PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 11 Physical Chemistry Chemical Physics

Doping of Rhenium Disulfide monolayers: A systematic first princi-
ples study’

Deniz Cakir,”* Hasan Sahin,” and Francois M. Peeters”

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

The absence of a direct-to-indirect band gap transition in ReS; when going from monolayer to bulk makes it special among the
other semiconducting transition metal dichalcogenides. The functionalization of this promising layered material emerges as a
necessity for the next generation technological applications. Here, structural, electronic, and magnetic properties of substitu-
tionally doped ReS; monolayers at either S or Re site were systematically studied by using first principles density functional
calculations. We found that substitutional doping of ReS, depends sensitively on the growth conditions of ReS;. Among the
large number of non metallic atoms, namely H, B, C, Se, Te, F, Br, Cl, As, P, and N, we identified the most promising candidates
for n-type and p-type doping of ReS,. While Cl is an ideal candidate for n-type doping, P appears to be the most promising
candidate for p-type doping of ReS; monolayer. We also investigated the doping of ReS, with metal atoms, namely Mo, W, Ti,
V, Cr, Co, Fe, Mn, Ni, Cu, Nb, Zn, Ru, Os and Pt. Mo, Nb, Ti, and V atoms are found to be easily incorporated in a single layer
of ReS; as substitutional impurity at the Re site for all growth conditions considered in this work. Playing with growth condition
energetically makes possible to dope ReS; with Fe, Co, Cr, Mn, W, Ru, and Os at the Re site. We observe a robust trend for
the magnetic moments when substituting a Re atom with metal atoms such that, depending on the electronic configuration of
dopant atoms, the net magnetic moment of the doped ReS, becomes either 0 or 1 pp. Among the metallic dopants, Mo is the

best candidate for p-type doping of ReS; owing to favorable energetics and promising electronic properties.

1 Introduction

The first experimental realization of graphene triggered a large
amount of research efforts on two-dimensional (2D) materi-
als'™. Although graphene is a fascinating material that can
be implemented in various technological applications, the ab-
sence of an energy band gap inhibits its broader applications.
Searching for new 2D materials with promising properties
arises as a necessity for developing next generations of elec-
tronic devices. Recently, 2D transition metal dichalcogenides
(TMD) have been receiving growing attention>~'3. Unlike
graphene, the electronic properties of TMDs range from metal
(for instance NbS,) to semiconductor (for instance MoS5).°
While three dimensional (3D) semiconducting TMDs have an
indirect band gap, their 2D monolayers are in general direct
band gap materials>!%!3 with highly desirable optical proper-
ties and sufficiently high carrier mobility that have been used
to produce e.g. field effect transistors (FETs)!®, logical cir-
cuits 18 and optoelectronic devices !°->2. However, the pres-
ence of a direct-to-indirect band gap transition limits the ap-
plicability of TMDs in, for instance, optoelectronic devices.
Recently, it has been experimentally shown that ReS;
monolayer is a direct gap material with an energy gap of 1.55

¢ Department of Physics, University of Antwerp, 2020 Antwerp, Belgium Fax:
+32 3 265 3542; Tel: +32 3 265 3660; E-mail: deniz.cakir@uantwerpen.be

eV and the direct-to-indirect gap transition is absent when go-
ing from monolayer to bulk.?? Our experimental and theoret-
ical study on the formation, energetics, and stability of the
most prominent lattice defects in monolayer ReS; have also
revealed the tunability of it’s characteristic properties upon de-
fect creation.?* These promising electronic properties of ReS»
make it attractive for optoelectronic device applications. ReS»
prefers to crystallize in a distorted T structure which results
in direction dependent electronic properties in ReS, mono-
layer. The intrinsic material properties, for instance carrier
concentration and mobility, of a material may not be suffi-
cient to fabricate efficient devices. The ability of tuning and
manipulating the physical and chemical properties of techno-
logically promising materials are of great importance from
both scientific and technological point of views. For instance,
the structural imperfections, namely lattice defects (vacancies,
adatoms etc.) and impurities (H, C, N etc.), may be exploited
to change the electronic, magnetic, and optical properties and
chemical reactivity of the materials.

In addition to these unintentional structural imperfections,
doping of a material is a well accepted strategy to change its
intrinsic physical and chemical properties. In semiconduc-
tors, doping is widely employed to tune the carrier density
and to adjust the electronic, optical and magnetic properties
of semiconductors. Similarly, for 2D semiconductor layered
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materials, doping can also be used to control the carrier den-
sity. Previous experimental works suggested that doping of
ReSe, with a small amount of Mo and W causes an increase
of the carrier concentration, and hence improves their elec-
trical conductivity25'26. Furthermore, optical measurements
showed that Nb doping results in a small redshift in the en-
ergy gap of ReS,?’. Similar to ReSe;, doping was also used
to change the electronic properties of other TMDs such that
the electrical conductivity of MoS, was reported to be mod-
ulated by substitutional doping such as Re (leading to n-type
doping) 243 and Nb (leading to p-type doping)3-32. In addi-
tion, Au doped MoS; transistors exhibit a remarkable p-type
behavior®}. Regarding the use of ReS; in technological ap-
plications, a detailed understanding of the dependence of the
structural, electronic, and magnetic properties of ReS; mono-
layer on different type of structural imperfections is of great
importance. In addition to optoelectronic and electronic ap-
plications, these 2D materials can be also used in spintronics
device applications, requiring doping with magnetic transition
metal atoms to create diluted ferromagnetic semiconductors.

In this work we investigated the effect of substitutional dop-
ing with nonmetal (H, B, C, Se, Te, F, Br, Cl, As, P, and N)
and metal (Mo, W, Ti, V, Co, Cr, Fe, Mn, Ni, Cu, Nb, Zn, Ru,
Os, and Pt) atoms on the electronic and magnetic properties of
ReS, monolayer. By using first principles plane wave calcu-
lations, we identified suitable dopant atoms for n-type and p-
type doping. Additionally, magnetic properties of doped ReS;
were also studied to discuss the possibility of using doped-
ReS; in spintronics applications.

2 Computational Methodology

First principle calculations were carried out in the framework
of density functional theory (DFT) as implemented in the Vi-
enna ab initio simulation package (VASP)3*3>. The gener-
alized gradient approximation (GGA) within Perdew-Burke-
Ernzerhof (PBE) formalism was employed for the exchange-
correlation potential **. The projector augmented wave (PAW)
method3” and a plane-wave basis set with an energy cutoff of
500 eV were used in the calculations. A 2x2 supercell con-
taining 48 atoms was used to study the structural, electronic,
and magnetic properties of doped ReS, monolayer. Brillouin
zone integration was performed using a regular 3x3x1 k-
mesh within the Monkhorst-Pack scheme. Density of states
calculations were performed on a 7x7x 1 k-mesh33. Gaussian
smearing method was employed and the width of the smear-
ing was chosen as 0.05 eV. Lower smearing values (0.005 eV)
were used to obtain the correct spin configurations in the re-
laxed structures. The convergence criterion of the self consis-
tent field calculations was set to 107> eV for the total energy.
To prevent spurious interaction between isolated ReS, mono-
layers, a large vacuum spacing (at least 12 A) was introduced.

By using the conjugate gradient method, atomic positions and
lattice constants were optimized until the atomic forces are
less than 0.01 eV/A. Pressure on the supercells was decreased
to values less than 1 kB. Before studying doping properties of
the ReS, monolayer, we first calculated the substitution en-
ergy for the substitutional doping with representative atoms
(CI atom at S site and with Nb atom at Re site) as a function
of supercell size. When going from 2x2 cell (containing 48
atoms) to 4x4 cell (containing 192 atoms), the change in the
substitution energy is in the order of meV. These results show
that a 2x2 super cell is enough to investigate doping of the
ReS; monolayer. The present computational setup predicts a
band gap of 1.43 eV for ReS; monolayer, being very close to
the experimental gap of 1.55 eV 2.

The substitution energy of a particular dopant atom at either
S or Re site is obtained by using the following expression,

Esups = Etor [ReSZ + D] —Etor [ReSZ] + Us(re) — MD

where E;;[ReS,+D] is the total energy of the ReS, monolayer
with substitutional dopant D, E;,[ReS] is the total energy of
a pristine ReS; monolayer, while tg,) and pip are the chem-
ical potentials of the substituted atom (S or Re) in the host
lattice and the dopant atom, respectively. The chemical po-
tentials of O, F, H, CI and Br are set to half the total energy
of their respective gas phases (i.e., Dy). For the rest of the
dopants, the bulk phase of each element is chosen to deter-
mine the chemical potentials. At equilibrium, the stability of
ReS; can be studied by calculating the heat of formation as

2Uis + [re = HRes, = 28" + upi* — AH

where AH is the heat of formation and is found to be -1.75 V.
Here Uges, is set to the total energy of the pristine monolayer.
It is well known that the value of the chemical potentials are
largely determined by the specific experimental conditions. In
this study, we consider two limiting cases, namely Re and S-
rich situations. For the Re-rich condition, the chemical poten-
tial of Re was taken from bulk Re (i.e. tg.=E;,[bulk Re]) and
by using us = 1/2 (E;,;[ReS,])-E;[Re bulk]) we determined
the chemical potential of S. Similarly, for the S-rich condition,
the S chemical potential is equal to the its bulk value and, at
this condition, Re chemical potential was obtained via ug,=
E;o[ReS»]-2E;o[S bulk].

3 Single Layer Rhenium Disulfide

Monolayer ReS; is the most recently synthesized member of
the semiconductor TMDs. Although most of the well-known
TMDs with chemical formula MX, (M= Mo, W, V, Ta, Hf
and X= S, Se) are in 1H or 1T phase in their ground state, the
atomic structure of ReS; single layers have neither H nor T
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Fig. 1 (Color online) Electronic band dispersion and the orbital
decomposed electronic density of states of single layer ReS,.

character. As it was reported before?>?* ReS, crystallizes in
a distorted- 1T structure with forming parallel Re chains along
the van der Waals plane. In Fig. 1, we present the electronic
band dispersion and the orbital decomposed electronic density
of states of single layer ReS;. As we reported before single
layer ReS; is a semiconductor with a direct band gap (1.43
eV) at the I" high symmetry point.?>?* Both the valence band
maximum and the conduction band minimum occur at the I'
symmetry point. Due to the distorted hexagonal lattice sym-
metry we use the high symmetry points as K’ and M’. Here
it is worth to note that for crystal structures having distorted
lattice symmetry electronic band dispersion may miss some
states. Therefore, it is more convenient to discuss energy band
gap by density of states (DOS). It appears from partial DOS
(PDOS) analysis shown in Fig. 1 that both the valence and
conduction band edges are mainly composed of Re-d and S-p
states. We also see that hybridization of Re-s, Re-p and S-s Table 1 Calculated magnetic moment (f) in units of ug, the

states with bonding and anti-bonding states are negligible. substitution energy (Egyps) in eV under S-rich (Egyps,5) and Re-rich
(Egups,re) conditions and the most favorable substitution at the S site.

Fig. 2 (Color online) Top (a) and side (b) views of the optimized
structure of the 2x2 supercell (enclosed by the black lines) used in
the calculations. The different S and Re sites for substitutional
doping are indicated by black and red numbers, respectively.
Structures are prepared using the VESTA program. 3

4 Substitution at the S site dopant U Egiss Esasge site
H 1.00 2.089 1.242 I
4.1 Stability and Energetics B 1.00 2772 1.925 I
The calculated substitution energies of metal and nonmetal C 0.00 3.129 2282 1
dopant atoms at S site at both Re- and S-rich conditionals are N 1.00° 2.085 1.238 !
listed in Tables 1 and 2. Due to the distorted T structure, sev- P 100 1.245 0.399 v
eral different S sites on the ReS; monolayer are possible for As 1001799 0952 VI
the replacement of S by dopant atoms, which are denoted in O 000 -0915  -1.761 VI
Fig. 2. As seen in Tables 1 and 2, the favorable site for the Se 0.00  1.377 0.531 V1
substitution is not the same for all atoms and are largely depen- Te 0.000.847 0.001 1
dent on the electronic configuration and the size of the dopant F 100 0953 -1800 VI
atom. B, C, N, and H have a smaller atomic size when com- Cl 0.00  0.942 0.095 A
Br 0.00 1.320 0473 VI

pared to the rest of the nonmetallic dopant atoms, and there-
fore prefer to occupy site I. F, Cl, Br, Se, Te, and As atoms
favor bonding on site VI where dopant atoms have more space
available to reside. Site VI is also found to be the most favor-
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Table 2 Calculated magnetic moment (1) in units of g, the
substitution energy (Ej,ys) in €V under S-rich (Ey,, s) and Re-rich
(Esubs,re) conditions and the most favorable substitution at the S site.

dopant U EA‘ubs,S Exubs,Re site
Ti 0.00 2.083 1.236 I
\' 1.00 2.979 2.132 I
Cr 4.00 3.508 2.661 VI
Mn 3.00 2.669 1.822 VI
Fe 2.00 3.177 2.330 VI
Co 1.00  3.149 2299 VI
Ni 0.00 2.233 1.386 VI
Cu 1.00 2.810 1.963 VI
Zn 0.00 2.589 1.742 VI
Nb 0.00 3612  2.766 I
Mo 2.00 4389  3.542 I
W 2.00 5268 4421 I
Pt 0.00 1.777 0.930 VI

able site to create a S vacancy. The creation of a S vacancy at
site V, which is preferred by P atoms, is highly unfavorable.
For P, the difference in substitution energy between site V and
site VI is about 0.23 eV. We observed that there is a strong
correlation between the Ej,;, values and the bulk/molecular
cohesive energy values of the dopant atoms in each row of the
periodic table. Ej,;,; decreases when going from left to right in
the periodic table. C is the strongest material in bulk form, and
thus leads to the largest positive substitution energy amongst
the nonmetallic elements. Ej,;, for the S site is positive and
large for most of the elements studied in this work. Positive
values indicate that dopant atoms are unlikely to be incorpo-
rated into the ReS; monolayer. We found that Eg,;,, is negative
for O and F atoms, indicating the spontaneous formation of
substitutional doping at S site for these dopant atoms.

Similar to ReS,, ReSe; also has a distorted T structure with
a slightly larger unit cell*!. Thus, one can expect a nega-
tive Eg,ps for Se doping. Interestingly, the replacement of a
S by either a Se or a Te atom is endothermic and, one needs
to supply more energy in order to incorporate a Se atom into
the ReS, monolayer. This clearly implies that the formation
of the mixed ReS,_,Te, alloy is energetically more likely as
compared to that of ReS;_,Se,. Adversely, it has been shown
that the mixing energy for MoS;/MoSe; (MoS,/MoTe,) is al-
ways negative (positive)*?. In other words, S-Se alloys are
thermodynamically stable. In this previous theoretical work,
the mixing energies were calculated by using

Enix = Etor [AxBlfx] - (XEtot [A] + (1 _X)Etot [B])

where E;, [AB]_,] is the total energy of the mixed compound,
while E;[A], and E;, [B] are the total energies of the consti-

tute compounds, respectively. x is the relative concentration
of the chalcogen atoms. If the same definition is used to cal-
culate the mixing energy of ReS, and ReSe, compounds for
low Se concentrations, E;, is found to be negative (-0.01 eV),
indicating the stability of mixed S-Se alloys over segregated
phases even at 0 K. Indeed, our results are in a good agree-
ment with a previous work that shown the presence of the sta-
ble mixed S-Se layer compounds“?. In the case of mixed S-Te
alloys, the mixing of two phases (ReS, and ReTe,) is unlikely
with a positive E,,;; value of 0.12 eV at x=0.97. While ReTe,
does not form a layer structure in its bulk form*}, we first
assumed that ReTe, has the same crystal structure as ReS»
in the total energy calculations. If we include the entropy
contribution (which promotes random distribution) by using
S=—2[xlnx+ (1 —x)In(1 — x)]kp, the free energy of the mix-
ing (i.e. E,;;x - T'S) for the Te case is found to be still positive
with a value of 0.11 eV at room temperature. Considering
the experimentally observed bulk structure of ReTe;, E,;, be-
comes even more positive and does not change our conclu-
sion. Since these S-Se and S-Te alloy compounds are not the
scope of this work, we just calculated E,;; for a few low Se
and Te concentrations. In other words, x was taken very close
to unity. While we considered bulk Se and Te as references
for our Ej,;, calculations, E,; reflects the thermodynamical
stability of mixed S-Se and S-Te alloys relative to separated
ReS,, ReSe, and ReTe, compounds. Since the bulk phase of
Se is more stable than that of Te in terms of their bulk cohesive
energy values, it is understandable that Te doping of ReS; is
easier relative to Se doping.

To get more insight into mixed S-Se and S-Te alloys, we
also investigated the clustering energy of two Se and two Te
atoms. While Se atoms do not prefer a particular configura-
tion, Te atoms tend to stay close to each other. In the Te case,
when one places two Te atoms as far apart as possible, the
energy difference between this configuration and the lowest
energy configuration is 86 meV in favor of clustering. In other
words, Te atoms favor the short-range ordering in mixed S-Te
alloys. For the Se case, the energy difference between the dif-
ferent configurations is at most only 18 meV. This means that
the formation of random S-Se alloys is possible. Moreover,
E,.ix becomes even more negative (-0.03 eV) for the two Se
atoms corresponding to x=0.94. Our calculations suggest that
random S-Se alloys could be fabricated by appropriate tech-
niques, for instance by using chemical vapor deposition.

In contrast to nonmetallic dopants, metal atoms generally
have much larger positive Ej,;, values summarized in Table 2,
which indicates that the separated phases of the bulk form
of the metal dopants and ReS; monolayer are thermodynami-
cally more stable than the metal doped ReS, monolayer.
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4.2 Electronic and Magnetic properties of nonmetal
atom doped ReS;

The effect of doping on the electronic properties of a ReS;
monolayer is examined by partial density of states (PDOS)
calculations, shown in Fig. 3. Since the substitutional dop-
ing at S site with transition metal atoms is quite unlikely as
compared to that with nonmetal atoms, we just focused on
the electronic properties of nonmetal atom doped ReS, mono-
layer. It is clear that except isoelectronic atoms (O, Se, and
Te), dopant atoms induce localized states within the gap of
bare ReS,. B, N, P, and As may result in p-type doping of the
ReS; monolayer, since these atoms have less p electrons as
compared to the S atom. In the case of N doping, both spin up
and spin down channels appear above the valence band maxi-
mum (VBM), and these states are mainly formed by hybridiza-
tion between N 2p and Re 5d states with a small contribution
from the 3p states of the nearest S atoms. B-doped ReS; has
a similar PDOS with a slightly smaller spin splitting relative
to N-doped ReS; monolayer. For P doping, spin-slitting be-
comes even smaller and the defect states move closer to VBM
of ReS,. For As substitution, while the spin up state moves
even more towards the VBM, the spin down state moves away
from the VBM, leading to an increased in spin splitting. C
doping induces a deep defect level within the band gap of
ReS,. Among the dopants investigated here, P appears as the
most promising impurity for p-type doping of ReS,, since im-
purity states are very close to the VBM. O, Se, and Te are
isoelectronic to S and thus lead to only minor changes in the
electronic properties of ReS; monolayer. The direct band gap
of the MoS, monolayer has been shown to be tuned by chang-
ing the Se concentration in the mixed S-Se random alloys,
which is useful for optoelectronic applications*?. Similarly,
such method may also be used in the case of ReS,. Halogen
atoms (F, Cl, and Br) and H atoms serve as an electron donor
to the ReS; monolayer. F and H doped ReS; monolayer has
a magnetic ground state with a net magnetic moment of 1 up.
Differing from the other nonmetallic dopants, the H atom only
binds to two neighboring Re atoms with an average binding
distance of 1.90 A, resulting in a non-bonding Re atom. The
hybridization of the H s orbital with d orbitals of Re atoms
and non-bonded Re atom gives rise to several defect states lo-
calized within the band gap of pristine ReS,. In the case of F,
an occupied (empty) minority (majority) defect state appears
0.35 (0.14) eV below the conduction band minimum (CBM).
These defect states originate from the hybridization of F 3p
and Re 5d states with a small contribution from the neighbor-
ing p states of the S atoms. Although Br and Cl are expected to
result in a magnetic ground state, the spin polarized and spin-
unpolarized states are almost degenerate with an energy dif-
ference of 2-3 meV (such difference is 28 meV for F doping)
in favor of a magnetic state with a net magnetic moment of 1

Projected Density of States (arb. units)

Energy (eV)

Fig. 3 (Color online) Density of states of B, N, As, P, O, Se, Te, C,
H, F, Cl, and Br substituted ReS,. PDOS for dopant atoms are
denoted by red curves. Black curves represent the total DOS. For
the magnetic systems PDOS of spin up and spin down (plotted as
negative PDOS) electrons are given separately. Vertical blue dashed
lines show the Fermi level. The PDOS of the dopant atoms is
enlarged in order to make them visible.
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up. However, at finite temperatures, for instance at room tem-
perature, it is easily foreseen that only the nonmagnetic state
can survive due to fluctuations in the system. Therefore, it is
more meaningful to investigate the spin-unpolarized state for
the possible device applications. Since Br and CI atoms have
one extra p electron with respect to S, they donate this electron
into the conduction band of the ReS,, leading to n-type dop-
ing. This finding clearly indicates that these halogen atoms act
as an ideal source for n-type doping. While Eg,;, is large and
positive for Br, Cl has a slightly positive E,;,; under Re-rich
condition. Hence, Cl appears as a much better candidate for n-
type doping of ReS, monolayer. Recently, it has been shown
that a field effect transistor made of Cl-doped MoS, exhibits
a much better performance (i.e., a much lower contact resis-
tance) as compared to that of clean MoS, **. Cl doping results
in an upward shift of the Fermi level, which suggests an n-
type doping of MoS,. A common observation valid for most
of the nonmetal dopant atoms: when the atomic number of
the dopant atoms increases, the spin splitting decreases and,
the corresponding defect states move towards either VBM or
CBM depending on the type of dopant atom.

The replacement of a S atom by metallic and nonmetallic
dopant atoms also modifies the magnetic properties of the bare
ReS; monolayer. While ReS, monolayer doped with H, B, N,
F, P, and As have a magnetic ground state with a net magnetic
moment of 1 ug, C, O, Se, and Te doping results in a non-
magnetic ground state. About half of the total magnetization
in the B case comes from a neighboring Re atom. For F, B
and P doping, the main part of the total magnetization stems
from several neighboring Re atoms. N and As have a some-
what different behavior. They almost carry one third of the
total magnetization. Re atoms bonded to an H atom signifi-
cantly contributes to the total magnetization in H doped ReS;.
Together with S, Se, Te, and O belong to chalcogens and they
are isoelectronic to each other. Thus, the replacement of S by
Se, Te, and O does not induce any magnetic properties. The
magnetism in Cu doped ReS; mainly comes from the neigh-
boring S and Re atoms. Zn has s2d'” electronic configuration.
Our charge analysis shows that 4s electrons of Zn are trans-
ferred to the ReS; monolayer, occupying the Re 5d orbitals.
This leads to a nonmagnetic ground state in Zn doped ReS;
monolayer. In the case of metal atoms, which have partially
filled d states, when we substitute the S atoms, we get some-
what higher magnetic moments depending on the electronic
structure of the metal atom. For 3d metals, the magnetic mo-
ments follow a trend that is observed for isolated transition
metal atoms. The magnetic moment increases from Ti to Cr,
and takes the largest value of 4 up for Cr. Starting from Mn,
it decreases and becomes 0 up for Ni. The spin polarization
in magnetic systems is mostly localized on the metal atoms.
Nevertheless, due to the spatial extension of the spin density,
neighboring Re atoms also make a relatively small contribu-

Table 3 Calculated magnetic moment (1) in units of g, the
substitution energy (Ej,ps) in €V under S-rich (Ey,, s) and Re-rich
(Esubs,re) conditions and the most favorable substitution at the Re
site.

dopant u Esups;s  Esubs.Re site
Ti 1.00 -2.826 -1.086 I
\% 0.00 -2.155 -0415 1
Cr 1.00 -1.512 0.228 1
Mn 0.00 -1.529 0.211 1
Fe 1.00 -0.710 1.030 1
Co 0.00 -0.208 1.532 1
Ni 1.00 0.571 2.311 1
Cu 0.00 1.501 3.241 1
Zn 1.00 1.027 2.757 1
Nb 0.00 -2.593 -0.854 1
Mo 1.00 -1.886 -0.146 |
\W% 1.00 -1.674 0.066 1
Os 1.00 -0.423 1.317 1
Ru 1.00 -0.804 0.936 1
Pt 1.00 0.895 2.635 1

Table 4 Eg,p; ciosest and Egpg farihes: (for S-rich condition) stands
for the substitution energies when the metal atoms stay close to each
other and isolated, respectively. Pairing energy
(AE:EA‘ubs,closest‘Esuhs,farzhesz) is also given ineV.

dopant Esubs,closest Esubs, farthest AE

Fe -2.378 -1.502 -0.875
Ti -5.907 -6.085 0.179
Nb -5.104 -5.283 0.179
Mn -3.214 -3.069 -0.145
W -3.616 -3.345 -0.271
Mo -3.948 -3.773 -0.175

tion (~ 0.10-0.25 up in the minority spin channel) to the total
magnetization.

5 Substitution at the Re site

5.1 Stability and Energetics

Here, we investigated all possible different Re sites for substi-
tution, denoted by the red symbols in Fig. 2. We considered
transition metal atoms, namely Mo, W, Ti, V, Cr, Fe, Co, Mn,
Ni, Cu, Nb, Zn, Os, Ru and Pt, to substitute Re. Table 3 sum-
marizes the induced magnetic moments, E,;, for both S- and
Re-rich conditions, and the most favorable substitution site.
We found a clear trend in the E,;; values i.e. Eg,,, decreases
with increasing occupancy of d orbitals in each row of the pe-
riodic table. Since the formation of Re vacancies is easier at
site I as compared to site I, all metal atoms prefer to occupy
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site I. Ti, V, Nb, and Mo have large and negative Ej,;; for
both S- and Re-rich conditions, indicating thermodynamical
stability of the substitution. The S-rich limit is more appro-
priate to dope ReS; monolayer with Fe, Cr, Co, Mn, W, Os,
and Ru atoms as compared to the Re-rich limit, since Eg,
becomes negative in the former. As seen in Table 3, E,; is
large and positive for Cu, Pt, Zn, and Ni atoms and thus these
transition metal atoms are not suitable candidates for doping
of ReS,. Interestingly, metal atoms having less valence elec-
trons than Re are found to be most promising candidates for
substitutional doping of ReS; in terms of energetics.

Our results clearly show that Ej,; strongly depends on the
chemical potentials of the Re and S atoms. The substitution
at S (Re) site becomes much more easy when the ReS; mono-
layer is grown under S (Re) poor condition. This means that
in order to get substitutional doping at the S (Re) site we
should first fabricate ReS, at the S (Re)-poor condition and
then the resultant S (Re) vacancies can be filled with appropri-
ate dopant atoms. This strategy was also suggested for doping
of MoS,#.

Next, for Mn, Fe, W, Nb, W, and Ti atoms, we also cal-
culated the pairing energy (AE) of two dopant atoms. AFE is
the substitution energy difference between two different ar-
rangements of dopant atoms on the ReS, monolayer. While
the metal atoms are placed at nearest neighboring positions in
the first configuration, they are placed as far as possible in the
second one. Negative AE means that metal atoms prefer to
stay as close as possible. We found that Mn, Fe, Mo, and W
atoms prefer to cluster in the ReS; monolayer while Ti and Nb
atoms tend to stay isolated, see Table 4. However, migration
of dopant atoms is quite unlikely and therefore clustering of
dopants is hampered by the large energy barriers. While Cu,
Zn, Ni and Pt atoms prefer to occupy the S site in the Re-rich
condition, the Re site becomes energetically more favorable
for the S-rich condition. In a recent work, it was shown that
substituting Mo with Au in MoS; is highly unfavorable, con-
firming our finding that nobel metal atoms prefer to stay at the
S site under certain conditions *.

In addition to the metal dopants, we also calculated the pair-
ing energy for Cl and P atoms at the S-poor condition for com-
parison. While P atoms prefer to avoid each other and to stay
isolated with a large AE of 0.45 eV, Cl atoms do not have
a clear preference with a AE of about 0.01 eV. More impor-
tantly, Ej,;»s becomes -0.13 eV for the Cl case, suggesting that
the doping of ReS, with Cl is quite favorable in terms of ener-
getic.

5.2 Electronic and Magnetic properties of transition
metal atom doped ReS,

We discuss the electronic properties of the transition metal
atom doped ReS, monolayer by calculating PDOS, shown in

Projected Density of States (arb. units)

L L P T

-1 0 1 2
Energy (eV)

-2 2-2

-1 0 1
Energy (eV)

Fig. 4 (Color online) Density of states for substitutional doping at
Re site with Cr, Nb, Mo, Fe, W, Ti, V, Ni, Co, Pt, Cu, Zn, Os, and
Ru atoms. PDOS of dopant atoms are denoted by red curves. Black
curves represent the total DOS. Vertical blue dashed lines show the
Fermi level. For the magnetic systems PDOS of spin up and spin
down (plotted as negative PDOS) electrons are given separately.
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Fig. 4. As expected Ti, V, Cr, Mo, Nb and W, which have less
valence electrons than Re, result in p-type doping of ReS;. Mo
is found to be the best candidate for p-type doping of ReS»,
since the associated defect levels are very close to the VBM
and Ej,;, is negative for both Re- and S-rich conditions. This
result indicates that incorporation of Mo into ReS; leads to the
formation of impurity levels, which causes an increase of the
electrical conductivity by increasing the carrier density and
thus leads to a significant drop in the carrier activation energy.
W-doping also seems to be attractive. However, while W has
a PDOS quite similar as Mo, Ej,;, is positive for the Re-rich
condition, limiting the usage of W for p-type doping of ReS,.
In the Mo doping case, while the majority spin state appears at
the top of the VBM, the minority spin state is at 0.1 eV above
the VBM. Unlike Mo and W, Cr doping induces a defect state
0.25 eV above the VBM. This defect state moves closer to
VBM in the case of Mo and W doping. Previous calculations
on Nb doped MoS; indicated that Nb is a promising transi-
tion metal for p-type doping. However, in the case of ReS,
Nb substituting Re creates a deep acceptor defect state at 0.5
eV above the VBM. Although Ti and V doping at Re site are
quite favorable in terms of energetics, the resultant electronic
structure of the doped ReS; is not efficient for p-type doping.
When Fe, Pt, Cu, Co, and Ni atoms substitute a Re atom, sev-
eral gap states are formed. The number of gap states increases
when the dopant atoms have a d-orbital occupancy larger than
Re. The Fermi level moves deeper into the gap of the ReS; as
the occupancy of d orbitals increases. In spite of the favorable
Eg,ps in the S-rich condition, Fe and Co are not good candi-
dates neither for n-type nor for p-type doping, since the Fermi
level lies within the band gap of ReS,, and thus associated de-
fect levels are far away from both VBM and CBM, thereby
resulting in larger carrier activation energies as compared to
Mo and W-doped ReS;. Mn and Re are isoelectronic to each
other. Therefore, PDOS of Mn-doped ReS; (not shown) has
no gap states and is similar to that of pristine ReS,. Inter-
estingly, in contrast to nonmetal dopants which may result in
both n- and p-type doping, an efficient n-type doping of ReS;
is not achieved for the transition metal atoms investigated in
this work.

Except Cu, Pt, V, Co and Nb, the rest of the transition metal
atoms result in a magnetic ground state with a net magnetic
moment of 1 up. We obtained a strong trend in magnetic mo-
ments which becomes either O or 1 in each row of the periodic
table. Therefore, we propose a simple electron counting rule
to explain the observed trend in magnetic moments. When the
sum of valence electrons of Re and dopant atoms is an odd
number (resulting in an unpaired electron), the net magnetic
moment becomes 1 yg. This simple explanation clearly shows
that one can easily foresee the total magnetic moment of the
metal doped-ReS, monolayer without having to perform cal-
culation or experiment. The energy difference between the

spin polarized and spin unpolarized states in magnetic systems
ranges from 24 meV for Mo to 133 meV for Fe, implying the
stability of the ferromagnetic state at fairly high temperatures.
Depending on the electronic structure, each dopant atom con-
tributes differently to the total magnetization. For Fe doping,
Fe atom carries more than half of the total magnetization (0.59
Up), and a considerable part of the magnetization (0.42 up) is
localized on a neighboring Re atom. Ti exhibits completely
distinct behavior such that the magnetization is distributed
over several neighboring S atoms, and especially the Re atoms
significantly contribute to the total magnetization. Since Zn
has filled s and d shells, the magnetization mainly originates
from the neighboring Re and S atoms, while the contribution
from Zn atoms is found to be negligible. In the case of Mo and
W, in addition to the dopant atoms (about 0.23 L for Mo and
0.15 up for W), several neighboring Re and S atoms contribute
to the total magnetization. When we dope with two tran-
sition metal atoms, we checked all possible magnetic order-
ings, namely ferromagnetic (FM), anti-ferromagnetic (AFM),
and non-magnetic. Our calculations revealed that while singly
doped ReS; exhibits magnetism for Fe, Ti, Mo, and W, dou-
bly doped ReS; monolayer has a nonmagnetic ground state in
the lowest energy configuration, shown in Table 4. For doubly
Mn-doped ReS,, the FM state with a net magnetic moment of
2 up and the AFM state are almost degenerate.

6 Conclusions

We investigated the electronic and magnetic properties of
ReS, monolayer substitutionally doped by transition metal
and nonmetal atoms. The substitutional doping of ReS; is
largely dependent on the growth conditions of the ReS; mono-
layer. By choosing proper experimental conditions, we predict
that various dopants can be easily incorporated into the ReS;
monolayer. The formation energies for O and F have large
negative values, indicating thermodynamical stability for sub-
stitution. Among nonmetal dopant atoms, Cl is found to be
the best candidate for n-type doping. Due to the very high
Eg,.ps, the replacement of S by metal atoms is unlikely. In con-
trast, transition metal atom doping at the Re site seems to be
efficient and easy when compared to nonmetal atom doping at
the S site since Eg,p; is easily switched between negative and
positive values by changing the growth condition. Mo, Fe, Cr,
Nb, W, and Ti have negative Ej,;,; under Re-poor condition.
Mo is the most promising candidate for p-type doping of the
ReS, monolayer.
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