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By using density-functional theory and many-body perturbation theory based first-principles calculations, we
have systematically investigated the electronic and optical properties of monolayer group-IV monochalcogenides
MX (M =Ge, Sn; X =S, Se, Te). All MX monolayers are predicted to be indirect gap semiconductors,
except the GeSe monolayer, which has a direct gap of 1.66 eV. The carrier mobilities of M X monolayers are
estimated to be on the order of 10° to 10° cm? V~!s~!, which is comparable to, and in some cases higher than,
that of phosphorene using a phonon-limited scattering model. Moreover, the optical spectra of M X monolayers
obtained from GW-Bethe-Salpeter equation calculations are highly orientation dependent, especially for the GeS
monolayer, suggesting their potential application as a linear polarizing filter. Our results reveal that the GeSe
monolayer is an attractive candidate for optoelectronic applications as it is a semiconductor with a direct band gap,
arelatively high carrier mobility, and an onset optical absorption energy in the visible light range. Finally, based
on an effective-mass model with nonlocal Coulomb interaction included, we find that the excitonic effects of the
GeSe monolayer can be effectively tuned by the presence of dielectric substrates. Our studies provide an improved
understanding of electronic, optical, and excitonic properties of group-IV monochalcogenides monolayers and

might shed light on their potential electronic and optoelectronic applications.
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I. INTRODUCTION

The successful isolation of graphene triggered enormous
interest in two-dimensional (2D) materials. Besides graphene,
a large number of 2D materials such as monolayer boron
nitride (BN), transition-metal dichalcogenides (TMDs), and
phosphorene have been extensively investigated [1-5]. Due to
the reduced dimensionality, these 2D materials have unique
electronic and optical properties which are not found in their
parent bulk materials and are expected to bring novel appli-
cations in electronic, spintronic, and optoelectronic devices
[1,5-8]. A recent addition to the 2D material family is group-VI
monochalcogenides, M X (M = Ge, Sn; X = S, Se, Te). Sim-
ilar to black phosphorus, bulk group-VI monochalcogenides
adopt the orthorhombic crystal structure, with the Pnma space
group, in which M X layers are held together by the van der
Waals force [9,10]. It is noted that few-layer M X's have been
experimentally realized [11-13] and M X monolayers (MLs)
have been predicted to be dynamically stable and can be
mechanically exfoliated from bulk M X phase [14,15].

Compared to other 2D materials, MX M Ls are expected
to exhibit certain appealing properties which can be explored
for technological applications. For example, MX M Ls are
predicted to have superior mechanical flexibility, high optical
absorption, and a high thermoelectric coefficient [11-13]. In
addition, their phosphorene like structures are expected to give
rise to anisotropy in carrier mobility, thermal conductivity, and
optical absorption. However, in contrast to phosphorene, the
M X MLs are binary compounds, consisting of two types of

elements from columns IVA and VIA of the periodic table,
respectively. As a result, a direction-dependent spin-orbit
splitting occurs in the band structure of M X MLs due to
the broken inversion symmetry [9,16]. Furthermore, recent
theoretical work has predicted the coexistence of ferroelectric-
ity and ferroelasticity in M X MLs [17], suggesting potential
application of monolayer M Xs in nonvolatile memory. First-
principles calculations also predicted that M X MLs are more
stable and more oxidation resistant than phosphorene [18],
which is important for practical applications as phosphorene
suffers from poor structural stability and vulnerability to
oxidation when exposed in air.

Certain properties of some M X MLs have been investigated
in a number of theoretical studies [9,19-21]. However, a
systematic study of monolayer group-IV monochalcogenides
M X is still lacking. In view of the interesting properties and
broad potential applications, it is important to systematically
investigate both experimentally and theoretically the properties
of this group of 2D materials. Here, we present results of
our systematic study of the electronic and optical properties
of monolayer group-IV monochalcogenides M X using first-
principles calculations based on density-functional theory and
many-body perturbation theory. Our results show that all M X
MLs are semiconductors with indirect band gaps, except the
GeSe monolayer. Based on a phonon-limited scattering model,
we predict high carrier mobilities for M X MLs. In addition, the
onset absorption energies of M X MLs are found to lie in the
near-infrared and visible frequency range. These extraordinary
properties suggest that M X MLs are promising materials
for electronic and optoelectronic applications. Moreover, by
employing the effective-mass model which takes the nonlocal
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the excitonic effects, which provide useful guidance to tailor
the excitonic effects by substrate engineering.

II. COMPUTATIONAL DETAILS

Our first-principles calculations are performed using the
Vienna Ab initio Simulation Package (VASP) [22] with gener-
alized gradient approximation (GGA) of the Perdew-Burke-
Ernzerhof (PBE) functional [23]. The ion-electron interaction
is treated with the projector augmented-wave (PAW) method
[24]. Electron wave function is expanded on a plane-wave
basis set with a cutoff energy of 500 eV. Brillouin zone
integrations are performed with a I'-centered 10 x 12 x 1
grid following the scheme proposed by Monkhorst-Pack [25]
throughout the whole calculations. In order to avoid spurious
interaction between repeated slabs, a vacuum layer of 20A
is imposed along the direction normal to the surfaces of M X
MLs. Structure relaxation is carried out using the conjugate-
gradient algorithm until the total energy converges to 10%eV
and the Hellmann-Feynman force on each atom is less than
0.003 eV/f\. As it is well known that DFT-GGA calculations
underestimate band gaps of semiconductors, we employ the
more accurate GW approach to calculate the electronic band
structures of M X MLs. In the one-shot GyW calculation,
the quasiparticle energies are obtained from the DFT-GGA
wave functions. At least 180 conduction bands are included,
and the energy cutoff for the response function is set to be
150 eV. Since GW calculation can be performed only on a
uniform mesh grid, we use the maximally localized Wannier
function [26] as implemented in the WANNIER90 package
[27] to interpolate the quasiparticle band structure, where
p orbitals of group-IV and chalcogen atoms are chosen for
the initial projections. In order to obtain the optical spectra
and the corresponding exciton binding energies, the BSE
calculations are carried out on top of the one-shot GoW with
the Tamm-Dancoff approximation [28], which performs very
well for semiconductors. The six highest valence bands and
the six lowest conduction bands are included as the basis for
excitonic eigenstates.

III. QUASIPARTICLE BAND STRUCTURES
OF M X MONOLAYERS

The M X MLs have the same structure as phosphorene and
can be obtained from the latter by replacing phosphorus atoms
alternatively with a group-IV atom and a chalcogen atom.
The atomic structure of monolayer M X is shown in Fig. 1,
along with the corresponding first Brillouin zone in which
the high-symmetry points are indicated. For convenience of
discussion, we choose the x axis to be along the armchair
direction and the y axis to be along the zigzag direction. The
lattice parameters of the fully relaxed structures are given in
Table I, which are in good agreement with results of previous
studies [9,19,20].

To investigate the electronic properties of M X MLs, we
calculated their quasiparticle band structures by the one-shot
GoW, approximation and the Wannier interpolation method
and present the results in Fig 2. First of all, it is found
that most of M X MLs studied here possess an indirect band
gap where the valence-band maximum (VBM) lies along the

PHYSICAL REVIEW B 95, 235434 (2017)

(b)

,LUU’U’

FIG. 1. (a) Top view, (b) side view along the x direction, and
(c) side view along the y direction of the M X monolayer structure.
Group-IV atom M and chalcogenide atom X are shown using green
and yellow balls, respectively. The unit cell is indicated by the dashed
rectangle in (a). (d) First Brillouin zone of the M X monolayer with
high-symmetry points.

I' — X direction, denoted by X*, and the conduction-band
minimum (CBM) locates along the I' — Y direction, indicated
by Y*. However, for the GeSe monolayer it is a direct-band-gap
semiconductor, with both VBM and CBM located at X*.
Details of the band gap values and the corresponding positions
of VBM and CBM are given in Table . It is noted that the band
gaps of the M X MLs vary over a wide energy range, from
1.01 to 2.74 eV, which is very similar to the Heyd-Scuseria-
Ernzerhof (HSEQ6) hybrid functional predictions (from 1.02
to 2.43 eV) [19].This implies that the band gap of the M X
MLs can be tuned by changing the chemical composition. The
upper valence bands and the lower conduction bands calculated
with DFT-GGA are also shown in Fig. 2. It is interesting
to note that the shapes of the bands are insensitive to the
choice of exchange-correlation approximations, and the GW
approximation increases only the band gap but hardly affects
the band dispersion of the M X monolayers.

The electronic transport properties of materials are largely
determined by the carrier mobility. As the structural analog

TABLEI Lattice parameters, a and b, of fully relaxed M X mono-
layers, structure anisotropy factor «, defined as k = (a — b)/(a + b),
quasiparticle band gaps calculated within the GW approximation, and
positions of the VBM and CBM given in units of 27 /|a| and 27/|b|
in the x and y directions, respectively. In the parentheses I and D
indicate indirect and direct band gap, respectively.

ad b@A) « Bandgap(eV) VBM  CBM
GeS 4.470 3.666 0.099 2.74 (I) (0.38,0) (0,0.41)
GeSe 4.297 3.968 0.040 1.66 (D) (0.40,0) (0.40, 0)
GeTe 4.400 4.241 0.018 121 (D) (0.38,0) (0,0.41)
SnS  4.290 4.082 0.025 2.24 (I) (0.39,0) (0,0.41)
SnSe 4.389 4.293 0.011 139 (1) (0.41,0) (0,0.42)
SnTe 4.570 4.559 0.001 1.01 (D) (0.41,0) (0,0.41)
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FIG. 2. Quasiparticle band structures of the M X monolayers obtained by Wannier interpolation. The blue solid circles represent the k
points that are sampled in GW calculations. The top valance band and bottom conduction band derived from DFT-GGA are shown by shaded
gray background. The first excitation transitions along the x and y direction are denoted by the red dashed arrows.

of phosphorene, the M X MLs are expected to possess high
carrier mobility. Here, we estimate the carrier mobilities of
the M X MLs based on the phonon-limited scattering model,
which gives mobility of a 2D system as [29,30]

eﬁ3C2D
=
kamjmd(E’l)
where m} is the effective mass of the carrier along the

transport direction and m, is the average carrier effective
mass, which can be obtained from m,; = mjm;‘ The term

M2p

E! represents the deformation potential constant of VBM for
holes or CBM for electrons along the transport direction,
defined by Eﬁ = AV;/(Al/ly), where AV; is the energy
change of VBM or CBM when the system suffers from a
compressive or tensile strain with a magnitude of Al/ly along
the transport direction. The term C denotes the elastic modulus
of the longitudinal strain in the propagation direction of the
longitudinal acoustic phonons. It can be derived from the
equation (E — Eg)/So = C(Al/ly)*/2, where E is total energy
under the corresponding strain and Sy is the area of the lattice
at the equilibrium state. T is the temperature, which is set to
300 K in our calculations. In this work, we vary the strain
Al/ly between —0.5% and 0.5% to fit the parameter E} and
from —1% to 1% to fit the parameter C (see the Supplemental
Material [31]). It should be noted that the formula we adopted
above considers only the interaction between free carriers
and longitudinal acoustic phonons. Therefore, the calculated
mobility can be regarded only as the intrinsic carrier mobility,
which is generally larger than the experiment measured value
due to impurity scattering. Since the carrier mobility does
not strongly depend on the band gap and PBE functional
calculations give a shape of the band structures that agrees
with those from GW calculations, for simplicity, we evaluate

the carrier mobility at the PBE level of theory, and the relevant
parameters are summarized in Table II. Our results for the
elastic modulus are in good agreement with results from
previous calculations [19,20]. The difference in values in
the x and y directions of a given quantity is an indication
of the intrinsic in-plane anisotropic mechanical properties. It
is noted that the predicted carrier mobilities for M X MLs
are high (of the order of 10° to 10° cm? V~! s~!) and highly
anisotropic compared with that of monolayer transition-metal
dichalcogenides [32]. In contrast to phosphorene [29], the
electrons are more mobile than holes in all M X MLs studied
here. Furthermore, as shown in Table II, for Ge X monolayers,
the electron mobility is higher along the x direction, while
for SnX monolayers, the electron mobility is higher along
the y direction. Finally, we find that the carrier mobility of
GeS, GeSe, and SnS monolayers are comparable to that of
phosphorene [29], whereas GeTe, SnSe, and SnTe monolayers
have much higher mobilities than phosphorene, close to
that of monolayer graphene [33]. The exceptionally high
carrier mobilities for GeTe, SnSe and SnTe monolayers result
from their small effective masses and small deformation
potential constants along a particular direction. We want to
emphasize that both electron and hole mobilities of the SnTe
monolayer are high (2.71 x 10°cm™! V=!s~! for electrons
and 1.93 x 10*cm~! V~!s7! for holes), which make it very
promising as a semiconductor channel material. We note that
the electron mobility of M X monolayers has been calculated
with the same method reported here in a recent study [34], and
the parameters, like elastic modulus C and effective mass, are
consistent with our results. However, their calculated mobility
is slightly smaller than our result because the CBM is not
aligned using the vacuum level or the core level in their
calculations.
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TABLE II. Calculated carrier effective mass m*, deformation potentials constant £, elastic moduli C, and carrier mobility .

*

my m} E, E, C. C, x My
Carrier (mo) (mo) (eV) (eV) dm™2) Im™2) (em™2V-lgh (cm™2V-lgh
GeS electron 0.22 0.50 0.77 2.46 16.42 44.18 8.08 x 10° 0.93 x 10°
hole 0.23 0.92 7.56 4.84 16.42 44.18 0.06 x 10° 0.10 x 10°
GeSe electron 0.13 0.40 1.51 6.67 19.75 46.08 6.22 x 10° 0.24 x 10°
hole 0.14 0.44 4.60 9.60 19.75 46.08 0.58 x 10° 0.10 x 10°
GeTe electron 0.07 0.28 0.52 3.96 14.61 46.04 120.72 x 10° 1.59 x 10°
hole 0.12 0.23 3.24 10.05 14.61 46.04 1.47 x 10° 0.26 x 10°
SnS electron 0.19 0.20 2.81 3.53 20.96 43.72 1.58 x 103 1.93 x 103
hole 0.22 0.27 4.06 5.93 20.96 43.72 0.53 x 10° 0.42 x 10°
SnSe electron 0.13 0.12 4.24 1.43 32.53 47.15 2.39 x 10° 32.08 x 10°
hole 0.12 0.14 3.48 8.12 32.53 47.15 3.62 x 10° 0.84 x 10°
SnTe electron 0.09 0.09 6.30 0.66 43.47 43.56 2.96 x 10° 270.83 x 10°
hole 0.09 0.05 2.78 9.09 43.47 43.56 19.30 x 10° 3.44 x 10°

IV. OPTICAL PROPERTIES OF M X MONOLAYERS

It is well known that excitonic effects are remarkable in 2D
materials due to weak dielectric screening in such materials
[35,36]. Therefore, excitonic effects play an important role
in the optical properties and dominate the performance of
optoelectronic devices based on 2D materials. It is essential to
take the electron-hole Coulomb interaction into consideration
when studying optical properties of 2D materials. The GW-
BSE approach is known to provide a reliable description of
Coulomb interaction between the electron and the hole in an
exciton [37]. In this section, we present the results of our
investigation on the optical properties of M X MLs using the
GW-BSE method. Moreover, in order to have a better idea
of the excitonic effects, we also calculate the optical spectra
using the GW method within the random-phase approximation
(GW-RPA), where the electron-hole interaction is excluded.
In Fig. 3, we present the imaginary part of the macroscopic
dielectric function, which is directly related to the absorption
spectra, for incident light linearly polarized along the x and y
directions. As can been seen, the spectrum along the x direction
is distinctly different from that along the y direction for all
monolayer M Xs, and we also note that the spectrum of the Sn X
monolayer has a smaller degree of anisotropy compared to the
GeX monolayer, in particular for the SnTe monolayer, where
the absorption spectrum is almost direction independent. When
looking at the structure anisotropy factor, which is defined as
k = (a —b)/(a+ b) in Table I, we can find that the GeX
monolayer always shows higher structure anisotropy than
the SnX monolayer; for example, the GeS monolayer has
the most structure anisotropy, whereas the structure of the
SnTe monolayer tends to be isotropic. Thus, we can conclude
that the anisotropy of the optical spectrum appearing in the
M X monolayer is a consequence of structure anisotropy. In
addition, comparing the spectra from GW-RPA and GW-BSE,
we find that the optical spectra are completely reshaped when
the electron-hole Coulomb interaction is included, which
means that the excitonic effects are significant and the optical
features are dominated by the excitonic states.

It is noted that the GW-BSE method is limited to direct
band excitation, which corresponds to the direct band gap in
the quasiparticle band structure. Taking the optical spectrum
of the GeS monolayer [shown in Fig. 3(a)] as an example,

the transitions concerned are indicated by the red dashed lines
in Fig. 2(a), i.e., direct transitions from the highest valance
band to the lowest conduction band at I, X*, and Y*, with
band gaps of 3.00, 3.34, and 3.83 eV, respectively. From the
band structure, one can easily deduce that the first optical gap
(2.23 eV) along the x direction arises from the transition at
the I point, whereas the first optical gap (3.12 eV) along
the y direction originates from the transition at Y*. The
large difference in the first optical gaps along the x direction
(2.23 eV) and the y direction (3.12 eV) implies that if the
energy of an incident light is between 2.23 and 3.12 eV, only
light polarized in the x direction will be absorbed; thus, the
GeS monolayer can function as a polarization filter, which
has already been realized in experiment for phosphorene
[38,39]. Although the energy range of the GeS monolayer
is smaller than that of phosphorene (from 1.1 to 2.8 eV)
[39-41], it is applicable in a higher working energy region.
The exciton binding energy, defined as the difference between
the electronic band gap and the optical gap, is a quantitative
description of the excitonic effects. Based on the calculated
band gap and optical gap, exciton binding energies of 0.77 and
0.71 eV can be derived for excitons at I and Y™, respectively.

As shown in Fig. 2, for the other five M X MLs being stud-
ied, the first optical gap along the x direction arises from the
direct transition at the X™* point, which is different from GeS,
while the first optical gap along the y direction comes from the
direct transition at the Y* point. The calculated quasiparticle
gaps, optical gaps, and exciton binding energies for the lowest
exciton states along the x and y directions are summarized in
Table III. It is seen that the onset energy of optical absorption
of the monolayer M X's varies over a broad range (from 0.83
to 2.23 eV), which covers the near-infrared and visible light
ranges, which makes monolayer M Xs very appealing for pho-
tovoltaic and optoelectronic applications. On the other hand,
the excitonic effects are significant for all M X MLs, and the
exciton binding energy ranges from 0.19 to 0.77 eV, indicating
that the excitons are thermally stable at or above room tem-
perature. Furthermore, the exciton binding energy decreases
with the atomic number of the group-IV or chalcogen atom,
similar to the tendency observed in monolayer TMDs [42].
In order to have a better understanding of the exciton binding
energy difference among the M X monolayers, the normalized
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FIG. 3. Optical spectra of the M X monolayers calculated using GW-RPA (without e-h interaction) and GW-BSE (with e-h interaction)
methods for linearly polarized light along the x direction and the y direction, respectively. The first optical gaps along the x direction and the

y direction are denoted by blue and red vertical dotted lines, respectively.

squared exciton wave functions of GeS and GeTe monolayers
are plotted in Figs. 4(a) and 4(c) using the BERKELEYGW code
[37], where a 20 x 20 supercell is used and the hole is fixed in
the center. It is clear that the exciton is much more localized in
the real space for the GeS monolayer, which indicates that the
interaction between the electron and hole is very strong, and
as aresult a large exciton binding energy can be expected.

V. EFFECTIVE-MASS MODEL FOR EXCITONS

As mentioned above, the excitonic effects play a critical
role in determining the optical properties of 2D materials, and

it is important to have a deep understanding of the exciton
feature of M X MLs. However, GW-BSE calculations are very
demanding, and it is challenging to study the screening effects
with the presence of a dielectric substrate. In this section,
we develop a model based on the effective-mass theory.
Considering the in-plane anisotropy of the M X MLs, the 2D
exciton Hamiltonian can be written as [43]
B9 Rt 92

H = 2,Mx 9x2 2/Ly ayz VZD(X,y),
where 11, and 1, are the reduced masses of the exciton along
the x and y directions, respectively, which can be obtained

6]

TABLE III. Calculated GW gap ESW, BSE optical gap E?P‘, BSE exciton binding energy EESE, 2D polarizability x,p, reduced exciton
mass /i, exciton radius a, and exciton binding energies E} obtained from the effective-mass model for the lowest excitations along the x and

y directions for various M X monolayers.

Direction ESY (eV) E% (eV) EPSE(eV) xap (A) [hx sy (A) ax.ay (A) EM (eV)
GeS x 3.00 223 0.77 3.63 0.27,0.90 6.74,4.46 0.98
y 3.83 3.12 0.71 3.63 0.14,031 10.02,7.56 0.77
GeSe x 1.66 1.24 0.42 7.26 0.06,0.16 21.16, 15.41 0.38
y 244 2.00 0.4 7.26 0.06,0.12 21.73,17.44 0.36
GeTe x 1.23 1.00 0.23 14.36 0.05,0.09 32.77,27.45 0.21
y 1.68 1.34 0.34 14.36 0.03,0.11 40.79,26.27 0.20
SnS x 2.36 1.86 0.50 485 0.10,0.10 15.06, 15.06 0.50
y 2.58 2.10 0.48 4385 0.09,0.11 1591, 14.68 0.50
SnSe x 141 111 0.30 8.97 0.05,0.07 27.34,25.04 0.28
y 161 1.28 033 8.97 0.05, 0.06 27.09,25.83 0.28
SnTe x 1.02 0.83 0.19 1931 0.03, 0.04 52.22,4521 0.14
y 1.04 0.85 0.19 1931 0.03, 0.04 52.22,4521 0.14

235434-5



LEI XU, MING YANG, SHI JIE WANG, AND YUAN PING FENG

N
a o e e e e e
SRR R R R R R e
ERRLNE R S S e
LR R
o e e e .
BB AR SR S RSB S
R OE R R R R R R
LR o e
oo e e e e e e
LI
R R R R R R R
aE B BB B SRR
s e s 9's u's u's'e’
- - Ly
.:\...:n-s’t_s._;';-- ="
~bth.‘l‘.L.
O R R R R e
DR,
L
LA
‘.-.ll‘l.‘-
. - - L
'l’l.l’.l“-lb‘.‘
R e e e .
LR
OROR R R R R R R R
LR R O
DO R e
N e,
D e e e e e e
LR RN R
DR il e
CON N
DAl el e e
Lo O
o e e e .
LR e
DA R R R A
L MR R R R
C ln-’.lpullnil-ilnl‘lpll
VoM RN NN N eV o NN NN
- e om W ,
s aaesNeen
o ow W oW
o W C W
O AT
oo oM e
W
oo e e e
o o w w
L )
L8 8 ¥
LA
L B
o e e
LI

£ e £ L
(aneenRen
e x e v w
e s N e
o o
e 188 ¢
e e W W
L
«

€
| 4
L3
Ll
L4
e
e
-
L4
o
-
=
-

£
o« u
L
o«
[

PHYSICAL REVIEW B 95, 235434 (2017)

(b) —— GW-BSE
0.094 Variational
Z( 0.06 4
g
g
—0.03 1
0.00 T T T T T T y
-30 20 -10 0 10 20 30
Position (A)
0.05
(d) —— GW-BSE
—— Variational
0.04 4
= 0.03-
)
S 0.02-
0.01
0.00 -5¢ T T T y
-40 -20 0 20 40
Position (A)

FIG. 4. Normalized squared exciton wave function calculated using GW-BSE for (a) the GeS monolayer and (c) the GeTe monolayer. The

isovalue is set to 3 x 107° e;\_3, and the hole is fixed at the center. Comparison of the exciton wave-function distribution along the zigzag
direction between GW-BSE and variational methods for (b) the GeS monolayer and (d) the GeTe monolayer.

from p; ' = (m&)~' + mM7', i = x,y, and Vap(x,y) is the
Coulomb potential due to a point charge located at the origin
in the 2D dielectric space. According to Keldysh [44], this
potential has the following form:

B PPN S 2
480(81+82)”0[ 0(%)_ 0(%)]’ @

where Hjy and Y, are the zeroth-order Struve function and
the zeroth-order Bessel function of the second kind, rg is the
screening length, and ¢ and &, are the dielectric constants of
the media above and below the M X monolayer, respectively.
At a large separation between the electron and the hole, the
potential approaches the screened Coulomb potential r~!,
while at short electron-hole separation, it diverges logarith-
mically. The critical separation is determined by the screening
length ry. Recently, Cudazzo et al. [45] proposed the following
approximation to the Keldysh Coulomb potential:

Vop(r) =

62

Vop(r) = ———
20(r) 2meo(er + e2)ro

x[ln( r )+[y—ln(2)]e'rﬂ}, 3)
r+ro

where y is the Euler constant. It has been shown that this
approximation is in excellent agreement with the Keldysh
potential in both limits [43]. However, compared to the original

Keldysh form, this approximation is simpler to implement, and
it is adopted in our numerical calculations.

The reduced exciton mass can be directly obtained from
first-principles GW calculations, and values are listed in
Table III. Another key parameter is the screening length ry,
which depends on the polarizability x of the 2D material as
ro = 4w x /(e1 + &) [45]. The polarizability y of a 2D material
can be derived from [45]

47 x

e(L)y=1+ 7
where ¢(L) is the in-plane dielectric constant of the corre-
sponding three-dimensional layered structure with interlayer
separation L. In the present study, ¢ is computed at different
interlayer distances L at the level of GW-RPA theory, and
x is obtained with a linear fitting of the e(L)-L~! curve.
As an example, we show in Fig. 5(a) the calculated in-plane
dielectric constants, &, and &y, as functions of inverse interlayer
separation L for bulk GeS. From the linear fitting, we obtain
Xx = 3.67A and Xy =3.59 A. Since these two values are
very close to each other, for simplicity, the average value of
x =3.63A is used, which results in a screening length of
ro = 22.81 A for monolayer GeS. The same treatments were
done for other M X MLs, and the resulting 2D polarizabilities
are listed in Table III. We note that the polarizability tends
to increase with the chalcogen atom and the SnX monolayer
always has a larger polarizability than the GeX monolayer; in

“
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FIG. 5. (a) In-plane dielectric constants, ¢, and &,, as functions of inverse interlayer separation 1/L for the GeS monolayer. (b) Exciton
binding energy E, and radius a, as a function of substrate dielectric constant &, for the GeSe monolayer. (c)—(f) Squared wave functions |, |?
for the four lowest energy exciton states of GeSe monolayer, shown in 200 A x 200 A.

fact, the polarizability can be regarded as the material intrinsic
screening strength. Therefore, the difference in the polarizabil-
ities among the M X monolayers will give a different screening
to the e-h interaction and result in a different exciton binding
energy.

The variational method is used to determine the exciton
ground-state energy, with the following trial wave function:

> 12 c\2 271/2
) et () ()]
a.a, a, a,
()

where a, and a, are the exciton radii along the x direction and
the y direction, respectively, which are treated as variational
parameters. The Schrodinger equation is solved numerically,
and the lowest eigenvalue of the Hamiltonian gives the exciton
binding energy. In Table III, we summarize the numerical
results for the exciton binding energies and their radii along
the x and y directions for various M X MLs considered. By
comparing the calculated exciton binding energies with those
obtained using the BSE calculation, we find that they correlate
very well. The largest deviations occur for GeS in the x
direction (0.21 eV) and GeTe in the y direction (—0.14 eV). All
other values are within 0.06 eV of the BSE results. This means
that the simple effective-mass model gives a good description
of the exciton property. It is also noted that the exciton radii are
generally smaller than the screening length ry (277 ), which
reveals that the 2D Coulomb potential behaves close to the
logarithmic limit, and treating the 2D potential as a screened
1/r Coulomb potential, as done in Ref. [46] for GeS and SnS,
is inappropriate. The exciton radii of GeSe and SnSe obtained

D(x,y) = <n

in the present study are also in good agreement with the
values (17 and 20 A) of first-principles calculations reported in
Ref. [16]. In Figs. 4(b) and 4(d), we compare distributions of
the squared exciton wave function along the zigzag direction
between GW-BSE and variational results for GeS and GeTe
monolayers, respectively. We can see that the agreement is very
good for the GeS monolayer, while for the GeTe monolayer
the agreement is somewhat poor, which may be due to the fact
that variational method is not good at giving a precise wave
function. Regardless, they both show that the exciton in the
GeS monolayer is much more localized than that in the GeTe
monolayer. Based on the predicted exciton radius, as shown
in Table III, we can conclude that when the exciton is more
delocalized, its exciton binding energy will become smaller.
Interestingly, the exciton binding energy weakly depends on
the reduced mass but is very sensitive to screening length,
which means that the potential V,p(x,y) in Eq. (1) dominates
the exciton binding energy. Based on this fact, we can deduce
that an indirect exciton would have binding energy similar
to that of the direct exciton even though the recombination
process for the indirect exciton is more complex due to the
involvement of phonon-assisted scattering.

For many applications that require separation of electrons
and holes such as in optoelectronic devices, the large exciton
binding energy is undesirable since it prevents the exciton
dissociation process and accelerates the e-h recombination
process. An efficient way to reduce the exciton binding energy
is to use a substrate, which can provide a dielectric screening to
the electron-hole Coulomb interaction [47]. Here, the effective
mass model is used to investigate how the dielectric substrate
affects the exciton behavior. We set & to 1 to mimic the
vacuum environment on top of the M X monolayer and vary
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the value of &, to simulate the effect of different substrates at
the bottom of the M X monolayer. Due to the importance of
a direct gap in photonic applications, we focus the discussion
below on the monolayer GeSe. The calculated exciton binding
energy and radius a, are shown in Fig. 5(b) as functions of the
dielectric constant of the substrate. The exciton binding energy
decreases very quickly with increasing dielectric constant. For
example, the exciton binding energy is reduced from 0.38 eV
for suspended GeSe to 0.19 eV when GeSe is supported on
a Si0O, substrate (3.9) [48]. With the decrease of the exciton
binding energy, the exciton state becomes more delocalized,
which is reflected in the nearly linear increase of the exciton
radius with the dielectric constant of the substrate. Our work
confirms that the dielectric substrate is an effective way of
reducing the exciton binding energy and thus improving the
performance of optoelectronic and solar cell devices.

Finally, we would like to point out that it is possible to
obtain some excited states by direct diagonalization of the
effective-mass Hamiltonian (1) using the Lanczos method.
The energies of the four lowest exciton states obtained
using this method are —0.38, —0.21, —0.16, and —0.10¢eV,
respectively. The corresponding wave functions are shown in
Figs. 5(c)-5(f). Obviously, the orbitals show 1s, 2p,, 2s, and
2p, characters. Since an exciton with finite orbital angular
momentum is dipole forbidden and does not contribute to
the linear absorption spectrum, only the 1s and 2s states in
the absorption spectrum can be detected, like for other 2D
materials [49,50] where several bound s states have been
observed. The exciton oscillator strength is proportional to
[¥,(0,0)|? [51]. In our calculations, the squared modulus of
the exciton wave function for the ls state is about 6 times
larger than that of the 2s state. This indicates that the first
peak, which originates from the s state, should have much
higher intensity in the absorption spectrum than the second
peak, which results from the 2s state.

PHYSICAL REVIEW B 95, 235434 (2017)

VI. CONCLUSIONS

In summary, we have systematically investigated the elec-
tronic and optical properties of a class of monolayer group-IV
M X monochalcogenides using first-principles calculations.
All MX MLs show semiconducting character with band
gap ranging from 1.01 to 2.74 eV. In particular, the GeSe
monolayer has a direct band gap, while all others have indirect
band gaps. All M X MLs are predicted to possess high carrier
mobilities and can be potential channel materials in electronic
devices. In addition, the onset optical absorption energies
of MX MLs cover a broad and technologically important
range from near infrared to visible, which make them very
appealing for optoelectronic and photovoltaic applications.
More importantly, the exciton binding energies obtained from
the effective-mass model are in good agreement with that
obtained from GW-BSE calculations. Using this model, we
have investigated the substrate effect on the exciton properties
of the GeSe monolayer. It is found that the exciton binding
energy decreases quickly with increasing dielectric constant of
the substrate, while the exciton radius increases almost linearly
with the dielectric constant of the substrate. Our results provide
useful guidance for experiment optimization of the excitonic
effects by substrate engineering.

ACKNOWLEDGMENTS

The authors acknowledge financial support from a Singa-
pore Ministry of Education Academic Research grant (Grant
No. WBS R144000361112). M.Y. and S.J.W. are grateful for
the funding support from the Singapore A*STAR 2D PHAROS
project: 2D devices & materials for ubiquitous electronic,
sensor and optoelectronic applications (Project No. SERC
1527000012). We also acknowledge computational resources
provided by the Centre for Advanced 2D Materials (CA2DM)
at the National University of Singapore.

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. L.
Katsnelson, 1. V. Grigorieva, S. V. Dubonos, and A. A. Firsov,
Nature (London) 438, 197 (2005).

[2] L. Song et al., Nano Lett. 10, 3209 (2010).

[3] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Phys. Rev.
Lett. 105, 136805 (2010).

[4] L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H.
Chen, and Y. Zhang, Nat. Nanotechnol. 9, 372 (2014).

[5] G. Eda, H. Yamaguchi, D. Voiry, T. Fujita, M. Chen, and M.
Chhowalla, Nano Lett. 11, 5111 (2011).

[6] K.S.Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306,
666 (2004).

[7] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A.
Kis, Nat. Nanotechnol. 6, 147 (2011).

[8] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, Nat.
Nanotechnol. 9, 794 (2014).

[9] L. C. Gomes, A. Carvalho, and A. H. Castro Neto, Phys. Rev. B
92, 214103 (2015).

[10] P. D. Antunez, J. J. Buckley, and R. L. Brutchey, Nanoscale 3,
2399 (2011).

[11] L. D. Zhao, S. H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C.
Wolverton, V. P. Dravid, and M. G. Kanatzidis, Nature (London)
508, 373 (2014).

[12] M. Xu, T. Liang, M. Shi, and H. Chen, Chem. Rev. 113, 3766
(2013).

[13] P. Sinsermsuksakul, J. Heo, W. Noh, A. S. Hock, and R. G.
Gordon, Adv. Energy Mater. 1, 1116 (2011).

[14] A. K. Singh and R. G. Hennig, Appl. Phys. Lett. 105, 042103
(2014).

[15] D. J. Xue, J. Tan, J. S. Hu, W. Hu, Y. G. Guo, and L. J. Wan,
Adv. Mater. 24, 4528 (2012).

[16] G. Shi and E. Kioupakis, Nano Lett. 15, 6926 (2015).

[17] M. Wu and X. C. Zeng, Nano Lett. 16, 3236 (2016).

[18] L. C. Gomes, A. Carvalho, and A. H. Castro Neto, Phys. Rev. B
94, 054103 (2016).

[19] L. Huang, F. Wu, and J. Li, J. Chem. Phys. 144, 114708
(2016).

[20] R. Fei, W. Li, J. Li, and L. Yang, Appl. Phys. Lett. 107, 173104
(2015).

[21] A. S. Rodin, L. C. Gomes, A. Carvalho, and A. H. Castro Neto,
Phys. Rev. B 93, 045431 (2016).

235434-8


https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1021/nl201874w
https://doi.org/10.1021/nl201874w
https://doi.org/10.1021/nl201874w
https://doi.org/10.1021/nl201874w
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1103/PhysRevB.92.214103
https://doi.org/10.1103/PhysRevB.92.214103
https://doi.org/10.1103/PhysRevB.92.214103
https://doi.org/10.1103/PhysRevB.92.214103
https://doi.org/10.1039/c1nr10084j
https://doi.org/10.1039/c1nr10084j
https://doi.org/10.1039/c1nr10084j
https://doi.org/10.1039/c1nr10084j
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/nature13184
https://doi.org/10.1021/cr300263a
https://doi.org/10.1021/cr300263a
https://doi.org/10.1021/cr300263a
https://doi.org/10.1021/cr300263a
https://doi.org/10.1002/aenm.201100330
https://doi.org/10.1002/aenm.201100330
https://doi.org/10.1002/aenm.201100330
https://doi.org/10.1002/aenm.201100330
https://doi.org/10.1063/1.4891230
https://doi.org/10.1063/1.4891230
https://doi.org/10.1063/1.4891230
https://doi.org/10.1063/1.4891230
https://doi.org/10.1002/adma.201201855
https://doi.org/10.1002/adma.201201855
https://doi.org/10.1002/adma.201201855
https://doi.org/10.1002/adma.201201855
https://doi.org/10.1021/acs.nanolett.5b02861
https://doi.org/10.1021/acs.nanolett.5b02861
https://doi.org/10.1021/acs.nanolett.5b02861
https://doi.org/10.1021/acs.nanolett.5b02861
https://doi.org/10.1021/acs.nanolett.6b00726
https://doi.org/10.1021/acs.nanolett.6b00726
https://doi.org/10.1021/acs.nanolett.6b00726
https://doi.org/10.1021/acs.nanolett.6b00726
https://doi.org/10.1103/PhysRevB.94.054103
https://doi.org/10.1103/PhysRevB.94.054103
https://doi.org/10.1103/PhysRevB.94.054103
https://doi.org/10.1103/PhysRevB.94.054103
https://doi.org/10.1063/1.4943969
https://doi.org/10.1063/1.4943969
https://doi.org/10.1063/1.4943969
https://doi.org/10.1063/1.4943969
https://doi.org/10.1063/1.4934750
https://doi.org/10.1063/1.4934750
https://doi.org/10.1063/1.4934750
https://doi.org/10.1063/1.4934750
https://doi.org/10.1103/PhysRevB.93.045431
https://doi.org/10.1103/PhysRevB.93.045431
https://doi.org/10.1103/PhysRevB.93.045431
https://doi.org/10.1103/PhysRevB.93.045431

ELECTRONIC AND OPTICAL PROPERTIES OF ...

[22] G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).

[23] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[24] P. E. Blochl, Phys. Rev. B 50, 17953 (1994).

[25] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).

[26] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D.
Vanderbilt, Rev. Mod. Phys. 84, 1419 (2012).

[27] A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, 1. Souza, D.
Vanderbilt, and N. Marzari, Comput. Phys. Commun. 185, 2309
(2014).

[28] J. Paier, M. Marsman, and G. Kresse, Phys. Rev. B 78, 121201
(2008).

[29] J. Qiao, X. Kong, Z. X. Hu, F. Yang, and W. Ji, Nat. Commun.
5, 4475 (2014).

[30] S. Takagi, A. Toriumi, M. Iwase, and H. Tango, IEEE Trans.
Electron Devices 41, 2357 (1994).

[31] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.95.235434 for calculation details of the
deformation potential constant E and elastic modulus C.

[32] Y. Cai, G. Zhang, and Y.-W. Zhang, J. Am. Chem. Soc. 136,
6269 (2014).

[33] E. H. Hwang and S. Das Sarma, Phys. Rev. B 77, 115449
(2008).

[34] A. Shafique and Y.-H. Shin, Sci. Rep. 7, 506 (2017).

[35] D. Y. Qiu, F. H. da Jornada, and S. G. Louie, Phys. Rev. Lett.
111, 216805 (2013).

PHYSICAL REVIEW B 95, 235434 (2017)

[36] J. H. Choi, P. Cui, H. Lan, and Z. Zhang, Phys. Rev. Lett. 115,
066403 (2015).

[37] M. Rohlfing and S. G. Louie, Phys. Rev. B 62, 4927 (2000).

[38] X. Wang et al., Nat. Nanotechnol. 10, 517 (2015).

[39] L. Li et al., Nat. Nanotechnol. 12, 21 (2017).

[40] C.E. Villegas, A. S. Rodin, A. Carvalho, and A. R. Rocha, Phys.
Chem. Chem. Phys. 18, 27829 (2016).

[41] V. Tran, R. Soklaski, Y. Liang, and L. Yang, Phys. Rev. B 89,
235319 (2014).

[42] A. Ramasubramaniam, Phys. Rev. B 86, 115409 (2012).

[43] E. Prada, J. V. Alvarez, K. L. Narasimha-Acharya, F. J. Bailen,
and J. J. Palacios, Phys. Rev. B 91, 245421 (2015).

[44] L. V. Keldysh, JETP Lett. 29, 658 (1979).

[45] P.Cudazzo, 1. V. Tokatly, and A. Rubio, Phys. Rev. B 84, 085406
(2011).

[46] B. R. Tuttle, S. M. Alhassan, and S. T. Pantelides, Phys. Rev. B
92, 235405 (2015).

[47] M. M. Ugeda et al., Nat. Mater. 13, 1091 (2014).

[48] P. R. Gray and R. G. Meyer, Analysis and Design of Analog
Integrated Circuits (Wiley, New York, 1990).

[49] A. Chernikov, T. C. Berkelbach, H. M. Hill, A. Rigosi, Y. Li,
0. B. Aslan, D. R. Reichman, M. S. Hybertsen, and T. F. Heinz,
Phys. Rev. Lett. 113, 076802 (2014).

[50] A.Chaves, T. Low, P. Avouris, D. Cakir, and F. M. Peeters, Phys.
Rev. B 91, 155311 (2015).

[51] R.J. Elliott, Phys. Rev. 108, 1384 (1957).

235434-9


https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1103/PhysRevB.78.121201
https://doi.org/10.1103/PhysRevB.78.121201
https://doi.org/10.1103/PhysRevB.78.121201
https://doi.org/10.1103/PhysRevB.78.121201
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1109/16.337449
https://doi.org/10.1109/16.337449
https://doi.org/10.1109/16.337449
https://doi.org/10.1109/16.337449
http://link.aps.org/supplemental/10.1103/PhysRevB.95.235434
https://doi.org/10.1021/ja4109787
https://doi.org/10.1021/ja4109787
https://doi.org/10.1021/ja4109787
https://doi.org/10.1021/ja4109787
https://doi.org/10.1103/PhysRevB.77.115449
https://doi.org/10.1103/PhysRevB.77.115449
https://doi.org/10.1103/PhysRevB.77.115449
https://doi.org/10.1103/PhysRevB.77.115449
https://doi.org/10.1038/s41598-017-00598-7
https://doi.org/10.1038/s41598-017-00598-7
https://doi.org/10.1038/s41598-017-00598-7
https://doi.org/10.1038/s41598-017-00598-7
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1103/PhysRevLett.115.066403
https://doi.org/10.1103/PhysRevLett.115.066403
https://doi.org/10.1103/PhysRevLett.115.066403
https://doi.org/10.1103/PhysRevLett.115.066403
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1039/C6CP05566D
https://doi.org/10.1039/C6CP05566D
https://doi.org/10.1039/C6CP05566D
https://doi.org/10.1039/C6CP05566D
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.86.115409
https://doi.org/10.1103/PhysRevB.86.115409
https://doi.org/10.1103/PhysRevB.86.115409
https://doi.org/10.1103/PhysRevB.86.115409
https://doi.org/10.1103/PhysRevB.91.245421
https://doi.org/10.1103/PhysRevB.91.245421
https://doi.org/10.1103/PhysRevB.91.245421
https://doi.org/10.1103/PhysRevB.91.245421
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.92.235405
https://doi.org/10.1103/PhysRevB.92.235405
https://doi.org/10.1103/PhysRevB.92.235405
https://doi.org/10.1103/PhysRevB.92.235405
https://doi.org/10.1038/nmat4061
https://doi.org/10.1038/nmat4061
https://doi.org/10.1038/nmat4061
https://doi.org/10.1038/nmat4061
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevB.91.155311
https://doi.org/10.1103/PhysRevB.91.155311
https://doi.org/10.1103/PhysRevB.91.155311
https://doi.org/10.1103/PhysRevB.91.155311
https://doi.org/10.1103/PhysRev.108.1384
https://doi.org/10.1103/PhysRev.108.1384
https://doi.org/10.1103/PhysRev.108.1384
https://doi.org/10.1103/PhysRev.108.1384



