tion, both for the 1T and 2H structures, using the Vienna Ab-initio Simulation Package
(VASP) [37]. All calculations were performed with the projector augmented waves (PAW)
scheme [38], including spin-orbit interaction and vdW dispersion corrections with the D3
method [30]. The exchange-correlation energy was obtained with the PBE parametrization
of GGA functional [36]. A Gaussian smearing of 0.05 eV was used for the Brillouin-zone
integrations.
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For the calculations on (Re,Mo0)S, structures, SQSs of different sizes were considered
in order to model the substitutional random solid solution [29]. SQS determination was
carried out by using ATAT software [39]. Total energy convergence was tested with respect
to the size of the supercells and pair clusters radii. The supercells were not extended in the
out-of-plane direction due to the weak interlayer coupling in the TMDCs. Dense I'-centered
Monkhorst—Pack grids of special k-points of different sizes were used. Energy cutoffs
and k-grids were tested for pure crystals cases in order to assure the convergence of lattice
constants up to 0.001 A. Atomic positions and lattice vectors were optimized so that the
interatomic forces and stress tensor components are lower than 0.002 eV/ A and 0.005 GPa,
respectively.

3. Experimental Methods

For the present work, ReS, flakes commercially obtained from HQ graphene were
employed. This material, synthesized by the chemical transport growth method with Re
(99.9999% purity) and S precursors, was carefully ground by using agate mortar and pestle.
HP angle-dispersive powder XRD measurements were acquired at room temperature in
the BL04-MSPD beamline at ALBA synchrotron facility [40]. This beamline is equipped
with Kirkpatrick-Baez mirrors to focus the monochromatic X-ray beam and a Rayonix CCD
detector with a 165 mm diameter active area. The XRD experiments were performed with
monochromatic X-rays with a wavelength of 0.4246 A, as determined from the absorption
K-edge of Sn (29.2 keV). The sample was loaded together with tiny copper flakes in a
membrane-type diamond anvil cell (DAC) with 400-um-diameter diamond culets. A 4:1
methanol-ethanol mixture was employed as pressure transmitting medium, and the ap-
plied pressure was determined with the equation of state (EoS) of copper. For this purpose,
several scans were acquired at different regions of the DAC for a given pressure, with the
aim of optimizing the XRD signal from the sample or that from copper. The associate error
to this pressure determination, including possible pressure gradients inside the DAC, is
lower than 0.5 GPa. The sample-to-detector distance (~240 mm), along with various detec-
tor geometrical parameters of the experiment, were calibrated from XRD measurements on
LaBg callibrant using the DIOPTAS software. All the structural analyses of the XRD scans
were performed with the program TOPAS 4.2 from Bruker. Experimental lattice parameters
were obtained as a function of pressure with Pawley whole pattern fittings. Due to strong
preferential effects, it was not possible to refine the atomic coordinates.

4. Results and Discussion
4.1. The Rey_Mo,S, Solid Solution

We must first note that two different triclinic structures have been reported for 1T-
ReS; [8,9], with different unit cell dimensions and atoms per formula unit (pfu). Both
structures are shown in Figure Sla,b. Most works rely on the simpler structure of Ref. [8],
which is the case, for instance, of the work describing the properties of the mineral rheni-
ite [2]. However, as discussed by Lamfers and co-workers [9], it cannot be ruled out that
the doubling of the lattice parameter perpendicular to the ReS, sandwiches (with one Re
layer between two S layers) was overlooked in the structural determination carried out by
Murray et al. in Ref [8]. This would imply that the ReS, structure contains two inequivalent
sandwiches repeated along the direction perpendicular to the sandwiches. Nevertheless,
both structures are very similar and cannot be easily distinguished by standard methods
like, for instance, powder XRD measurements. Here we have performed DFT calculations
to evaluate the relative stability of both phases. For this purpose, we have relaxed different
SQSs of different sizes and obtained the corresponding enthalpy per formula unit (pfu). As
can be expected, the doubled structure by Lamfers and co-workers [9] gives slightly lower
enthalpy values, as more atoms are relaxed and therefore an overall lower total energy can
be achieved. However, the difference in total energy between the two structures is in all
cases as low as ~5 x 107> eV pfu, which suggests that they are virtually equivalent from
the point of view of total energy calculations. Therefore, in the present work we also rely,
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for the sake of avoiding too expensive computations, on the structure of 1T-ReS, reported
in Ref. [8]. It must be noted that in that work the direction perpendicular to the sandwiches
corresponds to the a axis, and not to the c axis. Here we use the same setting to allow for
direct comparison (see Figure S1).

Figure 1 shows the enthalpy pfu for the MoyRe; S, solid solution as a function
of Mo molar content (x), for both the 1T and 2H structures of rheniite and molybdenite,
respectively. Both curves correspond to the minimum enthalpy pfu obtained after geo-
metrical optimization of SQSs of different sizes and pair clusters radii. As can be seen in
the figure, the PBE+D3 calculations do not predict any higher stability of the 1T or 2H
structure beyond the 50% alloy composition range. This result confirms the experimental
and theoretical results of Ref. [41], where the structural stability and electronic structure of
MoS,-ReS, was explored.

T ——
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e 2H
.
-24.0 i L L L L L
00 02 04 06 08 1.0

X

Figure 1. Enthalpy per formula unit (pfu) obtained with Perdew—Burke-Ernzerhof (PBE)+D3 density
functional theory (DFT) calculations for the 1T- and 2H-MoReS; solid solutions as a function of Mo
content (x). The dotted lines are guides to the eye.

We would like to note that we have not taken into account the configurational entropy
(AScong) of the different SQSs for a given composition because the DFT calculations formally
correspond to zero temperature and, therefore, TAS ¢ = 0. Nevertheless, using the basic
definition of configurational entropy from Boltzmann equation, AS ¢ = —kp[x-Inx + (1
— x)-In(1 — x)], where kg is the Boltzmann constant, it is easy to show that the maximum
configurational entropy in a binary alloy like Mo,Re;—,5; takes place at x = 0.5 and is
equal to 0.69kp (pfu). This value is of the order of ~ 6 x 107 eV-K~1, while the enthalpy
differences that we obtain for different SQSs at x = 0.5 are AH ~ 0.02 eV pfu (Figure 1 only
shows minimum enthalpy values). Therefore, at a temperature of T = AH/AS ns ~ 330 K,
such enthalpy differences are of the same order as the maximum configurational entropy
of the alloy. However, the latter is expected to be much larger than configurational entropy
differences between different, nearly-random SQSs. This implies that, in contrast to what
occurs in high-entropy alloys (with a much larger number of atoms mixing in the same
site), AS.onf can be safely neglected for the purposes of this work, as it can only affect the
relative stability of different SQSs at very large temperatures (T >> 330 K).

The lattice parameters resulting from the minimum-enthalpy SQSs for the 1T and
2H polytypes of bulk Mo,Re; S, are plotted in Figure 2a,b, respectively. These two
figures do not include data points for 1T-MoS, and 2H-ReS,, respectively, because the
resulting structures are not reliable (i.e., they are not stable and could only be further
relaxed with a tighter geometrical optimization). For the case of the pure 1T-ReS; and 2H-
MoS; compounds, the agreement between calculated and experimental values is excellent
(see below for further discussion about 1T-ReSy; for the case of 2H-MoS2, a = 3.15 A and
¢ =12.30 A [42]). As can be seen in both figures, the PBE+D3 calculations do not predict
monotonic lattice parameter variations as a function of Mo/Re content. In particular, the
interlayer spacing of the 1T structure (the a parameter) is predicted to suddenly increase for
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x > 0.2, while the calculated ¢ parameter of the 2H structure reaches a minimum at around
x~0.75 (Figure 2). Unfortunately, there are no much experimental data regarding the lattice
parameters of Re-rich MoS; or Mo-rich ReS;. In the mineral form, a linear decrease of
both a and ¢ parameters in molybdenite has been reported as a function of Re content
(Re < 0.04), with a progressive shortening of the Mo-S mean bond distance [3]. While the
present calculations do not predict any significant change for the a parameter of Re-doped
2H-MoS, (Figure 2b), the calculated reduction of the c spacing with Re concentration is
also lower than that found experimentally. Taking into account the similar ionic radius
of Re** and Mo** (0.63 A vs. 0.65 A, see for instance Ref. [3] and references therein), it
seems unlikely that the uniform decrease of the unit-cell values reported by Voudouris
and co-workers [3] solely corresponds to progressive substitution of Mo by Re atoms. The
present PBE+D3 calculations seem to suggest that the substitutional effect on the non-axial
parameter of the 2H phase is very small, while the intralayer lattice parameters of the
1T phase (b and ¢ parameters) tend to approach each other. In turn, the non-monotonic
complex behavior of the interlayer axes can be related to dispersion effects. Thus, other
possible substitutional or interstitial configurations, like for instance incorporation of Mo
or Re atoms into S sites, might also explain the experimental observations of Ref. [3]. With
regard to the MoyRe;_ S, alloys obtained by direct high-temperature synthesis methods in
Ref. [43], no dramatic changes are observed in the lattice spacings up to x = 0.20. However,
XRD patterns of the synthesized samples are highly broadened, indicating poor degrees
of crystallinity that do not allow for a reliable characterization of the structural properties
of the solid solution. More experimental and theoretical work is thus required to fully
understand the alloying behavior of this interesting system.

6.60 : : : . .
1T-Re, Mo S, 12.404 2H-MoRe, S,
~ . N .
S gssl L PBE + D3 < 1235] "o PBE+D3 .
£ e et g 12307
2 650 Y, s
8 g 34]
8 L8
® 645, e § 320, . . .
a (@) a (b)
6.401 : : : 3.0 : : : .
00 02 04 06 08 02 04 06 08 10
X X

Figure 2. (a) Lattice parameters obtained with PBE+D3 calculations for the 1T-(Re,Mo)S; solid solu-
tion as a function of Mo content (x); (b) Lattice parameters obtained with PBE+D3 DFT calculations
for the 2H-(Mo,Re)S; solid solution as a function of Mo content (x).

4.2. 1T-ReS; and Req_,Mo,S, under Pressure

Next, we focus on the pressure behavior of 1T-ReS, and the corresponding (Re,Mo)S,
solid solution. Figure 3 shows the theoretical pressure (P)-volume (V) dependence for the
case of 1T-ReS;, obtained with PBE and PBE+D3 calculations. Clearly, the PBE functional
without vdW corrections does not accurately predict the zero-pressure volume of ReS;
(265 A3 vs 219.3 A3 for the synthetic compound [8]). Also, the PBE calculations yield an
anomalous compression behavior that is more evident at lower pressures (see Figure 3). A
fit with a 2nd, 3rd, or even a 4th order Birch-Murnaghan (BM) EoS to the calculated P-V
dependence is unable to properly adjust the PBE data along the entire 0-25 GPa pressure
range. If, instead, the fit is restricted to the 0-5 GPa range, an exceedingly low bulk modulus
By = 14.8 GPa is found by using a 2nd order BM EoS (BM-2). This value would imply a very
large compressibility for this compound, much larger than that found in other TMDCs.
However, this result is manifestly wrong, as it is a consequence of the fact that dispersion
effects (i.e., interlayer interactions) have been neglected in the calculations, giving rise
to ill-behaved compression. Only at larger pressures, when the compound becomes less
compressible due to the much lower interatomic distances, the P-V dependence exhibits
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a better-defined behavior (see Figure 3). The fact that PBE calculations without vdW
correction fail to reproduce the compression behavior of ReS; has already been reported
for other TMDCs compounds like HfS; or MoS; [34], thus confirming the importance of
dispersion effects in ReSp,

1T-ReS,

257 me ® PBE
~ 20 e = PBE-D3 |
[a
S 154 1
o
2 101 1
[%2] N
* %] \l. l.,\:.\'\ ]

I\.‘ 0. °
0 - S o
180 200 220 240 260
Volume (A%)

Figure 3. PBE-DFT calculations of the P-V equation of state of 1T-ReS;, with (squares) and without
(solid dots) D3 van der Waals correction.

In contrast, PBE+D3 correctly predicts both the zero-pressure value (224.9(5) A3 vs.
219.3 A3 for synthetic ReS,) and yields a well-defined EoS from ambient pressure up to
25 GPa (Figure 3). A fit with a 3rd-order BM EoS (BM-3) yields a zero-pressure bulk
modulus By = 44(2) GPa, with a first derivative equal to B’ = 7.7(5). The value for By is in
excellent agreement with recent experimental results for this compound [23] and, as will
be explained below, also with our own experimental determinations. However, a careful
analysis of the normalized pressure (F) vs. strain curves (f) that result from the theoretical
P-V dependence obtained with PBE+D3 (see Figure S2a,b) suggests that a 4th-order BM
EoS (BM-4) provides the best fit along the whole pressure range. The BM-4 fit yields
a somewhat lower bulk modulus (By = 35.1(2) GPa) and a larger first-order derivative
(B’ =13.2(1), see also Table 1). The comparison between the PBE and PBE+D3 calculations
clearly shows that vdW corrections need to be included in order to correctly describe the
structural and compression properties of ReS, and, by extension, of (Re,Mo)S; alloys and
related compounds, like for instance ReSe; and its solid solutions.

Table 1. Zero-pressure volume (V), bulk modulus (Bg) and the corresponding pressure derivatives
(B’ and B”) for 1T-ReS; as obtained by DFT calculations including vdW corrections (PBE + D3) and
by HP-XRD measurements. The theoretical and experimental data were fitted using 3rd-order (BM-3)
or 4th-order Birch-Murnaghan (BM-4) equations of states (EoS).

Vo (A3) By (GPa) B B” EoS
PBE+D3 2249 (5) 44 (2) 7.7 (5) - BM-3
PBE+D3 222.92 (3) 35.1 (2) 132 (1) —3.7(1) BM-4
HP-XRD 217.8 (2) 49 (2) - - BM-2
HP-XRD 217.9 (2) 46 (2) 771 - BM-3
HP-XRD 217.9 (2) 41.3 (2) 1321 —371 BM-4

1 The theoretical value for B’ (and B”) were used to fit the experimental data.

Finally, in order to ascertain the compositional effect on the compression properties of
the 1T-Re; _yMoxS; solid solution, we have performed additional PBE+D3 calculations of
the P-V dependence for the 1T phase as a function of Mo molar content (x). For x = 0.25, our
calculations and subsequent BM-4 fit predict a zero-pressure bulk modulus By = 34.2 GPa,
which is only slightly lower than that obtained for 1T-ReS; (35.1 GPa). At intermediate
compositions (x = 0.5), the resulting bulk modulus is somewhat lower (29.5 GPa), while
for x = 0.75 it is again closer to that of pure ReS; (33.8 GPa). Although more work should
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be carried out in order to fully understand the HP structural properties of this alloy, the
present results seem to point towards a relatively small effect of Mo incorporation on the
compression behavior of 1T-(Re,M0)S;. As in the case of the lattice parameters plotted in
Figure 2, this may be attributed to the similar ionic radius of both atomic species.

4.3. High-Pressure XRD of 1T-ReS,

Given the large dispersion of experimental results that can be found in the literature
for the phase transition pressure of 1T-ReS,, we complement the present study with HP syn-
chrotron XRD measurements, with the aim of better constraining the compressibility values
for the low-pressure polymorph. Figure 4 shows XRD scans for different pressures, up to
4.8 GPa. The scans clearly show the expected shift to larger angles with increasing pressure
for all the reflections of 1T-ReS; (see Figure S3 in the Supplementary material for a better ob-
servation of the reflection shifts as a function of pressure). In addition, new peaks marked
with asterisks show up at pressures just above 2 GPa. This can be seen more clearly in the
inset of the figure for the case of the low-angle range. The appearance of these reflections
can be attributed to the 1T to 1T” phase transition. Noteworthy, the low phase-transition
pressure value found in this work agrees well with previous DFT calculations [19,22,24].
With regard to experimental determinations, our results seem to confirm the observations
of Ref. [26], where the structural phase transition was found around 2.5 GPa by means
of Raman spectroscopy. In contrast, most experimental works have reported much larger
phase transitions, typically above 5 GPa and up to 15 GPa [21-23,27]. The present results
allow us to conclude that the onset of the phase transition for 1T-ReS, is as low as ~2 GPa.

U . 21GPa

Intensity (arb. units)

10 12 14 16 18
2Theta (deg.)

Figure 4. High-pressure synchrotron XRD measurements of synthetic 1T-ReS, up to ~5 GPa. The
inset shows the appearance at low angles of a new reflection around 2 GPa. The asterisks indicate
reflections that are not present in the zero-pressure scans and which can be attributed to the 1T”

phase.

The coexistence of both phases and the difficulty to unambiguously differentiate them
makes necessary to reevaluate the compression properties of the low-pressure 1T phase,
also with the support of the PBE+D3 calculations. Figure 5 shows the P-V dependence
of the low-pressure phase, up to 2.5 GPa. A fit with a BM-3 EoS in which all parameters
are left as free fitting parameters turns out to give unreliable results, which is confirmed
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by plotting the corresponding F-f dependence (not shown). By using a BM-2, we obtain
Vo =217.8(2) A% and By = 49(2) GPa. If, instead, a BM-3 EoS is employed together with
the B’ = 7.7 value obtained from the DFT calculations, which is still found to reasonably
match the F-f dependence (Figure S2d), the following results are obtained: Vj = 217.9(2) A3
and By = 46(2) GPa. These values are in excellent agreement with the PBE+D3 calculations
(BM-3 fit, see Table 1) and also with the recent work by Saha et al. [23], who reported a
similar experimental bulk modulus (B = 44(2) GPa), although with a much lower first
derivative (B’ = 1.6(3)). In contrast, other previous works reported much lower B, values
of 23 GPa [21] and 35.6 GPa [22]. The latter is in very good agreement with the BM-4 fit to
our PBE+D3 data, while our experimental bulk modulus obtained with a BM-4 is slightly
larger (41.3(2) GPa, see Table 1). This value, but particularly those obtained with the BM-2
or BM-3 fits to our experimental data (Table 1), indicates that ReS, is less compressible than
suggested by previous works. Although the bulk modulus found for 1T-ReS; is lower than
those measured in other TMDCs, which are typically larger than 50 GPa, it is clear that the
pressure behavior of this compound is still comparable to those materials, and determined
by interlayer vdW forces. The fact that the calculations without vdW corrections fail to
reproduce the compression behavior of ReS;, as already found in other 1T-TMDCs like
HIS; and MoS, [34], further confirms the importance of dispersion effects in ReS, and
rules out the hypothesis that the layers in this material may be decoupled, at least from a
structural and compressional point of view.

1T-ReS,
218} BM-3 ]
w V,=217.9(2) A’
216 v B, =46(2) GPa ]
— . B=77
< 214} p ]
ps .
§ 212} v ]
[e) V.
> ‘v
210+ - .
0 v HP-XRD v v
208L BM-3 ]

0.0 0.5 1.0 1.5 2.0 2.5
Pressure (GPa)

Figure 5. Experimental pressure dependence of the unit-cell volume of 1T-ReS; as obtained with
powder XRD measurements (solid triangles). The dashed curve corresponds to the result of a fit
using a 3rd-order Birch-Murnaghan (BM) equation of state.

The good agreement between the PBE+D3 calculations and the experimental results
can be additionally seen in Figure 6, where we have plotted the pressure dependence of
the lattice parameters of 1T-ReS,. The calculations reproduce very nicely the compression
behavior of the triclinic lattice parameters, with only a slight overestimation which is in all
cases lower that ~1%. In particular, the PBE+D3 calculations correctly predict that the axial
compressibility along the a axis is much larger than along the b and c axes (Figure 6). The
experimental axial compressibility at ambient pressure, xx = —(1/x)dx /9P (x =a, borc),
for the a parameter obtained with a second-order BM EoS is equal to 0.0174 GPa~!. This
value is almost one order of magnitude larger than that found for the b and c parameters
(~0.0020 GPa~! for both axes). These results show that the compression behavior of 1T-
ReS; is dominated by a highly reduced stiffness along the Re-S, interlayer direction (a axis),
which is mainly determined by the weak interlayer vdW forces. Again, this shows the
important role played by dispersion interactions in 1T-ReS;.
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Figure 6. Pressure dependence of the unit-cell parameters (a) and triclinic angles (b) of 1T-ReS, as
obtained with powder XRD measurements (solid symbols). The dashed curves show the results of
DFT calculations using a PBE functional with D3 correction for van der Waals interactions.

5. Conclusions

We have presented a joint theoretical and experimental study of the structural proper-
ties and compression behavior of rheniite (ReS;) and the 1T-(Re,Mo)S; solid solution. Our
theoretical data and experimental results have shown that vdW corrections are essential
in order to correctly predict with DFT calculations the HP properties of these compounds
and, by extension, the compression behavior of other related materials like ReSe; and their
solid solutions.

HPXRD measurements have allowed us to determine the bulk modulus of ReS;
(Bo = 46(2) GPa), in good agreement with PBE+D3 calculations. Our experiments have
allowed us to observe the 1T-to-1T” phase transition at ~2 GPa, in agreement with previous
theoretical works [19,22,24]. To our knowledge, this is the lowest experimental value
reported in the literature. Further experimental work on natural or synthetic Mo-rich
rheniites and Re-rich molybdenites, as those found in the Pagoni Rachi prospect [3], would
be desirable in order to confirm the calculated lattice parameters, the phase stability and
bulk moduli obtained in this work for the (Re,Mo0)S, solid solution.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-1
63X/11/2/207/s1, Figure S1: (a) Crystal structure of triclinic (distorted CdCI2 structure, s.g. P-1)
of ReS2 at ambient pressure, labeled throughout this work as 1T-ReS2. This corresponds to the
structure published by Murray et al. (Ref. [8] in the manuscript). (b) Crystal structure of triclinic
(s.g. P-1) reported by Lamfers and co-workers (Ref. [9] in the manuscript), where the unit cell is
doubled along the direction perpendicular to the ReS2 sandwiches. (c) Crystal structure of the
high-pressure ReS2 phase, labelled throughout this work as 1T’-ReS2. This phase is denominated as
“distorted 1T” in Ref. [19]. Figure S2. Normalized pressure (F = P/[3f (2f + 1)/2]) vs. Eulerian strain
(f=05[(V/ V) ~2/3 — 1)) for different equation of state (EoS) fits performed in this work using 2nd,
3rd or 4th-order Birch-Murnaghan (BM) equations of state [see Angel, R.J., Reviews in Mineralogy
and Geochemistry 41, 35-59 (2000)]. (a,b) show fits to the results of PBE+D3 density functional theory
(DFT) calculations up to 25 GPa, using BM-3 and BM-4, respectively. (c,d) show the corresponding
F-f plots for the fits to the experimental high-pressure XRD data, using BM-2 and BM-3 (with B’ fixed
to 7.7), respectively. In all the figures, the dots correspond to calculated (PBE+D3) or experimental
(HP-XRD) data points, while the solid lines show the results of the EoS fits. Note that the large
variations in F at low f in the case of the experimental data (c,d) arise from the large uncertainty
in F due to the fact that f tends to zero when V tends to the zero-pressure volume, VO. Figure S3.
High-pressure synchrotron XRD measurements of synthetic 1T-ReS2 up to ~5 GPa. (a—-d) show
different angular regions of the scans, which allows highlighting the peak shifts with increasing
pressure as well as the appearance of new reflections that can be attributed to the 1T” phase.
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