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Abstract

Over the past few years various valleytronic properties have been predicted in graphene-
like p-electron honeycomb structures with staggered sublattice on-site potential. However, most
of these studies are based on model calculations and direct studies on real materials are still rare.
In this work, we propose an experimentally feasible structure based on an epitaxial growth of
In/T1 honeycomb lattice on a semi-hydrogenated graphene/diamond thin film substrate. Our first-
principles calculations reveal that due to different absorption sites of the two In/Tl sublattices,
the inversion symmetry and quasi-2D inversion symmetry are broken, yielding inequivalent band
gaps at the K and K’ points of the Brillouin zone. In addition, compared with previous graphene-
based models, In/T1 also has a large spin-orbit coupling (SOC). In this regard, such a p-electron
based system is a good candidate for valley selective circular polarization light absorption.
Simultaneously, by integrating its Berry curvatures, we reveal a large SOC induced anomalous

Nernst effect, which supports a pure spin current at its Fermi level.
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1. Introduction

The discovery of two-dimensional (2D) transition metal dichalcogenide (TMD) has given
rise to immense interest in valley contrasting physics and its potential applications [1,2]. Valley
is viewed as a novel degree of freedom of an electron, in addition to its charge and spin. In a
honeycomb lattice, the two valleys can locate at the corner of the first Brillouin zone (BZ), well
separated with weak inter-valley interactions. When the structure lacks inversion symmetry,
these two valleys become inequivalent and the valley excitations are contrasting [3]. Electrons in
different valleys can then be selectively excited by different circularly polarized light. This leads
to possible realization of valleytronics, providing an opportunity for an effective control of
quantum computing and optoelectronics. Consequently, the search and design of valleytronic

materials is an active field.

Currently there are two main categories of proposed valleytronic materials. One belongs
to the family of TMD monolayers such as H-MoS,, whose valence and conduction bands are
mainly contributed by Mo-d electrons, mixed with small portion of S-p., electrons. The
contrasting valley behavior comes due to the breaking of inversion symmetry and inclusion of
large spin-orbit coupling (SOC) interaction [4]. The other family is based on p-electron
homoatomic honeycomb materials with staggered sub-lattice on-site potential (the on-site energy
difference is denoted as A) [5-10]. The p-electron spintronics is advantageous over the
conventional d- or f-electron based magnetic systems due to long electron spin coherence time.
Such staggered potential breaks the inversion symmetry and opens a band gap at the corner of
the first BZ. Up to now most studies in this family are based on model calculations and limited to
graphene monolayer which has small SOC. In reality, a substrate is required to introduce such
staggered potential into honeycomb lattice. How to select a suitable substrate has not been well
discussed and remains an open question. In addition, the marginal SOC interaction of graphene-
based systems hinders their potential applications. In this regard, finding realizable homoatomic
honeycomb structures composed of heavy p-electron atoms with an appropriate substrate is

important for developing new valleytronic devices.

This is not easy because the adsorbed honeycomb layer should have small lattice
mismatch with the substrate, and the whole system has to be dynamically stable and

experimentally feasible. Furthermore, the substrate has to open a large bulk band gap around the



Fermi level, hence the low energy bands are mainly contributed by the adsorbed honeycomb
layer. The optimal adsorption pattern of the honeycomb layer has to possess quasi-2D inversion
asymmetry, so that it opens a direct band gap, rather than forming a Dirac point at the Fermi
level [11]. Here, we propose a possible route to realize valley contrasting properties in a feasible
p-electron based homoatomic honeycomb lattice composed of heavy atoms. By using first-
principles calculations we predict a stable valley contrasting honeycomb (/4-) indium (or thallium)
monolayer supported on a semi-hydrogenated graphene. Such semi-hydrogenated graphene sheet
(referred to as graphone) was first predicted theoretically [12, 13] and later successfully
fabricated in experiments [14]. The 4-In/Tl1 monolayer can then be experimentally fabricated by
molecular beam epitaxial or chemical vapor deposition technique. We denote the saturated C
atoms as C1, and the unsaturated atoms as C2. We find that in the ground state, one sub-lattice of
h-In resides on the Cl1 site, while the other sub-lattice of /-In prefers the C2 site. In this way, the
graphone substrate provides a staggered sub-lattice on-site potential for 4-In monolayer, and the
quasi-2D inversion symmetry is broken. While the isolated /-In monolayer is dynamically
unstable, the graphone substrate stabilizes it according to our phonon dispersion calculation.
Band structure calculation based on generalized gradient approximation (GGA) further reveals a
direct band gap of 46 meV at the K point of the BZ, and hybrid functional treatment of
exchange-correlation potential validates this direct band gap with a value of 176 meV. Both
valence and conduction bands are located inside the band gap of the graphone substrate. Due to
the breaking of inversion symmetry, the valleys of 4-In monolayer become inequivalent. The
SOC interaction induces an obvious Rashba type band splitting; hence, this material exhibits
ideal Rashba states that are well separated from substrate bands [15]. The spin texture of
conduction band shows a clear hedgehog skyrmion pair around the K and K’ valley. We also
reveal a valley selective phenomenon for inter-band transitions at K and K’ points. Furthermore,
by integrating Berry curvatures we observe a large anomalous Nernst effect at room temperature
and a pure spin current can be generated by a thermal gradient. The substrate thickness effect is

also discussed. Similar Rashba effect can be observed in /#-T1 monolayer on graphone.

I1. Computational Details



The first-principles calculations are based on density functional theory as implemented in
the Vienna ab initio simulation package (VASP) [16]. We use GGA to treat the exchange-
correlation potential in the form proposed by Perdew, Burke, and Enzerhof (PBE) [17]. The core
electrons are treated by projector-augmented wave method [18], and a planewave basis set is
used to describe valence electrons. The cutoff energy is set to be 520 eV. The simulation
supercell contains a (2x2) graphone substrate (eight C atoms and four H atoms) and two In
atoms, with a small lattice mismatch. Vacuum space of 18 A is applied along the z direction to
avoid interactions between different image layers. Following a convergence test, a I'-centered
(9%x9x1) Monkhorst-Pack k-point mesh [19] is used to represent the reciprocal space for
optimizing the geometry and calculating the electronic property. In order to calculate the Nernst
conductivity coefficients, we integrate Berry curvatures in the whole 2D BZ. The integration is
performed on a fine k-point mesh. We use a (90x90x1) k-mesh to represent the region having
almost constant Berry curvatures, and a much denser k-mesh equivalent to (450x450x1) is
applied when the Berry curvatures change dramatically. We use conjugated gradient method to
optimize the structure without any symmetry constraint. The convergence criteria of total energy
and force components are set to be 1x10™ eV and 0.01 eV/A, respectively. The phonon
dispersions are calculated using the density functional perturbation theory (DFPT) method
implemented in the Phonopy code [20].

I11. Results
A. Electron counting consideration of adsorbing layer

The reason for selecting group-IITA elements In/T1 is based on the following electron
counting analysis. By evaluating the atomic radii of 5p and 6p elements, we found that a (2x2)
graphone sheet (thinnest diamond (111) film) would have small lattice mismatch to support a
honeycomb structure composed of two heavy atoms in the simulation supercell. In each supercell
of a (2x2) graphone, there are four exposed C-p. orbitals that need to be saturated so that the
magnetism of graphone substrate can be totally quenched. Therefore, four electrons are needed
from the heavy atoms. In addition, each heavy atom needs one electron to form valence bands.
Hence, each heavy element should contain (4/2+1) = 3 valence electrons. This requires a group-

ITITA element, i.e. In or Tl in the 5p and 6p blocks, respectively. In this case, all dangling bonds



of C atoms are saturated and a large band gap appears in their projected band structure. Hence,
the A-In/Tl lattice would show valence and conduction bands in the gap of substrate C, with band
extrema (valence band maximum, VBM; conduction band minimum, CBM) appearing at K and

K'points of the BZ. Our numerical results in the following confirm these analyses.

B. Geometric structure and dynamical stability

In Figure 1(a) we show the structure of A-In monolayer epitaxially grown on the
graphone substrate, whose C1 is saturated by hydrogen and C2 is not. We find that in the
optimized ground state, both In atoms in the simulation supercell are chemically bonded with
graphone C atoms. In particular, one In is on the top site of the C1 atom while the other is on the
C2 atom. The binding energy between the /-In monolayer and the graphone substrate is
calculated to be Ey, (= Epm + Egraphone — Eh-in@graphone) = 2.56 €V per simulation supercell,
confirming chemical bonding between In and C atoms. Relative energies for other absorbed
patterns are given in Figure S1 of Supplemental Material [21]. In the ground state, due to the two
inequivalent In atoms in the supercell, the #-In monolayer is not flat. The In atom bonded with
the C1 is lower in height by 0.39 A than the one located above C2. This corresponds to a
staggered on-site potential for 4-In monolayer which could lead to contrasting valley properties.
Our phonon dispersion calculations show no imaginary frequencies [Fig. 1(b)] which confirm its
dynamical stability. Note that group-IIIA element based honeycomb sheets are not dynamically
stable in their freestanding state as they are inconsistent with the aromatic rule. However,
graphone works as a support to stabilize it. No gap is observed between the acoustic and optical

branches.
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FIG. 1. (a) Structure (top view and side view) and (b) phonon dispersion of an epitaxial
h-In monolayer grown on graphone. Orange, gray, and white spheres in (a) represent In, C, and

H atoms, respectively.

C. Electronic structure with and without spin-orbit coupling

Next we calculated the electronic properties of the epitaxial 4-In monolayer supported on
graphone. Consistent with our above electron counting analysis, the electrons from In atoms
form o bonds with the C2-p, electrons, so that magnetism of graphone is totally quenched. Figure
2(a) shows our calculated band structure without including SOC interaction. We use blue circles
to represent states projected onto In-p. orbitals, with their radii proportional to percentage
contribution from In-p, orbitals. We see that both valence band (n character) and conduction
band (n* character) are doubly degenerate in spin up and spin down channels and are mainly
composed of In-p. electrons (with a small portion of C-p. due to their ¢ bonding). Besides, a
direct band gap of A =46 meV at K (and K') point of the BZ is formed. This nonzero finite band
gap is due to breaking of quasi-2D inversion symmetry [11] of the A-In layer. Note that the
frontier bands are located inside the band gap of graphone substrate. Next, we turn on the SOC
interaction. Due to the lack of inversion symmetry, SOC shows Rashba character, which is
sketched in the inset of Fig. 2(a). The doubly degenerate valence and conduction bands split into

two bands (referred to as VB—1, VB; and CB, CB+1). Here the indices VB—1 and VB denote the



N-1" and N™ bands at each k-point, respectively, where N is the total number of electrons in the
simulation supercell. The CB and CB+1 correspond to the N+1™ and N+2™ bands, respectively.
Hence, at each valley, Evp | < Eyvs < Ecs < Ecp+1. As shown in Fig. 2(b), for the CB and CB+1,
the Ecpx is energetically lower than Ecpiix by 5.5 meV. Here, we use E,x to denote the
eigenvalue of the n-th band at the k point of the BZ. On the other hand, the Evpx is higher in
energy than Evg 1 x by 20 meV. Hence, after including SOC interaction, the global band gap of
the system decreases to 35 meV which can be observed at room temperature. Note that such
Rashba states are well situated inside the band gap of the substrate. This shows an “ideal” feature
that can be detected and used as a strong modulation of spin-polarized current in spintronic

transistor [15].

1.5
NoA—o|

1.0 F

T

v
3
‘ 9
\

B Rashba

Energy (eV)




FIG. 2. Band structure (a) without and (b) with SOC interaction of A-In monolayer
adsorbed on graphone. In (a) we use blue circles to represent In-p, orbital contributions of each
state. The sketch of Rashba-type SOC induced band splitting is shown in the inset of (a). The
color in (b) represents the «s.> of each state. Inset of (b) shows the zoom-in band dispersion
around the K point. (¢) The spin textures of VB—1, VB, CB, and CB+1 bands. The in-plane spin
texture is shown as arrows, while the «s,> is shown by the background colors, with blue and red

indicating spin up and spin down, respectively.

As it is well known that the PBE functional underestimates the band gaps, we use the
HSEO06 hybrid functional [22, 23] to verify the computed band structure. Compared with PBE
results, the band structures calculated by HSEO06 shift away from the Fermi level, while keeping
their main dispersive profiles (Fig. S2 in Ref. [21]). The direct band gap (without SOC) between
the valence and conduction bands is increased to 176 meV. When SOC is included, we again see
obvious Rashba splitting, and the band gap between the VB and CB at K (K') point is 107 meV,
which is sufficiently large to be observed and used at room temperature. The energy difference

between VB-1 and VB at K is 40 meV, and that between CB and CB+1 is 37 meV.

We also calculate the spin texture of these bands s> = [<Sxuks Syuk »» Szak>], Where
Sink> = Wukloi2|lyme (i = x, y, z, and o; is the Pauli matrix). As shown in Fig. 2(c), one clearly
sees that the spin texture shows opposite values between VB and VB-1, and between CB and
CB+1, due to time-reversal symmetry. In particular, the «s,» of VB at K is positive (spin down),
while it is negative (spin up) at K’ point. For the CB, the «s.> shows positive and negative value at
K and K, respectively. It becomes flat (only in-plane component) and flips its sign in the vicinity
of K and K'. The in-plane spin texture (s., s,) of these bands are plotted as arrows. We observe
that in the CB (CB+1), the in-plane spin texture around both K and K' are pointing radically
outward (inward), making both K and K’ serve as sources (sinks) of in-plane “spin flow”. This
corresponds to a hedgehog skyrmion [24, 25] spin texture pair at K and K’ as can be clearly
observed in a zoom-in texture (Fig. S3 in Ref. [21]). As far as we know, this skyrmion pair in the
conduction bands of p-electron based honeycomb lattice has not been observed before. By
calculating the topological charge for each valley, n = 1/41t><IM-((9)(M><(9yM)dk2 where M is unit

vector in the direction of spin texture, we obtain ng = —ng- = 1. This yields a topologically trivial



character of the whole CB (and CB+1), but for each valley the topological index is nonzero. The
in-plane spin texture for VB (VB-1) around both K and K’ are pointing outward (inward).

D. Valley selective circular polarization adsorption

The opposite behaviors of the two valleys imply an electronic valley contrasting character.
One important application of such valley contrasting system is its optical selectivity of valleys

which is measured by the degree of circular polarization [1],

P (k) [P (k)
P (k) +|P (k)

‘2

n(k)=

22

where P.(k) is inter-band matrix element of absorption of left-(+) and right-(—) handed polarized
luminescence between the VB and CB. It is evaluated as P+(k) = «ycBilpstip,|yve i, where p,
and p, are momentum operators. The calculated degree of circular polarization is plotted in Fig.
3(a), where we see that (k) has a C; rotation symmetry in the whole 2D BZ, consistent with the
crystalline symmetry of the system. In particular, at the direct band gap position, #(K) = +1 and
n(K") = —1. This suggests a perfect left-handed and right-handed valley selective absorption
which originates from the lack of inversion symmetry in the structure. Such valley selection

feature has also been verified by using HSE06+SOC method [21].
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FIG. 3. (a) The k-resolved degree of circular polarization #(k) in the whole BZ (left) and

along the high symmetry k-paths (right). (b) Berry curvature and (c) spin Berry curvature of /-In
adsorbed on graphone; in the whole BZ (up panel) and along the high symmetry k-paths (down

panel).

E. Berry curvatures and anomalous Nernst conductance

We then calculate the Berry curvature Q(K) and spin Berry curvature Q°(K) by using the

Kubo formula [26,27],
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where u is the chemical potential and j, is spin current operator defined as (vis,+s.v,)/2. The
results are plotted in Fig. 3(b) and 3(c). The Q(k) and Q°(k) are odd and even functions,
respectively, due to time reversal symmetry. We observe that both curvatures have pronounced
peaks at the K and K' valleys. The odd function of Q(k) makes the total Chern number C =
[d*kQ(K)/21 = 0. On the other hand, the Q*(K) and Q°(K") are both negative. However, in the
vicinity of K (and K') the Q°(K) shows positive values. The integration of the Q(k) in the whole
2D BZ also gives a vanishing number, C° = [@’kQ°(k)/2r = 0. This demonstrates that the band
gap of A-In monolayer adsorbed on graphone has a trivial topology, similar to that in H-MoS,
monolayer [28]. We also calculated the Q(k) and Q°(k) along the high symmetry k-path by using
HSE06+SOC method, and consistent results are obtained [21]. The HSE06+SOC calculated Q(k)
and Q5(k) have relatively lower peak at the valleys, due to the larger band gap. However, one
can see that the peak widths of (k) and Q3(K) also become larger, hence the integration over the

whole BZ would remain the same.

Very recently, Yu et al. predicted that H-MoS, and other TMD monolayers have a spin
and valley dependent anomalous Nernst effect [29]. Due to the Seebeck effect, a built-in electric
field develops in the opposite direction when the system is immersed in a temperature gradient.
Hence the electron moves under such an electric field. Simultaneously, movements in the
transverse direction appear under Lorentz-like force. This is termed as anomalous Nernst effect
and has been formulated in the language of Berry phases as a momentum space geometric effect
[29]. Motivated by this, we calculated the anomalous Nernst coefficient (ANC) and spin Nernst
coefficient (SNC) of the two valleys by separately integrating Berry curvatures,

: d’k , :

ANC*'=2¢; [ S Q)8 (k)= ra
K.K' dzk S ,
SNC**' =20, [ ——Q°(k)S(k)==(af" —a")

K.,K' 27[

11



where ay = ekp/2h, S(K) =, xInfx — (1 — fux)In(1 — f,x) is the entropy density and f,x is Fermi-
Dirac occupation. Here, a factor of 2e/h has been multiplied in Q(k) in order to convert the SNC
unit the same as ANC. a; and a; are spin resolved anomalous Nernst coefficients at each valley.
The integrations are carried out in a triangular region centered at K (and K') valley and its area
equals to half of the first BZ. In Figure 4(a) we show the chemical potential dependent ANC and
SNC for the K valley at room temperature, namely, 300 K. The ANC at K is positive (negative)
when the chemical potential is moved to higher (lower) energy range from the Fermi level (EF),
while it vanishes at the Fermi level. The dominant positive (negative) peak lies at 4 = 0.05 eV (-
0.05 eV), with value of around 0.2a (-0.14a). The calculated SNC curves show a positive peak
of ~0.20 at u =—0.2 eV. At the intrinsic condition (u = 0), the SNC is negative with the value of
about —0.1ay. Such nonzero value is due to the small band gap of the system, so that both valence
and conduction bands contribute to the calculated SNC. Due to the odd and even features of Q(k)
and Q%(k), the ANC for the K’ valley is opposite to that for the K valley, and the SNC for the K’
is the same as that for the K. This has been confirmed through DFT-GGA calculation. Note that
for each valley o,""* = (ANC**+2xSNC**)/2 and """ = (ANCK*2xSNC*X)/2 [Fig. 4(b)].
We find aTK’K '~ —a lK K which is due to time reversal symmetry and is consistent with previous
results for H-MoS, monolayer [29]. For the anomalous Nernst current, the spin current purity

factor (SCPF) is defined as

(o +ar')~(af +af)
SCPF = , .
o |+l |+l | +]at

b

which takes value between —1 and +1. As seen in Fig. 4(c), the SCPF shows a ~70 meV wide
terrace with value of —1 when y is located around the Er, while it increases continuously to +1 as
w1 is tuned away from the Ep. This is different from the case of H-MoS, where the SCPF is +1
when the u is tuned between the VB-1 and VB and is ill-defined around the Fermi level.

12
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FIG. 4. ANC and SNC as a function of chemical potential at 300 K around the (a) K
valley. The chemical potential dependent (b) spin resolved ANC for each valley and (¢) SCPF.
The zero chemical potential represents the Fermi level. (d) is the phase diagram for spin current

purity factor, and (e) shows the spin current in different valleys when the SCPF is quantized.

The physical meaning of quantized terraces of SCPF can be understood by analyzing the
spin resolved anomalous Nernst coefficients. Since o"* = —a % SCPF = (a*-
o iK)/(|aTK|+|alK|). There are four cases that lead SCPF to be £1: (i) aTK #0and a lK =0, SCPF =
sgn(a™); (i) a4* = 0 and " # 0, SCPF = —sgn(a,*); (iii) & > 0 and ;% < 0, SCPF = +1; (iv)
o4* <0 and X > 0, SCPF = —1. When the a;"xa; > 0, the SCPF is within the range of (1, 1),
indicating mixed spin current. When the a," = ;* = 0, the SCPF is ill-defined. The phase
diagram is shown in Fig. 4(d). Thus, the SCPF = +1 (-1) indicates that the spin up current is

moving along the positive (negative) y direction, while the spin down current is moving along

13



the negative (positive) y direction, when the temperature gradient is in the x direction [Fig. 4(e)].
Hence, in our proposed /4-In adsorbed graphone, one is able to obtain pure spin current induced

by thermal gradient at its neutral state.

We also calculate the ANC and SNC at different temperatures (Fig. S4 in Ref. [21]). The
ANC curves at K valley have similar features — they all show a positive (negative) peak when x>
0 (< 0). As the temperature decreases to 100 K, the peak width becomes narrow, while the height
of the peak almost remains at similar level. However, for SNC, one observes that at lower

temperature its peak magnitude becomes smaller, and vanishes at very low temperature.

F. Substrate thickness effect

We now consider the effect of the substrate thickness. We use a semi-hydrogenated (the
bottom C atoms saturated) diamond (111) thin film as substrate to support A-In monolayer.
Figure 5 summarizes the band energy variations with respect to number of C layers (n) of the
thin film, calculated using the PBE functional. SOC interaction has been included. We see that as
n increases, the system remains semiconducting and the global band gap gradually increases. The
calculated E, (= Ecsx — Evsx) becomes 57 meV when n = 4. The Rashba splitting in valence
and conduction bands show different behavior. As the number of layers increases, we observe
that the energy difference between CB+1 and CB at K valley is also increased (from 6 meV for n
=1 to 10 meV for n = 4), while the energy difference between VB and VB-1 decreases from 20
meV for n =1 to 7 meV for n = 4. We have calculated band gap variations with respect to the
layer number by using HSE06+SOC method, and the results are summarized in Fig. S5 [21]. We
still can observe clear Rashba splitting in all cases. In particular, the E, increases from 107 meV
for n = 1 to 938 meV for n = 3. This confirms that the substrate thickness is an effective

parameter to tune the band gaps, and the corresponding valley properties also can be manipulated.

14
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film with four C layers.

H. Honeycomb TI adsorption

Before concluding, we briefly discuss /#-T1 monolayer epitaxial growth on graphone. The
band structure is shown in Fig. S6 [21]. The system shows a similar direct band gap
semiconducting feature. Both valence and conduction bands are contributed by Tl-p. electrons
which are well located in the bulk band gap of the graphone substrate. The band gap calculated
without including SOC interaction is 54 meV. The SOC interaction lifts the degeneracy of
valence and conduction bands and narrows the band gap. Because T1 is heavier than In, the SOC
effect in A-Tl is stronger than that in A#-In monolayer. Hence, we observe larger Rashba-type
band splitting than that in 4-In case. The calculated Evpx — Evs-1x and Ecpr1x — Ecgx are 54
meV and 35 meV, respectively, and the band gap E, (= Ecgx — Evex) becomes 11 meV. This
also provides an opportunity to realize ideal Rashba bands in reality in future spintronic

applications.
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IV. Conclusion

In conclusion, using density functional theory, we predict a dynamically stable
honeycomb In/T1 monolayer which can be epitaxially grown on a semi-hydrogenated graphene
(or diamond) surface. The two In (or Tl) atoms in one supercell reside on different sites of
graphone, hence the system shows a direct band gap at K and K' valleys. Both valence and
conduction bands are mainly contributed by In/Tl-p, orbitals. Due to the lack of inversion
symmetry, two valleys are inequivalent. After including SOC interaction, the valence and
conduction bands show strong Rashba type splitting. Hedgehog skyrmion spin texture features
are observed in the split conduction bands at K and K’ valleys. This provides a realizable material
to have staggered on-site potential of p-electron honeycomb lattice, proposed in previous model
calculations. Due to strong SOC interactions, 4-In/T1 on graphone exhibits a perfect valley
contrasting circular polarization light absorption behavior. By integrating its (spin) Berry
curvatures, we reveal that such structures possess large Nernst anomalous conductivity, as well

as pure spin current.
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