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Abstract

Two-dimensional (2D) thermoelectric materials are gaining more intense attention with
the ever-increasing global demand for energy. Recently, the search for compounds exhibiting
excellent thermoelectric and topological characteristics has also attracted research exploration. In
this study, a systematic investigation of Re-based transition metal dichalcogenides (TMDs)
(ReX,, X =S, Se, and Te) through first-principles calculations identified the stability and
electronic properties of the 1T% (1T double prime), 1T°, 1T, and 2H phases for the pristine bulk
and monolayer ReX,. Formation energy and phonon dispersion calculations showed that the bulk
and monolayer structures are only stable in the 1T structure. The calculated bandgaps of bulk
under the hybrid functional approach are 1.567 eV, 1.429 eV, and 0.745 eV, while those of the
monolayer phases are 1.902 eV, 1.658 eV, and 1.323 eV for ReS,, ReSe,, and ReTe,, respectively.
Moreover, van Hove singularities (vHss) are observed in monolayer ReX, suggesting possible
superconductivity. Remarkably, the calculated figure of merits (ZT) of bulk and monolayer ReX,
with values up to 2.30 presents them as excellent materials for thermoelectric (TE) applications
since good TE materials have ZT > 0.4. In addition, the effect of one- (1h) and two-sided (2h)
hydrogenation on the structural, electronic, magnetic, and topological properties of monolayer
ReX, were also investigated. Two-sided hydrogenation caused a stable structural phase transition
from 1T® to 1T. A ferromagnetic phase transition was also observed upon the two-sided
hydrogenation of ReS, (2h-ReS,) and the one-sided hydrogenation of ReSe, (1h-ReSe,). Finally,
one-sided hydrogenation of monolayer ReSe, and ReTe, (1h-ReSe, and 1h-ReTe,) resulted in
non-trivial topological phases as confirmed by the calculated Z, and Chern topological invariant
numbers. Our findings show that the 2D Re-based TMDs exhibit highly tunable properties which

have the potential for thermoelectric and spintronics applications.
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1. Introduction

The escalating global climate change and its environmental effects due to the combustion
of fossil fuels are extremely unsettling and are causing immense social and political conflict
around the world [1]. One solution to improve the sustainability of electricity is through
thermoelectric materials. Thermoelectric (TE) materials are capable of converting heat into
electricity or transporting heat-producing cooling using the Seebeck and Peltier effects,
respectively [2]. The thermoelectric conversion efficiency of TE materials is determined by the
unitless figure of merit (ZT), which is expressed as ZT = S?’cT/k, where S, o, and T are Seebeck
coefficient, electrical conductivity, and absolute temperature, while k is the sum of electronic

thermal conductivity (Ke) and lattice thermal conductivity (Kl), respectively [3—5]. In order to

achieve high TE efficiency, materials with high ZT values are required, in which a large power
factor (S*c) and low thermal conductivity at the same time are expected. However, S, 6, and k
are conflictingly correlated with each other [6, 7], making it challenging to obtain materials with
high ZT values. New strategies for the development of thermoelectric devices are required to

eliminate or at least weaken this dependence among the three parameters.

Interestingly, two-dimensional (2D) materials with a layered structure have garnered
considerable attention as efficient thermoelectric materials because of their exceptional
advantages in electronic and mechanical properties [8, 9]. Among these 2D materials, a group of
compounds known as transition metal dichalcogenides (TMDs) has been gaining a lot of
research focus. TMDs are represented by the chemical formula MX,, where M corresponds to a
transition metal and is sandwiched by X atoms corresponding to the chalcogens S, Se, or Te.

Studies have shown their versatile and tunable properties, such as indirect-to-direct bandgap



transition, Lifshitz transition [10, 11], and van Hove singularities (vHss) which can be easily
manipulated [12]-[14] by tuning their thickness or inducing a strain [11-16]. Additionally, recent
studies have shown that the functionalization of TMDs significantly alters and manipulates their
electronic, magnetic, and topological properties [10, 11, 15-21]. In fact, 2D TMDs have been
studied for their great potential as thermoelectric materials due to their relatively low thermal

conductivity and high electrical conductivity [8, 22-24].

Among the emerging TMDs is the rhenium dichalcogenides (ReX,) which is a new
family of 2D TMD semiconductors as it has been successfully fabricated recently [25-27], thus
requiring further investigation. It was found that ReX, crystallizes in a distorted 1T structure
(1T%) due to the charge decoupling from an extra valence electron of rthenium atoms [25-31].
Recent studies about ReX, showed that it displayed a monolayer-like electronic structure in the
bulk phase [29], as well as pronounced anisotropy as observed in its optical properties [26-31].
The aforementioned characteristics of ReX, substantiate its strong potential for next-generation

technologies.

On the other hand, in order to be used in device applications, 2D materials must be grown
or placed on a suitable substrate. One method that can be used to emulate the effects of substrates
is chemical adsorption, particularly hydrogenation [32]. Hydrogenation can be considered as a
simplified electron-filling model which is used to adjust the influence of the environment on the
electronic structure of the thin film [18, 33—35]. Some studies have shown that the band topology
and bandgap of the thin film change significantly after hydrogenation, and the effect of structural
changes caused by different functional groups can be achieved by the effect of strain [36]. In
addition, several studies on the functionalization of ReX, reported structural phase transition and

dynamical stability as well as tuned physical and chemical properties [36, 37]. Moreover, a



recent study demonstrated the non-trivial topological phases of ReX, in 1T structure upon
one-sided hydrogen adsorption and halogen substitution [17]. Despite the recent studies, no work
has been done on the hydrogenation and possible topological phases of the experimentally
synthesized 1T% structure of ReX,. Non-trivial materials are attracting intense interest as they
offer new possibilities for energy-efficient device applications [38—43]. Among the non-trivial
materials are the 2D topological insulators (2D TIs) which are also known as quantum spin Hall
(QSH) insulators [40, 44, 45], topological superconductors [29], topological crystalline insulators
(TCls) [46, 47], and quantum anomalous Hall (QAH) insulators [42, 44, 45]. The significance of
these developments is the discovery of the quantum Hall effect which gave way to the realization
of the topological nature of the electronic structures and the dissipationless spin-transport around

the edges of a 2D insulator under a strong magnetic field [48—50].

The purpose of this study is to investigate the structural, electronic, thermoelectric,
magnetic, and topological properties of ReX, using first-principles calculation. This paper
reports on the stability comparison for different existing TMD structures, specifically 1T%, 1T,
IT, and 2H to probe the most stable structure of ReX,. Additionally, this paper investigates
property changes in the bandgap size, a direct-to-indirect bandgap transition, and an
enhancement of superconductivity due to dimensionality changes of ReX, from bulk to
monolayer. This paper also studies the thermoelectric properties of bulk and monolayer ReX, in
terms of the ZT figure of merits. Finally, it demonstrates the effect of one- and two-sided
hydrogenation on the structural, electronic, magnetic, and topological characteristics of ReX,

monolayers.



2. Computational Methods

The Vienna Ab-initio Simulation Package (VASP) [51, 52] was used to perform
first-principles calculations within the density functional theory framework [53] with the
projected augmented wave (PAW) [54, 55] in the Perdew-Burke-Ernzerhof (PBE) [56] under the
generalized gradient approximations (GGA) exchange-correlation functional. The van der Waal
(vdW) correction rev-vdW-DF2 functional [57] was used to estimate the experimental lattice
parameters. Approximately, a 15.0 A vacuum was set along the z-direction of the monolayer
materials to prevent interactions of the repeated layers. The plane wave cut-off energy was set to
400 eV. All crystal structure relaxations were conducted until the residual force acting on each
atom is less than 0.01 eV/A. Additionally, the requirement for self-consistent calculation
convergence was set at 10 eV. The I'-centered Monkhorst-Pack [48] grid of 18x18x6(1) for 2H,
18x18x9(1) for 1T, 18x9x18(1) for 1T°, and 18x18x18(1) for 1T phases in bulk(monolayer)
were used to model the first Brillouin zone. Additionally, the Heyd-Scuseria-Ernzerhof hybrid
functional (HSE06) [58—60] through a reduced I'-centered Monkhorst-Pack grid of 6x6x6(1) for
1T% bulk(monolayer) was further implemented to correct the electronic band and thermal
transport properties. The phonon dispersion calculations were performed using the Phonopy [61]
software.

For hydrogen functionalization, hydrogen atoms were added to the chalcogen of the
relaxed pristine structures to create both the one- and two-sided hydrogenated ReX,. After
hydrogen adsorption, relaxation of the atomic structure and lattice constants were performed.
The abbreviations “Oh”, “1h”, and “2h” were used to label the pristine structure, one-, and

two-sided hydrogenation cases, respectively.



Three magnetic configurations were examined to investigate the magnetic property: NM
for non-magnetic, FM for ferromagnetic, and AFM for antiferromagnetic. Self-consistent
calculations were performed for each magnetic structure and their total energies were compared
to determine their magnetic property. In this regard, a material for which the energy difference is
less than 1 meV between NM and FM (AFM) and the magnetic moment of the individual atom is
less than 0.100 uB in FM and AFM configurations can be regarded as NM. However, for
materials with magnetic moments equal to or greater than 0.100 uB, the magnetic moment of
each metal atom will be further inspected to confirm whether it is in FM or AFM configuration.
The calculations also included spin-polarization and spin-orbit coupling (SOC). The Z2Pack [62,
63] was used to calculate the Z, number for NM materials and the Chern number for magnetic
configurations to predict the topological phases.

The theoretical approach to calculating the thermoelectric properties of the ReX,
materials was split into two stages. The first stage computes the electronic thermal properties
under HSEO06 through semi-classical Boltzmann transport equation (BTE) and relaxation time

approximation (RTA) methods for electrons as implemented in the BoltzTraP2 code [64, 65]
using a constant relaxation time of T = 10" s for thermal and electrical conductivities. The

: : -14 . . ) . o
relaxation time value T = 10 = s is commonly used in semiconductors and its validity has
previously been tested and found to be a reasonably good approximation. We assume that the
relaxation time is constant and independent of temperature and doping in this case [23, 66]. This

calculation gives information about S, o, and K. Meanwhile, the second stage estimates K,

through the linearized phonon Boltzmann transport equation (LBTE) method with the inclusion
of non-analytical corrections (NAC) to consider long-range interactions via the Phono3py code

[67]. As implemented in Phono3py, the phonon relaxation time is assumed by the phonon



lifetime [68, 69]. The second-order force constants for harmonic phonons and the third-order
force constants for anharmonic phonons were calculated using the finite-displacement method
using a 4x4x1 supercell, a cutoff pair distance of 3 A, and a g-mesh grid of 12x12x1. We have
tested that the supercell size of 4x4x1, cutoff pair distance of 3 A, and g-mesh grid size of

12x12x1 have reached the convergence needed for the lattice thermal conductivity.



3. Results and Discussion
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Figure 1. Perspective views of the different structural phases of pristine bulk ReX, in side-view
and top-view for (a) 1T%, (b) 1T’, (c) 1T, and (d) 2H. The first Brillouin zones of (e) bulk and

(f) monolayer 1T% with the high-symmetry points.



3.1 Structural Properties and Stability

In this study, we explored the properties of bulk and monolayer ReX, (X =S, Se, or Te).
The structures of the ReX, materials considered in this study are 1T®, 1T°, 1T, and 2H phases

with their perspective views shown in Figures 1(a)-(d). The 1T phase shown in Figure 1(c)

belongs to the P3ml space group symmetry and is in octahedral prismatic coordination, while
the 2H structure shown in Figure 1(d) exhibits trigonal prismatic coordination belonging to the

P6s/mmc space group symmetry. The 1T structure is a 1x1 unit cell containing one transition

metal and two chalcogens. Meanwhile, the 1T% structure in Figure 1(a), belongs to the P1 space
group symmetry. It is presented in a 2x2 supercell relative to the 1T phase to model distortion
and contains four transition metals and eight chalcogens in the unit cell. Lastly, the 1T phase has

a 1x2 supercell structure, shown in Figure 1(b), and belongs to the group symmetry of P2 ) /m.

The first Brillouin zone (BZ) of the bulk and monolayer 1T® ReX, are also shown in Figure 1(¢)
and (f), respectively.

The lattice parameters obtained upon geometry optimization using vdW correction on the
bulk and monolayer ReX, materials, as summarized in Table 1, are in good agreement with the

experimental data [70-73].



Table 1. The calculated bandgaps under hybrid functional and lattice parameters of the 1T

ReX,. The experimental bandgaps and lattice constants from related studies are enclosed in

parentheses.
Bulk Monolayer
ReS, ReSe, ReTe, ReS, ReSe, ReTe,
Eg 1.567 1.429 1.902 1.658
(eV) (1.550)[25] (1.290)[74] 0.745 (1.600)[25] (1.470)[71] 1.323
a 6.362 6.618 6.979 6.376 6.638 7068
A) (6.362)[70] (6.602)[70] (6.882)[71] (6.540)[72] (6.570)[73] ’
b 6.463 6.743 7.117 6.480 6.763 7907
A) (6.455)[70] (6.716)[70] (7.520)[71] (6.720)[72] (7.050)[73] ’
c 6.284 6.707 7.212 B B B
(A) (6.401)[70] (6.728)[70] (8.992)[71]

Based on the calculated formation energies summarized in Table S1, 1T% is the most
energetically favorable structure for bulk and monolayer ReX,. This is consistent with the 1T%®
structure observed experimentally in bulk ReX, which is in triclinic atomic configuration [70, 71,
75].

Furthermore, phonon calculations were performed to confirm the thermodynamic stability
of the bulk and monolayer ReX,. As shown in Figure S2, the phonon spectra for all three
materials in the 1T% bulk and monolayer phases exhibit non-imaginary frequencies which satisfy
the criteria for thermodynamic stability. In contrast, imaginary frequencies were observed among
the 1T°, 1T, and 2H structures, as shown in Figure S3-5, respectively, confirming that the 1T% is

the only stable structure for Re-based TMDs.




3.2 Electronic Properties and van Hove Singularities

To understand the nature of the electronic properties of ReX,, we calculated their
electronic properties through the HSE06 hybrid functional as the PBE functional is known to
underestimate the bandgap. The bandgaps for bulk and monolayer band structures under HSE06
are summarized in Table 1. The HSE06 band structures for bulk and monolayer of 1T® ReX,
calculated using the high-symmetry directions with the inclusion of spin-orbit coupling (SOC)
are shown in Figure S6. For the bulk structures, ReS, is an insulator with a direct bandgap of
1.567 eV at the Z point. These values are in the same range as the recent theoretical [75] and
experimental [76] studies. Interestingly, we also observed an insulating property in the bulk
ReSe, with a direct bandgap of 1.429 eV at the Z-point. Finally, the HSE06 band structure of
bulk ReTe, is an insulator with an indirect bandgap of 0.745 eV.

For monolayer cases, the band structures and density of states (DOS) of ReX, in the 1T
phase are plotted in Figure S6 along with the high-symmetry directions of the first BZ. The
HSEO06 band structure of monolayer ReS, remained insulating with an indirect bandgap of 1.902
eV. Meanwhile, the monolayer ReSe, has an indirect bandgap of 1.658 eV. Finally, the ReTe,
monolayer has an indirect bandgap of 1.323 eV. As seen in Table 1, the bandgaps for the 1T
ReX, increased as the dimension decreased from 3D (bulk) to 2D (monolayer).

Van Hove Singularities (vHss) are a fascinating phenomenon that is known to be crucial
in improving superconductivity, ferromagnetism, and anti-ferromagnetism of materials as proven
in several experimental and theoretical studies [77-81]. Generally, the systems that exhibit vHss
have saddle points in their band dispersion. Additionally, diverging peaks in the density of states

(DOS) near the Fermi level indicate many states occupying the same energy level.



A diverging DOS, indicated by magenta arrows, is observed in the monolayer 1T% ReS,,
ReSe,, and ReTe, as shown on the right side of Figure S6. Upon closer observation of the band
structures of the three monolayer phases, 1T® ReS, has the highest intensity in the diverging
DOS (See Figure 2(a)), thus we will use it as the representative material. As seen in Figure 2(a),
a sharp peak in the DOS near the Fermi level correlates to a saddle point in the band structure,
which is a distinctive characteristic of vHss. The 2D band contour of monolayer 1T% ReS, is
shown in Figure 2(b). A saddle point around I, highlighted by the white circle, attributes to the
diverging DOS. These characteristic features exhibited by this material confirm the presence of

vHss near the Fermi level, thus suggesting superconductivity.
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Figure 2. Van Hove singularity in monolayer 1T% ReS,. (a) The band structure and DOS were
calculated using HSE06 with the inclusion of SOC. (b) The 2D constant-energy band contour

with the saddle points highlighted in the white circle was generated using PBE.

3.3 Thermoelectric Properties

Surprisingly, we also found that ReX, possesses excellent thermoelectric properties. It is
known that the doping level can help improve the thermoelectric properties of materials. The
chemical potential (p) is related to the doping level in the rigid band model [82] wherein a
positive p suggests n-type doping, while a negative p indicates p-type doping. This relation
mainly affects the Seebeck coefficient and conductivity [83]. Here, we present all the
thermoelectric parameters with respect to p and have normalized the Fermi level at 0 eV. The
detailed behavior of the thermoelectric properties of the bulk and monolayer ReX, are

summarized in Figures S15-S19.



To discuss the thermoelectric properties of monolayer ReX,, we chose ReTe, as a
representative material as it has the best thermoelectric properties among all the studied
compounds. The thermoelectric parameters of monolayer ReTe, are plotted as a function of
chemical potential and temperature in Figure 3. Seebeck coefficient S is the most fundamental
parameter to understand the response of a material to the applied temperature gradient. The S of
monolayer ReTe, plotted against p at varying temperatures is shown in Figure 3(a). Surprisingly,
S is greatly enhanced in a narrow region around p = 0, which implies that a significant value of
S can already be achieved even with minimal n-type or p-type doping. On the other hand, the
electrical conductivities (o) against the chemical potential with varying temperatures for the
monolayer ReTe, is shown in Figure 3(b). It is observed that o is higher in the p-type region
compared to the n-type at high temperatures.

In general, the power factor (PF) compared to the Seebeck coefficient and electrical
conductivity is one of the comprehensive parameters to investigate the thermoelectric
performance of a material. The chemical potential dependence of the PF of monolayer ReTe, is
shown in Figure 3(c). It reaches its maximum in the chemical potential interval of [-1.0, 1.0 eV].
High PF values are obtained in the p-type region compared to the n-type. This is because the S
and o of the p-type monolayer ReTe, are significantly higher compared to its n-type counterpart.
However, as the ZT number also depends on the thermal conductivity, the power factor might not

reflect the thermoelectric performance directly [84].

To incorporate thermal conductivity, we need both electronic thermal conductivity (Ke)
and lattice thermal conductivity (Kl). The K is plotted as a function of the chemical potential of

monolayer 1T® ReTe, in Figure 3(d). We found that the K follows the same trend of being flat



near the Fermi level since this area corresponds to the bandgap of the system. Additionally, it is

observed that the Y increases with temperature. Moving on to K, we have calculated this
parameter based on the harmonic phonons and anharmonic force constants. The plot of K with
respect to temperature is shown in Figure 3(e) wherein the K, decreases as the temperature

increases. At high temperatures, low lattice thermal conductivity shows that this material has
great potential as a thermoelectric material since many reports conclude that materials with low
lattice thermal conductivity have led to exceptionally high ZT numbers [22].

To fully assess the thermoelectric performance of these materials, the ZT figure of merit
was calculated. The chemical potential dependence of the ZT number of monolayer ReTe, is
shown in Figure 3(f). Here, the ZT is also maximum in the chemical potential interval of [-1.0,
1.0 eV]. Excellent ZT numbers are obtained in the p-type region compared to the n-type,
confirming that this material performs better as a p-type thermoelectric material at 700K.

A more comprehensive summary of the ZT numbers as a function of temperature for the
ReX, materials is shown in Figure 4 for p-type and n-type thermoelectric materials. Interestingly,
both the n-type bulk ReS, and ReSe, have a higher ZT number compared to the monolayer
structure. This is due to the higher electrical conductivity of the bulk (See Figures S15(b) and
S16(b)), compared to their monolayer counterparts (See Figures S18(b) and S19(b)). In contrast,
the ZT number of the bulk ReTe, structure is lower than its monolayer counterpart at high
temperatures. Additionally, it is observed that at 1300K, bulk ReTe, has the highest ZT number
among the bulk materials considered in this study, with a ZT value of 2.10 for both p-type and
n-type. Meanwhile, monolayer ReTe, has superior thermoelectric properties among all materials
with ZT values of 2.30 for both p-type and n-type. Furthermore, as observed in Figures 4(a) and

(b), the ZT numbers of bulk and monolayer ReTe, are starting to decrease at 1300K. This



behavior can be attributed to the direct relationship between the bandgap and Seebeck coefficient
according to the Goldsmid-Sharp bandgap equation [85]. Among the ReX, materials, bulk and
monolayer ReTe, have the smallest bandgaps, as summarized in Table 1. According to the rigid
band model, the band structure does not change with temperature, but the Fermi level does [86].
As a result, when the temperature increases, the Fermi level shifts towards the conduction band.
Thus, if the material has a relatively small bandgap, a further increase in temperature will cause
the material to exhibit metallic behavior. Thus, the Seebeck coefficient and consequently the ZT
number will decrease once it reaches a critical temperature. Remarkably, the calculated ZT
values confirm that Re-based TMDs exhibit excellent TE performance since the criterion for
good TE materials is to have a ZT number above 0.4 [87]. In addition, results reveal that the ZT
values of ReX, are comparable with the well-known and most studied thermoelectric materials

[88].
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Figure 3. The thermoelectric properties of monolayer 1T ReTe,. (a) Seebeck coefficient, (b)
electrical conductivity, (c) power factor, (d) electronic thermal conductivity, (e) lattice thermal

conductivity, and (f) ZT number with respect to temperature and chemical potential.
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3.4 Quantum Anomalous Hall Effect in Hydrogenated Monolayer

ReX,

Functionalization of TMDs has been shown in previous theoretical and experimental
research to substantially engineer their properties [17, 18, 79]. Specifically, the electronic,
magnetic, and topological properties can be modified by functionalization through hydrogenation
[18]. With all these interesting physical characteristics found upon hydrogenation of TMDs, it 1s
critical to investigate the induction or manipulation of magnetism, as well as the possibility of
topological phases on ReX, monolayers.

In this section, we demonstrated the highly tunable properties of ReX, through
functionalization via hydrogenation. Similar to the pristine case, the structures of the
hydrogenated ReX, materials considered in this study are 1T, 1T°, 1T, and 2H phases with their
perspective views shown in Figure S20. Upon one- and two-sided adsorption of hydrogen, we
examined the stable phase by observing the formation energy of each material which is
summarized in Table S2. The observed stable structural phase transitions upon hydrogenation are
then summarized in Table 2. From the previous discussion, the 1T% structure has been identified
as the stable phase for the monolayer pristine ReX,. After one-sided hydrogenation, the stable
phase remained 1T%. However, a stable phase transition from 1T% to 1T was observed upon
two-sided hydrogenation. These transitions in the stable structural phase mainly occurred due to
the change of the lattice constants after the adsorption of hydrogen.

Moving on to the magnetic properties of these materials, we summarized the results in

Table 2. For the pristine cases, we observed all materials to have NM phases. Upon one-sided



hydrogenation, 1h-ReS, and 1h-ReTe, monolayers retained NM phases while 1h-ReSe,
transitioned to the FM phase. Lastly, two-sided hydrogenation induced an FM phase in ReS,,
while the other two monolayers remained non-magnetic. This significant transition in the
magnetic characteristics is due to the change in the total number of electrons and the
carrier-mediated double exchange in the system [36].

To have a better understanding of the mechanism that causes the magnetic phase
transition, we used lh-ReSe, as a representative material for which an NM to FM phase
transition occurred due to one-sided hydrogenation. The PBE band structures of 1h-ReSe, in 1T
are shown in Figure 5. The system received an additional electron after hydrogen adsorption
which led to an unequal filling of spin-up and spin-down states and the shifting of the Fermi
level. Upon the inclusion of spin-polarization, the separation of spin majority and minority
further demonstrated the transition from NM to FM phase due to hydrogen adsorption as shown
in Figure 5(c). With the inclusion of SOC in Figure 5(d), we observed further band splitting
along the high-symmetry points.

Finally, we determined the topological properties of 1h-ReX, (1T phase) and 2h-ReX,
(1T phase) and these results are summarized in Table 2. Remarkably, we found non-trivial
topological properties for the functionalized ReX, monolayers. For the ferromagnetic 1h-ReSe,,

the calculated Chern number is C = 1, while the Z 5 number of the non-magnetic 1h-ReTe, is 1,

which confirms their non-trivial topological phases. These results reveal that the hydrogenated
monolayer ReX, possesses non-trivial topological phases. The effect of hydrogenation on the
pristine ReX, films causes the Fermi level to shift upward, as shown in Figures S21-22. The

addition of one electron to ReX, films is responsible for this outcome. Additionally, the



incorporation of SOC, as shown in Figure 5(d), caused the band opening which leads to a

non-zero Chern number in 1h-ReSe,, thus confirming a non-trivial phase.



Table 2. Stable structural, magnetic, and topological phases of pristine and hydrogenated ReX,

monolayers.

Stable Structural Phase Magnetic Phase Topological Invariants
e Oh 1h 2h Oh 1h 2h Oh 1h 2h
S 1T 1T IT NM NM FM -- Z=0 | C=0
Se 1T 1T IT NM FM NM - C=1 M
Te 1T 1T IT NM NM NM -- Z,=1 M

The Z, number Z, = 0 indicates the trivial phase while Z, = 1 denotes the non-trivial phase of
the non-magnetic materials. On the other hand, the Chern number C = 0 indicates the trivial
phase and C # 0 denotes the non-trivial phase for the ferromagnetic materials. Metallic systems

are denoted as M since Z, and C invariants do not apply to metals.
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Figure 5. Band structures of hydrogenated ReSe,. The PBE band structures of 1T® 1h-ReSe, in
(a) non-magnetic band calculation without SOC, (b) non-magnetic band calculation with SOC,

(c) ferromagnetic band calculation without SOC, and (d) ferromagnetic band calculation with

SOC.



4. Conclusions

Through a systematic study based on first-principles calculations, we explored the
stability, electronic, thermoelectric, magnetic, and topological properties of Re-based TMDs.
With regards to structural stability, the 1T%, 1T, 1T, and 2H phases for the pristine bulk and
monolayer ReX, were considered. Formation energy and phonon dispersion calculations revealed
that bulk and monolayer ReX, are only stable in the 1T% structure. Van Hove singularities (vHss)
are observed among the three monolayers of ReX, suggesting possible superconductivity.
Regarding the thermoelectric properties, the calculated ZT numbers for the bulk and monolayer
ReTe, at 1300K are 2.10 and 2.30, respectively, which are comparable values to the currently
synthesized high-performance thermoelectric materials. In addition, the effect of one- (1h) and
two-sided (2h) hydrogenation on the structural, electronic, magnetic, and topological properties
of monolayer ReX, was also investigated. Upon two-sided hydrogenation, a stable structural
phase transition from 1T% to 1T occurred. A ferromagnetic phase transition was also observed
upon the two-sided hydrogenation of ReS, (2h-ReS,) and the one-sided hydrogenation of ReSe,
(1h-ReSe,). Finally, one-sided hydrogenation of monolayer ReSe, and ReTe, (1h-ReSe, and
1h-ReTe,) resulted in the non-trivial topological phase transition as confirmed by the calculated
Z, and Chern topological invariant numbers. Our results show that the ReX, monolayers possess
highly tunable exotic properties which have excellent potential for thermoelectric and spintronics

applications.
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