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Inspired by the successful synthesis of hHv-graphane [Nano Lett. 15 903 (2015)], a new two-dimensional (2D) Janus
material Cu-graphane is proposed based on the first-principles calculations. Without the spin—orbit coupling (SOC) effect,
Cu-graphane is a Dirac semimetal with a highly anisotropic Dirac cone, whose Fermi velocity ranges from 0.12 x 103 m/s to
2.9 x 10° m/s. The Dirac cone near the Fermi level can be well described with an extended 2D Dirac model Hamiltonian. In
the presence of the SOC effect, band splitting is observed around the Fermi level, and a large intrinsic spin Hall conductivity
(ISHC) with a maximum value of 346 (%/¢) S/cm is predicted. Moreover, the spin Hall transport can be regulated by slightly
adjusting the Fermi energy, e.g., grid voltage or chemical doping. Our work not only proposes a new 2D Janus material
with a highly anisotropic Dirac cone and a large ISHC, but also reveals that a large ISHC may exist in some Dirac systems.

Keywords: graphane, anisotropic Dirac fermion, Janus, spin Hall effect

PACS: 71.70.Ej, 72.25.-b, 73.22.-f, 81.05.Zx

1. Introduction

Since its first successful synthesis, graphene has caught
widespread attention for its mechanical stability, high carrier
mobility, isotropic Dirac fermions, and other properties./!=]
In the graphene family, the graphane, i.e., hydrogenated
graphene, which is predicated as an insulator,®! has been pre-
pared experimentally with different methods since 2009.0-%1
Among them, the graphane with honeycomb H vacancies of
several ordered configurations, so-called hHv-graphane, has
been observed on the Cu(111) surface via scanning tunneling
microscopy.!'%! The hHv-graphane provides a perfect platform
to bond with other atoms due to its dangling bonds, and some
systems, e.g., As-graphane!'!l and Sn-graphane,!'?! have been
predicted, which hold unique properties including quantum
spin Hall effect (SHE), tunable spin transport properties, and
room-temperature quantum anomalous Hall effect. The M-
graphane (M = metal atom) is a Janus system with broken
mirror symmetry, suggesting its candidate applications in elec-
tronic, optoelectronic, nonlinear optics, and catalysis fields,
etc.[13-171 However, in these new Janus systems, only As-
graphane and Sn-graphane have been studied, which motivates
us to investigate new systems constructed by hHv-graphane
and transition metal atoms.

In this work, we combined the transition metal Cu atom
with hHv-graphane to construct a new two-dimensional (2D)
Janus material, Cu-graphane. Through phonon dispersion and
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ab initio molecular dynamics simulations, we demonstrated its
dynamic and thermal stability. Using comprehensive density
functional theory (DFT) calculations, we investigated its elec-
tronic band structure and spin transport characteristic. When
the SOC is ignored, we discovered an ultrahigh anisotropic
Dirac cone at an asymmetric point between the K and I points
near the Fermi level, characterized by a wide range of Fermi
velocities from 0.12 x 10° m/s to 2.9 x 10°> m/s along differ-
ent directions in k-space. Besides, this Dirac point can be
perfectly described with an effective 2 x 2 Dirac Hamiltonian
multiplied by a spatial rotation matrix. When the SOC is intro-
duced, the band structure splits, and Dirac points are slightly
gapped. Besides, its SHE is also investigated based on the
semi-classical theory. A large intrinsic spin Hall conductivity
(ISHC) with 346 (%i/e) S/cm is obtained, which can be mod-
ulated via grid voltage or electron—hole doping. Our work not
only proposes a new material with anisotropic Dirac points and
large ISHC, but also investigates the modulation of SHE.

2. Computational details

All density functional theory calculations are adopted by
the Vienna ab initio simulation package (VASP)!'®! with the
generalized gradient approximation (GGA) of Perdew—Burke—
Ernzerhof (PBE)!'! for the exchange—correlation potential.
The interaction between the electron and nuclei is expressed
with the projector-augmented wave (PAW) method.?! 700 eV
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is selected for the kinetic energy cutoff of the plane wave
function and 1077 is set as the energy convergence thresh-
old. The Brillouin zone (BZ) is sampled with 15 x 15 x 1
Gamma-centered Monkhorst—Pack grids.!?!! In all calcula-
tions, the vacuum layer is selected as 20 A, the shape and
volume for each cell are fully optimized and the maximum
force on each atom is less than 0.001 eV/A. The phonon dis-
persion curve is calculated with the code PHONOPY 22231
by a supercell 4 x 4 x 1. The first-principles molecular dy-
namics (MD) simulations are performed with a 3 x 3 super-
cell. Coulomb and exchange interactions of the localized
d orbitals in the Cu element are tested with the DFT 4+ U
method proposed by Dudarev ez al.>*?% The Berry curvature
and ISHC!?! are performed by the maximally localized Wan-
nier function method,?”! implemented in the WANNIERO0
package.!?®! The ISHC is obtained from the Kubo formula?”!

Py

nyffgvijvgzkgg}(k)a (1)

where V is the primitive cell volume, N,? is the number of k
points in the BZ, and the k-resolved term is

k) =Y, fu iy (K), 2

and the so-called spin-Berry-curvature-like term is[3%)
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where E,, and E,,;;, are the eigenvalues of n-th and m-th bands
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for the k-dependent Hamiltonian H (k), respectively, and f
3 {8, 9} is the
spin current operator, which is determined by the spin operator

$; = %6} and the velocity operator ¥, = % ag,gf) .

is the Fermi-Dirac distribution function. ;% =

In this work, the color map of Q2,7 (k) in Fig. 5 is defined
as

1 , > 10,
et — {sgn(x) ogioll, I @

x/10, |x| <10,

where the function sgn(x) refers to the sign of x.

3. Results and discussion
3.1. Structure and stability

The schematic structure of Cu-graphane is shown in
Fig. 1(a) with a top view and side view, respectively. Clearly,
these Cu atoms form a monolayer honeycomb lattice above the
graphane surface with a bond length of approximately 2.03 A
for Cu and C atoms, more crystal structure parameters can be
seen in Table S1. As shown in Table S2, a large binding en-

ergy of 3.474 eV is obtained in Cu-graphane. The dashed line

outlines the primitive cell of Cu-graphane with a lattice con-
stant of approximately 4.465 A. To demonstrate the stability
of Cu-graphane, we calculate its phonon dispersion curve, and
no imaginary frequencies are observed in Fig. 1(b). Besides,
as shown in Figs. 1(c) and S1, we perform the first-principles
MD simulations using a 3 x 3 supercell at 300 K, and the ther-
mal dynamical stability is ensured.
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Fig. 1. Structure and stability analyses of Cu-graphane. (a) Schematic
structure of the Cu-graphane with the top and side views, and the dashed
lines outline the unit cell of Cu-graphane. (b) The phonon dispersion
curves of Cu-graphane and (c) the ab initio molecular dynamics simula-
tion with temperature of 300 K.

3.2. Band structure and anisotropic Dirac fermion without
SOC

The band structure and the corresponding projected den-
sity of states (PDOS) for Cu-graphane are shown in Fig. 2(a).
It is illustrated that the Dirac point, marked as B, exists at the
Fermi level between the high-symmetry points I and K. Be-
sides, a very small band gap of about 20 meV is obtained at
position A between the high-symmetry points I" and M. In the
BZ, the positions of B and A are located at (0.1139, 0.1139, 0)
and (0.2, 0, 0), respectively. As the structure holds the Cg
symmetry, Cu-graphane has six equivalent Dirac points. Ac-
cording to the PDOS and the partial charge density analyses
in Fig. S2, these Dirac cones can be attributed to the overlap
of valence band and conduction band, which are mainly con-
tributed from the d > orbital of Cu atoms and p; orbital of their
nearby C atoms. To demonstrate the precise band structure of
Cu-graphane, the three-dimensional (3D) band structure near
the Fermi level is drawn in Fig. 2(b). Compared to graphene
or graphynes, %2132 Dirac points in Cu-graphane exhibit huge
anisotropic properties, and the band structure is similar to the
nodal ring (shown in Figs. 2(c) and S4).

To uncover the ultrahigh anisotropic properties of Dirac
fermions, the Fermi velocity of the Dirac point is calculated
based on the linear dispersions. The Fermi velocity of the
Dirac cone along different directions is shown in Fig. 3(a),
and we can find that the Fermi velocity of electrons and holes
almost has a reversal symmetry, which is consistent with the
band structure. As shown in Figs. 3(b) and 3(c), the largest
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velocity is obtained along the I'-K direction (1.0 x 10> m/s,
2.9 x 10° m/s) and the minimum value exists perpendicular
to the I'-K direction (0.12 x 10 m/s, 0.18 x 10°> m/s), where
the maximum velocity is almost 10 times larger than the min-
imum velocity. Besides, the effective mass 2.4m,. for the hole
and 1.2m, for the electron are presented in Fig. 3(b).

To describe the highly anisotropic Dirac cone, an effec-
tive 2D Hamiltonian H (k) is selected as33-3!

H(k)=h(k) o, )

with h (k) = (k2/(2m) — vyky,vcky,0) and o = (oy, 0y, 02).
Then, the energy dispersion around the Dirac cone can be ex-

\/( — v§ky>2 + (veky)?,
_ \/ (£

where the specific values of v}, v, v
been clearly marked in Figs. 3(b) and 3(c). The band struc-
ture of the model looks very similar to the 3D band structure
of the first-principles, demonstrating that our model provides
a perfect description of the ab initio results.
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Fig. 2. Electronic band structure of Cu-graphane. (a) Band structure and
PDOS of Cu-graphane. The middle inset illustrates the first BZ, and the
bottom right and left corners indicate the zoom-in of the band structure
around the A and B points, respectively. (b) The 3D band structure of va-
lence and conduction bands near the Fermi level for Cu-graphane. (c) The
2D contour plat of the conduction band near the Fermi level in k-space.
The unit cell of the color bar is in eV.
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Fig. 3. Anisotropic properties of Dirac point in Cu-graphane. (a) The Fermi velocity of Dirac point for the valence band and conduction band as
a function of the polarization angle 6. The 6 = 0° corresponds to the B—K direction. The band structure around the Dirac point area with the path
(b) perpendicular to the B—K direction, and (c) along the K—I" direction. Fermi velocity and effective mass are marked respectively in panels (b)
and (c). (d) The 3D plot of the low-energy dispersion with the fitted model.
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In this work, the LSDA 4 U methods are adopted, and the
results are shown in Fig. S5, demonstrating that the Hubbard
U effect on the band structure is tiny. Meanwhile, the strain
effect of Cu-graphane is also investigated, and the semimetal
and semiconductor transformations are observed, as illustrated
in Fig. S6.

3.3. Intrinsic spin Hall conductivity

In the previous part, we illustrate anisotropic Dirac points
in Cu-graphane when the SOC is absent. The Cu-graphane is
a Janus material, and the vertical mirror symmetry is bro-
ken, leading to a Rashba SOC.B7 1n Fig. 4(a), the band
structure is presented when the Rashba SOC is considered,
and the band splitting is mainly observed around point A
and Dirac point B. As the Rashba SOC can enhance the
SHE, 381 we calculate the ISHC of Cu-graphane. The ISHC
with the function of the Fermi energy (Ef) is presented in
Fig. 4(b), with the Fermi level setting to zero energy. We
can see that near the Fermi level, the minimum value of
ISHC occurs when E — Ep = E; = 0 eV with the magnitude
of 23.4 (h/e) S/cm. Besides, the ISHC increases sharply
when the energy shifts away from E,, and the maximum
values occur at E; = —0.093 eV with 346 (h/e) S/cm and
E3 = 0.022 eV with 226 (fi/e) S/cm, respectively. Com-
pared to other 2D systems, 801 a big ISHC is not only
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Fig. 4. The SOC effect for Cu-graphane. (a) Band structure of Cu-
graphane in the presence of SOC. Insets of (a) indicate the zoomed il-
lustration of the band structure around the area of A and B points, respec-
tively. (b) The ISHC of Cu-graphane with the function of EF.

obtained, but also can be regulated easily by the grid voltage
or the electron/hole doping.

To analyze the novel behavior of ISHC with Eg, we calcu-
late the band-projected spin Berry curvature in Fig. 5(a), where
these dotted lines correspond to the same energy marked in
Fig. 4(b). As shown in Figs. 5(b)-5(d), the k-resolved spin
Berry curvatures at Eq, E», and E3 are shown in a slice of the
2D BZ and in a contour plot, where blue and red colors in-
dicate negative and positive contributions, respectively. It is
indicated that the regulation of Ef from E; to Ej can signifi-
cantly change the value of Q5 (k), and the shape of Qs (k)
evolutes from a ring with the positive and negative contribu-
tions in an alternate way to an outer ring with positive con-
tributions and an inner ring with weak contributions in the
first BZ. Similarly, when Ep changes from E; to E3, the shape
of Q5 (k) becomes an outer ring with the alternate positive
and negative contributions marked by red and blue colors, and
an inner ring with totally positive contributions. Obviously,
when the EF shifts from E, to E; /E3, the total contribution of
Q35 (k) in the first BZ increases, leading to a rising trend of
ISHC.
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Fig. 5. The spin Berry curvature. (a) Band structure of Cu-graphane pro-
jected by spin Berry curvatures on a log scale around the Fermi level.
(b)—(d) The k-resolved spin Berry curvature on a log scale in the con-
tour plot of the 2D BZ at Ey, E», and E3 in the monolayer Cu-graphane,
respectively. The red and blue colors indicate the positive and negative
contributions, respectively.

4. Conclusion

Inspired by the experiment, we construct a new stable 2D
Janus material Cu-graphane with novel band structure and per-
fect spin polarization transport properties. In the first BZ, we
find six highly anisotropic Dirac points located in the I'-K
(K’) path, and the maximum Fermi velocity (B—K direction)
is about 10 times larger than the minimum one (perpendicular
to the B—K direction), which can be perfectly repeated by an
effective Hamiltonian model. We find that this Dirac system is
a quasi-nodal ring system, as the maximum band gap between
the conduction band and valence is only about 20 meV. When

087104-4
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the Rashba SOC is considered, we find that Cu-graphane has
perfect spin polarized transport characteristics. A large ISHC
is predicated, which can be modulated by adjusting the grid
voltage or the electron/hole doping. Our study provides a new
stable Janus material, which has potential application in spin-

tronics, and suggests that the large and easily regulated ISHC

may exist in Dirac systems.4!]
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