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ABSTRACT: By means of first-principles calculations, we
investigated the geometric structure, dynamic and thermal
stabilities, and electronic properties of the two-dimensional
(2D) Janus group III chalcogenide monolayer MoTeB,. The
MoTeB, monolayer exhibits a stable sandwiched structure,
and its semimetal electronic structure features the perfect
electron—hole compensation. The 1:1 electron—hole carrier
ratio and high carrier mobility endow the MoTeB, monolayer
with large and nonsaturating magnetoresistance. Its electronic
properties are easily adjustable by minute charge doping and
small tensile stains; in particular, the switch of carrier polarity
and metal—semiconductor phase transformation can b

achieved. This study not only leads to the finding of ti» janus MoTeB, monolayer as
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p-omising 2D material with

extraordinary magnetoresistance but also provides a ger.erai route to adjust the magnetore!staace effect by compressive stain

and charge doping.

I. INTRODUCTION

Materials with large magnetoresistance effeccitiive promising
applications such as magnetic memory’ magn« tic information
storage,2 and magnetic sensors.’ Compared to giant magneto-
resistance (GMR) and colossal magnetoresistance (CMR)
effect, ordinary magnetoresistance (OMR) is usually a relatively
weak effect. Typically, the OMR effect of nonmagnetic metal is
at the level of 1%, quadratic only in low field, and tepds »
saturate in high magnetic field.* However, an extremcly ‘args
magnetoresistance has been found in several.se'nnredal
materials, such as PdCoO,, WTe,, Cd;As,, :'biby, and
MoTe,.”~” Remarkably, Ali et al. discovered a 470u tcld OMR
in the quasi-two-dimensional WTe, layered (rystai«-'a magnetic
field of 14.7 T at 4.5 K, and no saturation of OUMP even in 60 T.

Classically, the GMR and CMR effec's in magnetic multi-
layers and manganese-based perovskit= 0xiles are attributed to
the electron scattering on the spii . -entation.”” In contrast,
different mechanisms have be=1 proposed to explain the
extremely large OMR efi>¢t v different nonmagnetic com-
pounds.”” One explanaticn s based on the classical two-band
model," according to whicl. the electron—hole compensation is
the determining factr t r the nonsaturating magnetoresistance
in high magneti. ‘ac'd. “‘or example, the equal-size electron and
hole Fermi‘roc e have been observed in WTe, by angle-
resolved photcamission spectroscopy.'’ The alternative explan-
ation, however, argues that the high mobility is the key to the
extremely large OMR effect; that is, materials having electrons or
holes with ultrahigh mobility but without balanced electron—
hole concentrations can also possess a large OMR effect.””*'* A
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typical examoic iszhe NbSb, bulk, which has a small amount of
high-mok:tity hole carrier and a large amount of low-mobility
electren Cirrer.’ Regardless of the preferred mechanism, we can
exp/e. tuat a material satisfying both perfect electron—hole
cCmypensation and high mobility for two-type carriers will
vncoubtedly exhibit an extremely large and nonsaturated
11agnetoresistance effect.

A strategy for searching for extremely large OMR materials
can start from the perspective of high carrier mobility, followed
by good electron—hole compensation. Some two-dimensioanl
(2D) materials with hexagonal boron rings have been predicted
to hold ultrahigh carrier mobility, such as TiB,, FeB,, and
MoB,."*~" However, though these materials have high mobility
because of the Dirac cone, the electron carriers and hole carriers
cannot coexist; thus, the electron—hole compensation is
impossible. Breaking the structural symmetry may provide a
possible solution to this problem. Specifically, the increased
structural freedom may lead to separated positions of electron-
type and hole-type energy bands in the Brillouin zone, while
retaining the feature of high carrier mobility. Encouragingly,
several sophisticated experimental methods have been devel-
oped to break the mirror symmetry of 2D materials in the out-of-
plane direction, among which the realization of Janus
graphene'® and Janus MoSSe'”'® are shining examples. For
example, Lu et al. successfully prepared 2D Janus transition-
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Figure 1. Structure and stability of MoTeB,. (a) Top and side views of relaxed struc‘are. \b) Phonon dispersion curves. (c) Temperature/energy
fluctuations vs simulation time in molecular dynamics simulations at 600 K, and (d) #z2 sapshot of a (4 X 4) supercell of MoTeB, monolayer after a 20

ps molecular dynamics (MD) simulation.

metal dichalcogenides MoSSe by H,-plasma-stripping techni-
ques in which the top-layer S atoms of MoS, are fully replaced by
Se atoms.'” Subsequent studies revealed that this materic” has
exceptional electronical,'”~** optical,”*** and photoiaulysic
properties’”® because of its unique structural proserties.
Therefore, 2D planar-boron-based Janus materia) may have
the potential to possess extremely large OMR.

Herein, by means of first-principles calculatics, we designed
a 2D Janus material, namely, MoT=B_ n onolayer, and
systematically investigated its stability < nd-Z>ctronic properties.
Interestingly, the MoTeB, monolayer is @-Cemimetal with high
mobility for both electrons and holes, and its electronic structure
is featured by the perfect electron—hole compensation.
Moreover, its electronic properties are easily adjustable by
minute charge doping and/or small tensile stains. In par cula
the 1:1 electron—hole carrier ratio and high carrier mob: “ty =201
be well-maintained regardless of external strain. Thesc ur.que
properties render the MoTeB, monolayer a pro.aising 2D
material with extraordinary magnetoresistanca

Il. COMPUTATIONAL METHOD

Spin-polarized density functional theor * DFT) computations
were carried out using the Vienna ab ini.io simulation package
(VASP) code””** within the proitat ar augmented-wave (PAW)
method.”” The Perdew—Burl v~ Ernzerhof (PBE) exchange-
correlation functional witkin . generalized gradient approx-
imation (GGA) were «dcot2d.’® The wave energy cutoft of
plane-wave basis set<'is'302 €V. A vacuum space of at least 15 A
along the out-of-r..nc direction was employed to ensure that the
interactions hatvieen periodic images are negligible. The
Monkhorst—i'ack'35 X 35 X 1 k-point sampling for a primitive
cell was used for both geometry optimization and electronic
calculations. The lattice constants and atomic coordinates were
fully relaxed until the total energy and force converged to 1077
eV and to 107° eV/A, respectively. The phonon frequencies
were calculated with 4 X 4 X 1 supercell and 7 X 7 X 1 k-meshes
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by using density functional ;ertaibation theory®' as imple-
mented in the PHONOPY -oge.”” The ab initio molecular
dynamics (AIMD) simuatic 1s under a constant-temperature
and volume (NVT) ei serible were performed with a supercell
of 4 X 4 X 1 unit ce's, for which the total simulation time lasts for
20 ps with 1 s ‘itue - tep.

lll. RES'5»72 AND DISCUSSION

A. Optimized Structure and Stability of the MoTeB,
Mo.roluyer. The optimized MoTeB, monolayer can be viewed
s ti .2 sandwiched Te—Mo—B trilayer, with two B atoms, one Te
{tom, and one Mo atom per unit cell (Figure 1a). The Janus
MoTeB, monolayer can also be regarded as a hexagonal boron
lattice sequentially covered by a triangular Mo layer and a
triangular Te layer. In the optimized structure, B atoms are
arranged in a slightly buckled honeycomb lattice with a height of
0.02 A, and Te and Mo atoms are in purely planar trigonal
lattices, with Te atoms located on the top of B atoms and Mo
atoms above the center of the B hexagons. The B—B bond length
(1.81 A) is between that in a free-standing boron honeycomb
(1.67 A)** and that in the PSy-type MoB, bulk (1.85 A).** The
Mo—B and Mo—Te bond lengths (2.34 and 2.74 A,
respectively) are similar to the Mo—B bond (2.37 A) in MoB,
monolayer'> and the Mo—Te bond (2.71 A) in 2H-MoTe,
monolayer.”

To evaluate the dynamical stabilities of MoTeB, monolayer,
we computed its phonon dispersion. The absence of any
imaginary frequency (Figure 1b) strongly suggests that the
MoTeB, monolayer is a local minimum in its energy landscape.
Then we performed AIMD simulation at 600 K for 20 ps to
evaluate the thermal stability of MoTeB, monolayer. The
MoTeB, sheet keeps quite original planarity without significant
lattice destruction at 600 K [see Figure 1d], and begins to
collapse at 800 K (Figure S1, Supporting Information), which
strongly suggests its thermal stability.
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Figure 2. (a) Electronic band structure and projected density of states'\P7 OS) for MoTeB,. (b) First Brillouii zoi:» and high-symmetry points along
the band structure path for MoTeB,. (c) Details of the calculated ¢’cciion. = structure in the =K and I'=T/ a1t <vons, which are amplified versions of
the dashed green boxes in Figure 2a. Three regions where the enixgy tands traverse the Fermi level (Zp) <= labeled by I, II, and III.
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Figure 3. (a) 3D conduction band (CB) and valence band (VB) of MoTeB,. The constant-energy contours for (b) VB and (c) CB. The black dots at E
— Eg = 0.0 eV labeled as Regions I, II, and III, the same as in Figure 2.

B. Electronic Properties of the MoTeB, Monolayer. The and the conduction band (CB) barely crossing the Fermi level.
MoTeB, monolayer is semimetal, with the valence band (VB) The two regions where the energy bands flip over the Fermi level
28425 DOI: 10.1021/acs.jpcc.8b10371
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Figure 4. Projected band structures of MoTeB,. (a) and (b) d orbitals of Mo atom, (c) p orbi*:ls of B atom, and (d) p orbitals of Te atom. The radii of

circles are proportional to the weights of corresponding orbitals.

are denoted as Region I and Region II in the Brillouin zone, as
shown in Figure 2a. The projected density of states indicate that
the states near the Fermi level mainly receive contributions from
the d orbitals of Mo, with insignificant contributions from p
orbitals of B and Te atoms. The VB and CB almost meet.in
Region I with a tiny gap of 0.05 eV (see Figure 2c). The:ole-
type band around Region I along the I'=K directicii 1 i
valence band maximum (VBM), whereas the electron-ty, = band
around K point (Region II) is the conduction bar " minimum
(CBM). Such a unique electronic property. st=12s rom the
delicate relative positions between the CBM 2nc tti> VBM; that
is, the VBM is only 17 meV higher than #%e ("B} [, which results
in its semimetal feature. Meanwhile, "h<re is a contact point
between the CB and Fermi level, located i.i Region III in Figure
2a. The CB is tangent to the Fermi energy level (in Region III)
along the I'=T direction, where the T point is the middle point
between the high symmetric points M and K, as shown in Figure
2b. Furthermore, the details of energy bands near the Fern.: leve
are not affected by spin—orbit coupling effect, as shown i~ Tig ie
S2.

To understand the relative position of energy hand: 1iear the
Fermi level in the reciprocal space, wsplit "he three-
dimensional VB and CB in the first Brillowii z ne, as shown
in Figure 3a. The energy peaks of VB (Regiou I) with sixfold
symmetry lie right between two energy v 'leys (Region IIT) of
CB: the six VB peaks and the 12 CB vawzys occlude like gears,
but do not touch each other. Boti:V5 «und CB have the same Dy
symmetry, which is due to the I .+ gonal lattice symmetry (p6rm)
of MoTeB, structure.

The transport proper’ies o metal materials are determined by
the energy bands psssing through the Fermi level. Thus, we
examined the ene.7y ~2nds of MoTeB, in Regions I and II in
more detail, As<hwii in Figure 3b,c, the 2D energy contours of
VB and CB  xtubit different morphologies for the hole-type
band and the electron-type band near the Fermi level. The
contour lines around VBM (Region I) are of remarkable
anisotropy. The calculated slopes of VB along the I'—I direction
and the I-K direction in the reciprocal space are equal to 6.7 and
—30 eV-A, respectively. Such steep slopes are comparable to

evep~hu.linear slope of +34 eV-A at the Dirac point in
‘raphere,’® indicating the rather high hole mobility of MoTeB,
munolayer.

These direction-dependent -t opus are related to the different
orbital compositions in V2. .'s shown in Figure 4a,c, the VB
exhibits a gentle linear o1 =rg - dispersion in the I'—I direction,
which mainly receive "‘on ributions from the hybrid of Mo d2
orbitals and B p.rorbitals. In comparison, the linear energy
dispersion of V. tke I-K direction is sharp, and this hole-type
band mainly recetves contributions from the hybrid of Mo d,2_
orbitals ~ii' Te p,p, orbitals, as shown in Figure 4a,d. The
differext opes of VB along two directions could be understood
by tic diilerent interaction strengths: the sharp VB in the I-K
di2ciion stems from the stronger interaction between Mo and
L= layers, which can be attributed to the more effective
).ybridization between Mo and Te atomic orbitals. Moreover,
the projected band structure around Region I also reveals the
origin of the tiny energy gap, that is, the absence of the
hybridization between the Te p,,p, orbitals and the B p, orbital.

As discussed above, the hole-type VB is anisotropic; in
contrast, the electron-type CB is isotropic around the high
symmetric point K, as shown in Figure 3c. The quadratic energy
band near the Fermi level mainly receives contributions from the
hybrid of Mo d,,,d,, orbitals and B p, orbitals (Figure 4b,c),
while the contribution of Te atoms is negligible.

The above analysis of the projected bands and 2D energy
contours near the Fermi level clearly reveal that the electron-
type band and hole-type band stem from different sub-bilayers in
the Janus MoTeB, sandwich. Specifically, the electron-type
carriers of CB come only from the hybridization between Mo
layer and B layer, while the hole-type carriers of VB originate
from the hybridization of Mo layer, Te layer, and B layer.
Because of the sharp energy dispersion of the electron-type band
and the hole-type band, the high carrier mobility can be expected
in the MoTeB, monolayer. In particular, its electronic structure
exhibits almost perfectly balanced electron—hole population,
which strongly indicates that the MoTeB, monolayer has a very
high and nonsaturating magnetoresistance effect for electron—
hole resonance.
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Figure S. Band structures and Fermi surface of MoTeB, doped with electrons or holes: (a, 9.5 ¢.ectron doping and (b) 0.05 hole doping per unit cell.

C. Estimation of Magnetoresistance Value of MoTeB,
Monolayer. Magnetoresistance (MR) is defined as (p(H) —
P0)/po, where p(H) and pj, are the resistivity with and without
external magnetic field H, respectively. In the semiclassical two:
band model, the total conductivity tensor can be expressed. =

m

_. R 0"
(1 + iuB)

(1 - i/"hB)

o=

|~

(1)

where n and p are the electron and hol¢, Caiseatrations,
respectively, and y, and py, are the mobiliticcai eiectrons and
holes, respectively. So the magnetoresistiiice :ar be expressed as

MR = aoy(a/n + oy/p) (B/)”
(6. + 0,)" + 6’0,*(1/n — 1/p)*(B/e)*

2)

where o, = ney, and o}, = pep;, are the conductivities of electzins
and holes without magnetic field. When the electron -hole
concentraions are at exact compensation (n = p), the M=
/leﬂhBZ increases as B> without saturation. Therefc-e; tc.2btain
remarkable MR at specific magnetic field, the=h1 h" carrier
mobility is desirable.

By the deformation potential model, the rcin-1 smperature y,
and y;, of MoTeB, monolayer are calculat>d to ve 5.9 X 10* and
2.0 X 10° cm® V™! 57!, respectively (fu he details including
effective masses, elastic modulus, ana the deformation potential
constants, refer to Table S1). Nute tuat the computed carrier
mobilities in MoTeB, monola = are even larger than those in
WTe, monolayer’” (i, =.1.3 x 10* cm?> V7! s7%, py, = 2.1 x 10*
ecm? V7! 574, respectively), ‘which is the only experimentally
observed nonsaturatiiig Q4R material.’ The exceptionally high
carrier mobilities € 1.*< TeB, monolayer is attributed to rather
small effective-musses of electron-type band and the almost
linear hole-ty be vand near the Fermi surface. Therefore, the
MoTeB, monoiayer possesses rather large and nonsaturating
magnetoresistance because of the electron—hole compensation
and the high carrier mobilities.

Considering the delicate electronic properties of the MoTeB,
monolayer, we also examined its band structure (Figure SS in the
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Suproitiog Information) using the Heyd—Scuseria—Ernzerhof

HS.’”’,)‘& hybrid functional. A HSE06 level of theory, the
shine of electron-type and hole-t pe bands is essentially the
same as that obtained at GG/ 2By, though a narrow band gap
(117 meV) is introduced=>t ' HSE because of the upshift of
conduction bands. Corsiau . ntly, the high electron and hole
carrier mobilities obtairec at PBE hold true also at HSE level of
theory. Thus, the unsaturated magnetoresistance characteristic
can also be ex_ >ct>< in MoTeB, monolayer when the hybrid
HSEO06 fun<0.a1'1s used, providing that the band smearing at
the finite 't myerature is considered.

D. Ct>rge-Doped MoTeB, Monolayer. In nanoscale
seriicenauctor devices, the electrostatic doping or gate-
continlled doping are effective methods to modulate the
¢octron and hole concentrations.””*® To achieve extremely
Targe OMR effect, it is highly important to adjust the electron—
hole concentration ratio.

In MoTeB, monolayer, because of the rather sharp electron-
type band and hole-type band around the Fermi level, even
minute charge doping can cause a significant Fermi level shift.
Interestingly, after electron or hole doping, the band structures
of the MoTeB, monolayer is still metallic, but the carrier polarity
is switched (Figure S). For electron doping, only the electron-
type Fermi lines exist in the MoTeB, monolayer, while the hole-
type Fermi lines vanish. As shown in Figure Sa, upon doping
0.05e per MoTeB, unit cell, the CB in Regions II and III shifts
down below the Fermi level, keeping 12 drop-shape Fermi lines
in Region III and one circular Fermi ring around the K point in
the first Brillouin zone. In comparison, upon doping 0.05e hole
per MoTeB, unit cell, the polarity of carriers turns to hole-type,
and the band structure is rather anisotropic, as indicated by the
six trilateral hole-type Fermi lines in Region I, as shown in Figure
5b. Interestingly, regardless of the type of charge injection, the
MoTeB, monolayer preserves the high hole or electron mobility,
which is beneficial to the large OMR effect.

E. Strained MoTeB, Monolayer. The external strain is an
effective method to manipulate the electronic properties of low-
dimensional materials; " thus, we further investigated the strain
effect on the MoTeB, monolayer. Clearly, under isotropic in-

DOI: 10.1021/acs.jpcc.8b10371
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Figure 6. Band structures of MoTeB, in the (a) '—K and (b) ['=T directions under differcat <5a ial strains (from —3% compress to +2% stretch). The
hole and electron bands are marked with h and e, respectively. (c) The energy of V24 'nd CBM under external strains. (d) Strain-dependent
concentration ratios of electron-type carrier and hole-type carrier without and with bale dor ing. The yellow area highlights the e—h ratio within 1.00 +

2%.

plane strains, obvious energy shift of the hole-type and electron-
type bands appears in Regions I and II (I'—K direction) of the
band structure (Figure 6a), but the electron-type band in Reiion
I (=T direction) is insensitive to deformation, and i~"'wuvs
tangential to the Fermi level under different strains (Figu¢ 6b).
Thus, we will focus only on the changes of the hole and
electron-band along the I'=K direction.

Remarkably, semimetal—semiconductor tra.sicrmation oc-
curs in the MoTeB, monolayer upon tensil¢ stz iiis. Because of
different responses of the hole-type bind i rnegions I and the
electron-type band around the point K, tha~lergies of CBM and
VBM move up and down, respectively (Figure 6c). The MoTeB,
monolayer can be easily transformed from a semimetal to an
indirect narrow band gap semiconductor with a tensile strair
greater than 0.2%. In contrast, in the case of compressive trair
the MoTeB, monolayer keeps the semimetal feature U ol
compressive strains from 0% to —3%, the CBM mavis cown
linearly and rapidly, while the VBM shifts up quicki - a:xd then
saturates to 67 meV (see the black line in Fiz=re 6¢ . Since the
CBM and VBM behave differently under e +<in/l compressive
strain, the electron—hole concentration rati¢*can be tailored,
which is essential for the emergence ¢ = tremely large OMR
effect.

As aforementioned, the nevia. «ad unstrained MoTeB,
monolayer is rather promising s .a 2D OMR material because
of its high carrier mobilit)r aaa 'y rtectly balanced electron—hole
concentration. Providing tauthe unique electron—hole balance
can be maintained in it presence of external stress, the MoTeB,
monolayer may,b: wilsly used on realistic substrates. Thus, we
investigated the eJectron—hole concentration ratios under
different stra.s.

To quantitatively evaluate the electron—hole ratio, we first
calculated the total perimeters of the electron-type Fermi lines
(around point K) and the hole-type Fermi lines (in Region I) in
the Brillouin zone. Then the concentration radio of two types of
carriers can be obtained from the perimeter ratios because the
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carrier concentrations are prorostivnal to the total lengths of
Fermi lines.

Figure 6d summarizes th. calculated electron—hole ratios
under various extern(! s*iaimns. With increasing compressive
strain, the electron concintration increases faster than the hole
concentration;. f.~"cample, the electron—hole ratio reaches
1.25:1 at the 2% =o>mpressive strain (Figure 6d). Nevertheless,
this unbalanuad electron—hole concentration can be adjusted
back to t 1< e ectron—hole compensation by a slight hole doping
of +2 )1 \2l per MoTeB, unit cell. Thus, the MoTeB, monolayer
can maintain the large OMR effect under various compressive

tra as, if suitable hole doping is applied.

B CONCLUSIONS

In summary, we designed a Janus MoTeB, monolayer, and
systematically examined its geometric structure, stability,
electronic properties, and the strain effect and charge-doping
effect by means of DFT computations. The MoTeB, monolayer
has outstanding dynamic and thermal stabilities, and is
semimetal with CB and VB barely crossing the Fermi level. Its
electronic property is sensitive to charge doping because of the
sharp energy dispersions. The carrier polarity can be switched
between electron-type and hole-type by a slight charge doping.
Moreover, the electron—hole carrier ratio can be modulated by
external strains, and the metal—semiconductor transition occurs
under tensile stain. Appropriate hole doping can effectively
achieve the 1:1 electron—hole ratio in the strained MoTeB,
monolayer. Because of its peculiar and adjustable electronic
properties, the MoTeB, monolayer is a promising material for
magnetoresistance nanodevice applications.
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