PHYSICAL REVIEW B 102, 125414 (2020)

Coupled spin and valley polarization in monolayer HfN, and valley-contrasting
physics at the HfN,-WSe, interface

Manish Kumar Mohanta® and Abir De Sarkar
Institute of Nano Science and Technology, Phase 10, Sector 64, Mohali, Punjab-160062, India

® (Received 7 June 2020; revised 12 August 2020; accepted 25 August 2020; published 9 September 2020)

Despite extensive studies on coupled spin and valley physics, occurrence of these properties is currently
limited to transition-metal dichalcogenides (TMDCs) and graphene. Therefore, exploration of materials beyond
TMDC:s and graphene is necessary for a further advancement in valleytronics. In this work, the HfN, monolayer,
a theoretically reported semiconductor having a direct band gap has been investigated in-depth for its applications
in valleytronics and spintronics. It exhibits a large valley spin splitting (VSS) ~314 meV at the conduction band
(CB) due to strong spin-orbit coupling (SOC). Such a large VSS at the CB is unique and comparable to that of
tungsten-based dichalcogenide monolayers at its valence band (VB). The spin splitting is nearly insensitive to
small in-plane strain, whereas the optical transition frequencies between the spin states (@yp, @dgown) in the CB
and VB is effectively strain tunable. Inspired by the experimentally observed higher exciton lifetime 1.8 ns in
MoSe, /WSe, type-1I van der Waals heterostructure (vdWH) than in the monolayers ~2.1 (2.5) ps in monolayer
MoS; (WS,), a type-II (vdWH) prototype has been demonstrated by stacking HfN, monolayer over 1H-WSe,
monolayer for an extended lifetime of valley polarized excitons and large magnitude of spin splitting at both CB
and VB. The elastic properties highlight the robustness of HfN, monolayer and vdWH, as the bending modulus
and critical buckling strain are found to be superior to that in graphene. Further, carrier mobility calculated using
the deformation potential theory in HfN,/WSe, is as high as u;, = 16 x 10° cm?*V's~!. Moreover, this work
introduces the HfN, monolayer as an exceptionally promising valleytronic material having valley properties
complementary to that of Group VI TMDC. This is a report on valley contrasting physics and VSS at the
CB, which would strongly motivate experimentalists to synthesize and explore this predicted two-dimensional

material.
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I. INTRODUCTION

Two-dimensional (2D) materials have been always at the
center stage in research soon after the discovery of graphene
in 2004 [1]. A series of 2D materials having a hexagonal hon-
eycomb lattice structure have emerged over time, which show
immense potential for their applications in next-generation de-
vices on account of their extraordinary electronic, mechanical,
optical, and catalytic properties [2—4]. Among all the exotic
properties, the manipulation of intrinsic valley degrees of free-
dom has been gaining a great deal of popularity in quantum
information storage and processing from the perspectives of
both fundamental and applied physics [5].

The valley degrees of freedom arise from multiply degen-
erate energy extrema in the conduction band (CB) or valence
band (VB) separated in momentum space. The powerful com-
bination of inversion with time-reversal symmetries ensure
Berry curvature and magnetic moments in nonmagnetic cen-
trosymmetric materials, such as graphene, to be zero. Besides,
the valleys K and K’ can be distinguishable in graphene by
breaking the inversion symmetry via stacking of graphene on
hexagonal boron nitride [6] or an application of out-of-plane
electric field to bilayer graphene [7]. However, the hexagonal
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nature of two-dimensional (2D) transition metal dichalco-
genides (TMDCs) with broken inversion symmetry provides a
platform for investigating valley polarization. These materials
have two valleys at the K and K’ (or -K), which are related to
each other by time reversal symmetry [8]. The electrons and
holes residing at the K and K’ valleys possess opposite spin,
orbital magnetic moment, and Berry curvature [9]. The broken
inversion symmetry with strong spin-orbit coupling (SOC) in-
troduce valley-contrasting physical properties in TMDC [10].
So far, molybdenum and tungsten based TMDCs have been
widely studied for valleytronics as well as spintronics, utiliz-
ing their valley and spin degrees of freedom [11-21]. In these
systems, the VB undergoes large valley spin splitting which
varies from 150 meV in molybdenum-based chalcogenides to
460 meV in tungsten-based chalcogenides [22,23]. With such
large valley spin splitting (VSS) in the VB and sizable band
gap, the coupled spin and valley physics in 2D TMDCs have
been addressed and optically characterized in experiments
[24].

To realize a valleytronic device, the balance of charge
carriers needs to be broken at K and K’ valleys. This can be
achieved in numerous ways, as reported theoretically and ex-
perimentally [25]. One of the methods is optical excitation by
circularly polarized light, which has been extensively used in
experiments [13,14,26]. The other approach is to apply a mag-
netic field to couple to the valley-locked magnetic moments

©2020 American Physical Society


https://orcid.org/0000-0002-5476-8336
https://orcid.org/0000-0001-5752-6589
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.125414&domain=pdf&date_stamp=2020-09-09
https://doi.org/10.1103/PhysRevB.102.125414

MANISH KUMAR MOHANTA AND ABIR DE SARKAR

PHYSICAL REVIEW B 102, 125414 (2020)

and lift the valley degeneracy via Zeeman splitting which has
been experimentally demonstrated in MoSe, monolayer (0.1-
0.3 meV/T) [27-31]. Recent theoretical work demonstrates
the role of atomic level doping and magnetic semiconduc-
tor substrate in bringing about valley polarization [32-35].
Although significant research progress has been made in 2D
TMDC for spintronic and valleytronic applications, other 2D
materials having such coupled properties are rarely known or
reported.

And to date, all experimentally confirmed 2D valleytronic
materials are Group-VI TMDCs where strong SOC leads
to large VSS at VB and utilizing spin properties, extensive
application in spintronic devices have been experimentally
demonstrated. And there are only a few reports on large CB
VSS on H-T1,O (~610meV) by Ma et al. [36]. However,
TI,O is an indirect band gap semiconductor and hence, some
intrinsic limitations naturally arise in realizing spin and val-
ley polarization in it. However, in this work, using density
functional theory, we have demonstrated the coupled spin and
valley polarization in monolayer HfN, which is a hexagonal
direct band gap semiconductor, where the band energy ex-
trema occur at high symmetry K point. The HfN, monolayer
synergistically combines the desired features of Group IV
and VI transition metal dichalcogenide monolayers. In other
words, the occurrence of direct band gap at K point together
with the decoupled band edges [37] provides an important
platform for a systematic exploration of spintronic and val-
leytronic properties in HfN, monolayer. It shows strong SOC
due to the presence of heavy Hf metal atom. The large valley
spin splitting observed at the CB is comparable to that in the
1H-WSe, monolayer at its VB. Therefore, the Hf N, mono-
layer is expected to serve as the best alternative material to
TMDC:s in realizing valley and spintronics. Moreover, when
HfN, monolayer is stacked over 1H-WSe, monolayer, valley
contrasting physics arises at the interface with a large spin
splitting arising at both CB and VB, and an extended lifetime
of the valley polarized excitons is expected at type-II van der
Waals heterobilayer constituted by these monolayers.

II. COMPUTATIONAL DETAILS

All the electronic properties have been computed using
Vienna Ab initio Simulation Package (VASP) [38,39]. The
projector augmented-wave [40] method has been adopted to
describe the ionic potential. The generalized gradient approx-
imation (GGA) [41] in the form of Perdew-Burke-Ernzerhof
(PBE) has been used for describing exchange-correlation in-
teraction [41]. The plane wave cut-off energy of 500 eV was
used with an energy precision of 10~8eV and a force precision
of 2 x 1072eV/A to ensure the convergence in the calcula-
tions. A vacuum thickness of 30 A has been used to avoid
the interaction between the periodic images. A I'-centered
k-mesh grid of 20 x 20 x 1 has been used for sampling the
Brillouin zone. The SOC is included in the band structure cal-
culations to address the relativistic effect, as implemented in
VASP. The canonical ensemble-based ab initio molecular dy-
namics (AIMD) simulation is performed at room temperature
for 5 ps to confirm the thermal stability of the HfN,/WSe,
heterostructure.
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FIG. 1. The top and side view of HfN, monolayer

III. RESULTS AND DISCUSSION

The optimized lattice parameters of the theoretically
predicted monolayer Hf N, structure having a hexagonal hon-
eycomb lattice structure have been reported and found to be
a=b=2342A. The structure shows P6m2 symmetry with
broken inversion symmetry. The hafnium metal atoms are in
trigonal prismatic coordination with six nitrogen atoms, as
theoretically predicted by Sun ef al. [42]. The structure is
reported to be stable mechanically and thermodynamically.
The top and side views of the structure are presented in Fig. 1.

The electronic band structure calculated using GGA-PBE
reveals a direct band gap of 1.44 eV (without SOC) with
band edges located at the same high symmetry K point, which
is in excellent agreement with the previous report [42]. The
spin projected band structure in Fig. 2 clearly shows the
valley spin splitting of 314 meV in the CB (A,), whereas
the splitting of spin-up and spin-down states near VB (A,)
is found to be very small (~32 meV) upon incorporating
the relativistic effect, which is exactly opposite to that of
group-VI TMDCs, where large VSS is observed at VB. Such
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FIG. 2. (a) The calculated atom projected band structure of HfN,
using GGA-PBE, (b) The spin projected band structure calculated
using PBE-SOC and plotted using PYPROCAR [45]. The blue color
represents the spin-down state, while red color denotes spin-up state
(spin orientation is out-of-plane), (c) band decomposed charge den-
sity of VBM and CBM at the K point, where the charges are centered
around the N atom and Hf atom, respectively, with an isosurface
value of 0.02e/A3.
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VSS in the bands arise due to the composition of bands con-
tributed by heavy (Hf) and light atoms (N) as plotted in the
atom-projected band structure and band decomposed charge
density, while strong SOC lifts the out-of-plane spin degen-
eracy of the band edges at K and K’ by a significant amount.
The VSS in CB observed in HfN, (A.) ~ 314 (32) meV)
is higher than molybdenum based systems and comparable
to that of tungsten-based chalcogenides; MoSSe (A,u) ~
13.7(170) meV) and WSSe (A ~ 26.8(449)meV) [43],
MoSe; (A, ~ 180meV), WS, (A, ~420meV), and WS,
(A, ~ 450meV) [44]. To gain a deep insight into the physics
of spin splitting at the band valleys in HfN, monolayer,
the orbital contribution has been analyzed. The CB in the
vicinity of K, K’ is contributed predominantly (88.3%) by
Hf (dy, dy_y), while 11.7% contribution comes from N
(P(x,y)) orbitals. On the other hand, the VB edge/valleys are
consituted mainly (77%) by N (p(,y)) orbitals and partially
by Hf (p;) (23%) orbitals. Hf (d,,, d,»_>) orbitals at the
CB edge/valleys couple strongly to spin and bring about a
large spin splitting at the CB valley in HfN, monolayer,
which is similar to that of Group VI TMDCs at the VB
edge/valleys [23]. Small percentage of Hf (p(;)) orbital at the
VB edge/valleys is able to interact weakly with spin, resulting
in small SOC and spin splitting, which is similar to that of
MoS; at its CB edge/valleys [23]. The orbital projected band
structure of Hf-atom is plotted in Fig. S1 [46] , which clearly
shows the orbital composition of band edges. Such large VSS
in CB demonstrates its capability for applications in spintronic
applications, which is supported by its high charge carrier
mobility ~10° cm?>V~!s~! [42].

The k - p Hamiltonian at the band edges in the vicinity of
K and K’ including spin-orbit coupling is given by [23]
o,— 1
TSZ’ ey
where a is the lattice spacing, ¢ is the nearest-neighbor hop-
ping integral, t, &1 is the valley index, o,/ is the Pauli
matrix spanned by the conduction and valence states, S; is the
Pauli matrix for a spin, A is the band gap, A is spin splitting.
The Berry curvature in the CB is given by

A
H = at(t;kco + kyoy) + EUZ — AT

2a*t’ A
Qk)=—————r1. @)
(4a%t2k? + A2)?

The two quantities, Berry curvature (£2,(k)) and orbital
magnetic moment (m(k)) are fundamental quantities in val-
leytronics [47], where an in-plane electric field is responsible
for an anomalous velocity of Bloch electrons perpendicular to
the electric field, as given by [8,9]

de, (k)
dk

(k) = — eE x ,(k), 3)
where the second part corresponds to the anomalous velocity
proportional to the Berry curvature; v, ~ E x 2,(k) [47,48].
The Berry curvature €2,(k) of band n at the k point is calcu-
lated from the first-principles wave function, using the Kubo
formula [49-51] given by
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FIG. 3. The Berry curvature (a) as a contour map over the entire
2D Brillouin zone, (b) as a curve along high symmetry points.
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where 9, , are the velocity operators and the summation are
overall the occupied states and plotted along high symmetry
K’ - T - K paths, as shown in Figs. 3(a) and 3(b). As it can
be seen in Fig. 3, the nature of the Berry curvature (k) is
completely reversed at the +K and —K (K’) valleys due to the
time-reversal symmetry €2,(k) = —2,(—k) [48]. Hence, the
Bloch electrons at K and K’ will acquire anomalous velocity,
and move along opposite directions under the influence of
in-plane electric field, which is called the valley Hall effect.
Also, the Berry curvature in the VB is equal to that in the
CB but with opposite sign 2, = —2, . Hence, the optically
excited or photogenerated electrons and holes at same K will
transport along opposite directions under the application of
in-plane electric field. However, the Berry curvature is zero for
materials with inversion symmetry. Hence, broken inversion
symmetry is necessary for valleytronics.

The contrasting values of 2,(k) and m at the K and K’
high symmetry points give rise to selective excitation in the
two valleys by photons differing in optical circular helicity.
The Berry curvature 2(k) and optical circular dichroism 7 (k)
are related by

_Qu(k)Z e
(k) 2h

n(k) = A(k), ®

where wh = eh/2m* and A(k) = (4a’t’k> + A?)'/? is the
direct transition energy, or band gap at k. At the energetic
minima at the K and K’ points, full selectivity occurs when
n(k) = —t, [9]. The interband transitions at K valley (t, =
+1) only couples to right-handed circularly polarized light
(RHCP) (ot), whereas left-handed circularly polarized light
(LHCP) (o 7) is used to excite the carriers at K’ (t, = —1),
as pictorially shown in Fig. 4(a) [24]. The circularly polar-
ized light cannot only be used to populate the individual
valleys but also, the spin-dependent excitation is possible
with different optical excitation frequencies. The valleys are
separated in momentum space and as a result, the electronic
transitions between these discrete valleys of the same energy
are energetically forbidden. Hence, the spin valley locking
provides a unique opportunity to manipulate different degrees
of freedom, which is the basis of next-generation devices, i.e.,
valleytronics and spintronics for encoding information [9,52].
Equation (5) is valid only for noninteracting interband transi-
tions. For excitons with strong mutual Coulomb interactions,
the valley-contrasting optical selection rule is described by
nontrivial topological winding number in presence of N-fold
rotational symmetry given by m = w £ 1 + nN; where m is
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FIG. 4. (a) Spin and valley coupled optical selection rules in HfN, The discrete valleys coupled to different circular helicity (c+, ™)
with transition frequencies (w,, @), the spin splitting at CB and VB valleys are denoted by A/, (b) Photoinduced valley Hall effect when
circularly polarized light incident on it, where the charge Hall current is spin and valley polarized, (c) Spin and valley Hall effects under
linearly polarized optical field with a frequency w,, (d) Valley polarization with opposite circular polarization having a frequency w, and w,.

angular momentum of exciton, w is winding number, and n is
the integer [53-55].

The combination of broken inversion symmetry with
strong SOC along with the direct band gap having band edges
at the high symmetry K point makes HfN, monolayer an ideal
system to realize valley polarization. Hence, the manipulation
of three intrinsic quantum Hall currents; charge, spin, and
valley Hall current in monolayer HfN, by optical selection
rule has been discussed below.

A. Colors and sign convention

“o T represent the RHCP whereas “o ~” represent LHCP.
“+” and “~” in Fig. 4 represent the holes and electrons. “1 ”
and “| ” represents spin-up and spin-down. The cyan color
indicates the charge carriers at the K valley whereas the green
color represents the same for the K’ valley.

B. Spin sign convention

The unoccupied spin-up (-down) state in the VB is referred
to as a spin-down (-up) hole [23].

The spin /valley Hall effect has been discussed for HfFN,
monolayer under selective optical field radiation with different
polarization and frequency for applications in spintronics and
valleytronics.

Referring to Fig. 4(a), under the excitation with RHCP
(o) having frequency w, (o (w,)), the spin-down electrons
and spin-up holes will be populated in the K valley [23]. And
similarly, for o (w,) spin-up electrons and spin-down holes
will be generated in the same K valley.

When the helicity is reversed to LHCP (o ~) with frequency
w,, it will generate spin-up electron and a spin-down hole

in the K’ valley. And with frequency w,, spin-down electron
and spin-up holes will be populated in the K’ valley. Hence
the individual valleys can be populated through the optical
selection process.

To populate only the K valley, the sample under study
needs to be illuminated with o™ (w,) optical field to generate
photoexcited spin-down electrons and spin-up holes. Upon
applying an in-plane electric field, they will acquire opposite
transverse velocities because of 2, = —2.x as stated above
and moved to two opposite sides say A and B, as schemat-
ically shown in Fig. 4(b). So, the electrons and holes are
accumulated at two opposite boundaries of the sample. This
will lead to Hall current of valleys, spins, and charges.

The linearly polarized light is the combination of RHCP
and LHCP. Hence, it will excite the electrons and holes in both
K and K’ valleys. Considering linearly polarized light with a
frequency o, incident on the sample, spin-down electron, and
spin-up holes will be generated in the K valley, while spin-up
electron and spin-down holes will show up in the K’ valley.
Considering the carrier dynamics in these discrete valleys, the
electrons will move towards side A (say) whereas the holes
will move towards B for the K valley excitons and vice-versa
for K’ valley excitons, as shown pictorially in Fig. 4(c). This
will cause the valley Hall effect. Sides A and B corresponding
to opposite spins will lead to the spin-Hall effect. But since
both electrons and holes are accumulated at both ends of the
sample, the charge neutrality will be maintained and hence,
the charge Hall current will not be observed. In this case, each
boundary will carry a net spin and a valley polarization.

Based on Fig. 4(d), upon irradiating Hf N, monolayer with
optical light with o (w,) and o~ (wy), spin-down electrons
and spin-up holes will be generated at both K and K’ valleys.
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FIG. 5. (a) Strain tunability of optical transition frequency, (b) the variation of spin splitting at CBM and VBM, (c) the evolution of Berry

curvature under uniaxial strain, (d)—(f) that for biaxial strain.

The accumulation of photoexcited carriers has been pictorially
presented in Fig. 4(d). The spin Hall and charge Hall currents
from the electrons will largely cancel out with that of holes in
both sides of the Hall bar. However, only valley polarization
will be observed in this case. The valley lifetime of an electron
can be directly measured with the emission spectra from both
the sides after the recombination of the unpolarized electron
with spin and valley polarized holes [23].

C. Strain effect on the electronic properties

Strain plays an important role in tuning various electronic,
catalytic properties in monolayer TMDs, as evident from
many theoretical and experimental studies. For example, the-
oretical studies predicted the well-known TMDC MoS, to
transform from direct to indirect band gap at a small 2%
uniaxial strain [56]. In this work, both uniaxial and biaxial
tensile as well as compressive strain within the range of +3%
has been applied to investigate its effects on the electronic
properties. The band structures have been calculated using
spin-polarized PBE-SOC and change in various parameters
in band structures have been shown in Fig. 5. Under tensile
strain, the band gap decreases whereas under compressive
strain it increases but remains direct band gap under the spec-
ified range of strain.

Figure 5 shows the effect of strain on the optical transition
energies (w, and w,), the spin splitting at CB (A.) and VB
(Ay), and Berry curvature of the monolayer HfN,. The optical

transition energies (w, and w,) increase/decrease monoton-
ically with the application of compressive and tensile strain
within +3% to —3%, respectively. The magnitude of spin
splitting at the CB is found to be insensitive to the small
applied strain, clearly indicating its robustness against me-
chanical deformation. The spin splitting at VB edge or valleys
increases (decreases) under compressive (tensile) strain by
a very small magnitude, as shown in Fig. 5. The physical
origin of such behavior is attributable to the variation in the
degree of contribution by the Hf (p,) orbital to the VB edge
or valleys. As mentioned earlier, this orbital couples weakly to
spin, which is responsible for the small spin splitting around
the VB edge or valleys. Application of 3% tensile (compres-
sive) strain reduces (increases) the percentage contribution of
Hf (p,) orbital in the VB or valleys by 2% (1.6%), which
decreases (increases) the spin-orbit coupling and in turn, the
spin splitting at the VB edge by a marginal proportion. The
higher (smaller) contribution in % by this orbital accounts
for a higher (smaller) SOC and in turn, a larger (smaller)
spin splitting. The Chern number C is obtained by integrating
the Berry curvature 2(k) over the first Brillouin zone [57],
C= % > J d*k Q,, has remained zero (=Cx + Cx') where
K and K’ are the two valleys of the honeycomb lattice.

D. Valley contrasting physics in HfN, /WSe,
van der Waals heterostructure

Although much effort has been made to explore the mate-
rials showing exceptional valley polarization for valleytronics
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FIG. 6. Top and side view of the optimized geometry of
HfN,/WSe, vdWH.

application, the intrinsic limitation of short valley lifetime
of excitons in those monolayers ~2.1 (2.5) ps for the MoS,
(WS;,) monolayer [58,59] hinders realizing their potential
valleytronics applications. Recent experiments and theoretical
studies on TMDs have shown, the valley lifetime is severely
inhibited by the electron-hole exchange interaction [60-62].
However, this issue can be avoided in particular type-II
(vdWH) where the CB minimum and VB maximum originate
from different layers. Hence the lifetimes of valley excitons
get extended as experimentally observed in WSe,;/MoSe;
vdWH (40 ns) [63], 1.8 ns in MoSe,/WSe, [64].

In contrast to the above discussion, the 1H-WSe, mono-
layer is chosen as the substrate for the predicted HfN, for
constructing a van der Waals heterostructure where HfN, is
stacked over the 1H-WSe,. The 1H-WSe, monolayer is a
direct band gap semiconductor having a band gap of 1.53 eV
and the band edges are located at high symmetry K point
as shown in Fig. S2. In Fig. S2, the valley spin splitting of
~468/36 meV around VB/CB is observed while the relativis-
tic effects have taken into account. The electronic structure of
monolayer WSe, with and without SOC has been provided in
Fig. S2. Other than WSe,, experimentally synthesized MoTe,
and a test candidate 1H-WTe, has been explored as a suitable
substrate for HfN, as discussed below.

E. Optimized structure and stability

The optimized interlayer distance between the two lay-
ers have obtained from the minima of interlayer distance
and binding energy curve [65] as shown in Fig. S3 in the
Supplemental Material [46] and found to be 3.5 A with an in-
terlayer binding energy of —21.97 meV /A2 . The top and side
view of the optimized geometry is presented in Fig. 6. The
thermal stability of the optimized heterostructure has been
ascertained by canonical ensemble-based AIMD simulation
at room temperature. The snapshot of the final structure with
the fluctuation of energy has been plotted in Fig. 7. More-
over, no broken bond has been found in the final structure
that confirms experimental feasibility at room temperature.
Further, mechanical stability has been confirmed satisfying
Born-Huang’s stability criteria as discussed in the mechanical
properties section below.

F. Electronic properties of the HfN,/WSe, vd WH

The electronic band structure of the optimized geome-
try calculated using the GGA-PBE functional clearly shows
the formation of type-II vdWH with a direct band gap of

-199.0

Energy (eV)

-199.5}

0 1 2 3 4 5
Time step (ps)
FIG. 7. The snap shot of the final structure along with the en-

ergy fluctuation in total energy in molecular dynamics simulation
performed at 300 K.

1.36 eV where the CBM and VBM are contributed by HfN,
and WSe, monolayers, respectively, as shown in Fig. 8. Fig-
urre 8(b) clearly shows the Zeeman type spin splitting at K
and K’ near both the CB and VB edges by including SOC.
Although the GGA-PBE exchange-correlation functional un-
derestimates the band gap, it reliably brings out the essential
physics and trends. HSE-06 [66] with SOC has been excluded

(a) _ HIN/WSe, ree (b) _ pBESOC
37 3 %

Bottom K-valley

'N' WSe,

Interlayer hopping

Interlayer valley polarization exciton

FIG. 8. (a) The electronic band structure of HfN,/WSe, vdWH
using GGA-PBE, (b) Spin-resolved band structure projected along
the spin orientation S, incorporating SOC, the red color in the color
bar indicates a spin-up state and the blue color indicates a spin-down
state, (c) Berry curvature of vdWH associated with VB edge plotted
in the & plane, (d) Schematic illustration of the formation of interlayer
valley excitons and interlayer hopping within the same spin states
and interlayer valley polarization excitons at the K valley of the
vdWH. The o is the right-handed circularly polarized light.
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FIG. 9. Electronic band structure using GGA-PBE functional
with and without including spin-orbit coupling and Berry curvature
associated with VB of (a) HfN,/WTe, and (b) HfN, /MoTe, vdWH.

here because of its huge computational cost. The novelty of
constructing this vdWH is seen in the band structure plotted
in Fig. 8(b), where the nearly equal magnitude of spin split-
ting at both CB and VB is realized by interfacing these two
semiconductors, which would be highly suitable for futuristic
applications in valleytronics. The Berry curvature (£2,(k)) as-
sociated with VB of the vdWH is calculated including SOC
and plotted in the k plane as shown in Fig. 8(c). The opposite
Berry curvature at K and K’ results in both electrons and holes
contributing to Hall conductivity or magnetization [67,68].
Apart from the above stacking pattern, two more stacking
patterns have been studied, as provided in Fig. S4, where
type-1I band alignment is noticed; however, a slight variation
in band gap is observed across the stacking patterns. The
interlayer binding energies are close to each other in all the
three stacking orders studied in this work.

G. Principle of action or working mechanism

At the K valley, resonant photoexcitation with right circu-
larly polarized light will selectively excite the electron-hole
pair (i.e., exciton) in the WSe, monolayer and the ultrafast
electron transfer process [69] in type-II vdWH will move
electrons to the HfN, monolayer, which is known as interlayer
hopping within same spin states, thereby leaving the holes be-
hind in the WSe, monolayer, as shown in Fig. 8(d) [67]. These
valley-polarized excitons can have an extended lifetime due

to the suppression of radiative recombination and exchange
interaction as the electrons and holes are spatially separated
in the two individual monolayers in the van der Waals hetero-
bilayer [61,62,70]. Since the band offsets in the CB edges and
the VB edges between the two individual monolayers are very
small, external perturbations, such as, strain and electric field,
will play a significant role in the alteration of its electronic
properties [71].

The choice of a suitable substrate with tunable and desired
properties is very important from an experimental point of
view. To address the role of substrate, HfN, has been sup-
ported over 1H-MoTe, and 1H-WTe, monolayers, one at a
time, as illustrated below in Fig. 9. 1H-WTe; is chosen apart
from MoTe, because of its highest spin splitting ~485 meV
among all the TMDCs at the VB edge. As evident from the
band structure, HfN, forms a type-II band alignment with the
above-mentioned TMDCs, while the band gap in the vdWH
varies with the substrate. Band offsets between two consti-
tutent monolayers in HfN, /WSe, are very small at both CB
and VB edges, whereas appreciable band offset is observed
at the other two vdWH, i.e., HfN, /1H-MTe, (M = Mo, W).
Moreover, a large VSS is noticed at both CB and VB edges in
these two vdWHs.

H. Elastic properties of monolayers and vd WH

The knowledge of elastic properties is essential for practi-
cal applications of the material in modern technology. Hence,
all the mechanical properties including bending modulus,
critical buckling strain, and intrinsic strength have been thor-
oughly investigated. The elastic constants C;; have been
evaluated from the strain-energy curve [72,73] as imple-
mented in the VASPKIT code [74]. It is found to be in
excellent agreement with the reported values [42]. The 2D
layer modulus, which represents the resistance of a nanosheet
to stretching, is given by [75,76]

yP = LCh + il ©)

while Young’s modulus () = C‘Z‘C;HC‘ZZ, Poisson ratio (v) =
Ci12/Cq1, and Shear modulus (G) = Cge. Furthermore, the in-
trinsic strength (oj,) and bending modulus (D) of a nanosheet

can be derived using Refs. [65,76] oj, ~ %, D= %
where £ is the thickness of the nanosheet (hgm = 1.674 A,
hwser = 3.36 A, huNo/wse2 = 8.5 A). The elastic constants
obtained for the monolayers as well as vdWH satisfy Born-
Huang stability criteria and other mechanical properties are
tabulated in Table I.
Born-Huang stability criteria:
Cu > |Cral, CiiCn — Cf, > 0.

Cyn >0, Cg >0,

TABLE I. The calculated mechanical stiffness constants C;;, layer modulus (y?P), Young’s modulus ('), Poisson’s ratio (v), intrinsic

strength (o;, ), bending modulus (D) of monolayers, and vdWH

System C1 (N/m) Ci» (N/m) Css (N/m) y?P (N/m) Y (N/m) v Oine (N/m) D (eV)
HfN, 151.54 83.93 33.80 117.73 105.06 0.55 11.67 2.19
WSe, 145.331 40.051 52.640 92.691 134.29 0.27 14.92 8.5

HfN,/WSe, 331.704 129.50 101.102 230.602 281.14 0.39 31.23 124.57
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TABLE II. Calculated effective mass (m*), deformation potential E;(eV), carrier mobility p(cm>V~'s™!) for electrons and holes along

high symmetry directions at 300 K

System High symmetry Direction Charge Carrier [m* /m,| |E;| u [Lang et al. [77]]
HfN, K—>T Electron 0.561 2.9 1179
Hole 0.876 0.88 5927
K—>M Electron 0.589 29 1123
Hole 0.722 0.88 7192
WSe, K - T Electron 0.382 9.22 239.3
Hole 0.487 4.27 650.81
K—->M Electron 0.416 9.22 219.73
Hole 0.590 427 537.2
HfN,/WSe, K —> T Electron 0.587 3.16 2020.7
Hole 0.469 1.34 16153
K—>M Electron 0.607 3.16 1954.1
Hole 0.576 1.34 13152

The critical buckling strain (¢.) of a 2D material can be

derived using €, = —4472? , where L is the length of the 2D
nanosheet in the unit of A. For the same length L (in A), the

critical buckling strain for the isolated monolayers and vdWH

HfN, _ _ 1317 _WSe; _ _ 40 _HfN,/WSe; _
are found to be €. = — =77, €09 = — 13, €, =
_280.22
522,

"léhe bending modulus (2.19 eV) and high buckling strain
of monolayer HfN, have been calculated and found to be
more robust as compared to graphene [76]. Hence, the HfN,
monolayer will show higher resistance against all kinds of
mechanical deformation. The calculated bending modulus of
HfN,/WSe, vdWH was found to be ~124 eV compared to
that of graphene/MoS, (~252 eV) [76] vdWH showing robust
mechanical properties.

L. The charge carrier mobility of vd WH

The charge carrier mobility of HfN, monolayerhas been
calculated to be ~10° cm?V~'s~! in the earlier report [42].
Furthermore, the carrier mobility of the vdWH has been eval-
uated using the formulation of Lang et al. [77,78], which is the
improvised version of the one originally proposed by Bardeen
and Shockley [79,80] based on deformation potential theory
[81-83]:

eh3(5C|1<§3C22)

keT ()3 (my)3 (P 0ER)
where m Jy are the direction-dependent effective masses, T is
set to room temperature (300 K), E; is the deformation po-
tential calculated from the linear fitting of CBMs and VBMs
with respect to the infinitesimal uniaxial lattice dilation, and
compression along a particular direction, as shown in the
Supplemental Material in Fig. S5 [46]. The elastic constants
C;; have been tabulated in Table I. The carrier mobility along
with the related parameters of HfN,/WSe, are tabulated in
Table II and that for HfN,/WTe, are provided in Fig. S6,
Tables S1, and S2.

Such a large carrier mobility ~16 x 10° cm?>V~!s~! along
with direct band gap HfN,/WSe, type-II heterostructure is
very interesting, not only for valleytronics application but also
for nano/optoelectronics and other device-based applications.

[y = O

IV. CONCLUSION

In summary, valleytronic properties in HfN, monolayer
have been observed. It combines the best of the properties
in Group VI and IV transition metal dichalcogenide (TMDC)
monolayers. It is a direct band gap semiconductor, where
the CB minimum (CBM) and the VB maximum (VBM) are
located at high symmetry K point similar to Group VI TMDC
monolayers. While the band edges are decoupled as found
in Group IV TMDC monolayers. The strong SOC lifts the
out-of-plane spin degeneracy at the band edges where the
large valley spin splitting is observed at the CB, in contrast
to Group VI TMDC monolayers, where spin splitting occurs
at the VB. The large spin splitting near the CB ~315 meV
in this hexagonal monolayer with broken inversion symme-
try structure is of prime importance in the valley and spin
dynamics in nanoscale physics. On the other hand, manipu-
lation of all three intrinsic degrees of freedom (a charge, spin,
valley) has been demonstrated via the optical selection rule
for next-generation quantum information encoding. The spin
splitting is found to be insensitive to a small magnitude of
applied strain. However, the optical transition frequencies are
effectively tunable via application of strain without affecting
the spin splitting. A type-II van der Waals heterostructure
(vdWH) prototype has been constructed by interfacing HfN,
and 1H-WSe; monolayers, where large spin splitting at both
CB and VB is realized. And the exciton valley lifetime is
extendable in this vVWH due to spatial separation of elec-
trons and holes in the individual monolayers, which in turn,
will enhance the performance of the valleytronic based de-
vices. As a result, unusual valley contrasting physics shows
up at this interface. Vertical strain can be utilized in tuning
the electronic properties in HfN, /WSe, van der Waals het-
erobilayer (vdWH). The mechanical properties indicate the
structural robustness of the HfN, monolayer and the designed
vdWH against mechanical deformation. And the high charge
carrier mobility ~10° cm?>V~!s™! of HfN, monolayer and
16 x 10* cm®V~'s~! for HfN, /WSe, vdWH make them ideal
materials for their integration into next-generation valleytron-
ics, spintronics, and nanoelectronics. Hence, once the HfN,
monolayer is synthesized, its superior properties will push it
far ahead of the traditional transition metal dichalcogenide
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monolayers in the realm of next-generation quantum elec-
tronic devices.
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