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Topological Dirac states in transition-metal
monolayers on graphyne†

Kai Wang, ‡a Yun Zhang, ‡b Wei Zhao, c Ping Li, a Jian-Wen Ding,a

Guo-Feng Xied and Zhi-Xin Guo*e

Realizing topological Dirac states in two-dimensional (2D) magnetic materials is particularly important to

spintronics. Here, we propose that such states can be obtained in a transition-metal (Hf) monolayer

grown on a 2D substrate with hexagonal hollow geometry (graphyne). We find that the significant orbital

hybridizations between Hf and C atoms can induce sizable magnetism and bring three Dirac cones at/

around each high-symmetry K(K0) point in the Brillouin zone. One Dirac cone is formed by pure spin-up

electrons from the dz2 orbital of Hf, and the remaining two are formed by crossover between spin-up

electrons from the dz2 orbital and spin-down electrons from the hybridization of the dxy/x2�y2 orbitals of

Hf atoms and the pz orbital of C atoms. We also find that the spin–orbit coupling effect can open sizable

band gaps for the Dirac cones. The Berry curvature calculations further show the nontrivial topological

nature of the system with a negative Chern number C = �3, which is mainly attributed to the Dirac

states. Molecular dynamics simulations confirm the system’s thermodynamic stability approaching room

temperature. The results provide a new avenue for realizing the high-temperature quantum anomalous

Hall effect based on 2D transition-metals.

1. Introduction

Since the experimental observation of monolayer (ML) hexa-
gonal graphene,1 2D Dirac cone materials, characterized by linear
band dispersion at K and K0 points in the Brillouin zone (BZ),
have attracted intense attention due to their unique physical
properties and potential applications in nanoscale devices.2–4 In
the presence of spin–orbit coupling (SOC), the Dirac band can be
encoded with a nontrivial band topology, which can exhibit either
a quantum spin Hall (QSH) state or a quantum anomalous Hall
(QAH) state depending on the time-reversal symmetry.5,6

The QSH effect in 2D materials was first predicted to exist in
the pz orbital of graphene7 and then verified in other group-IV
2D monolayers, i.e., silicene, germanene, and stanene.8–11 It was

later found that the px/y orbitals can also induce the QSH effect
but with a much larger band gap owing to the strong on-site
SOC interactions in 2D materials such as X-hydride/halide, PbH
monolayers, and the substrate-supported Bi monolayers.11–14 In
particular, the high-temperature QSH state had been recently
experimentally observed in such a Bi monolayer on SiC.15

Despite the tremendous achievement in the QSH effect in
2D materials, realizing the QAH effect beyond the ultra-low
temperature in 2D materials is still a challenge. The realization
of the QAH effect in a system combines several basic ingredients:
(1) the existence of an insulating bulk phase, (2) the breaking of
time-reversal symmetry with finite magnetic ordering, and (3) the
existence of a nonzero Chern number in the valence electrons. The
conventional way to the QAH effect is via doping transition-metal
(denoted as TM) atoms into the topological insulators, while the
QAH effect can only exist at ultra-low temperature. Inspired by the
discovered QSH effect in many p-electron 2D Dirac materials,
recently great efforts have been made in the creation and discovery
of d-electron 2D Dirac materials with robust magnetism, which
may have potential to realize the room-temperature QAH
effect.16–20 Nevertheless, as far as we know, although several
candidates had been theoretically proposed, none of them have
been experimentally realized due to their rigorous requirement
in the synthesis.

Here we propose a new strategy, i.e., growing a TM ML on a
2D substrate with hexagonal hollow geometry, which is illustrated
in the Hf ML on graphyne (a recently synthetized 2D carbon
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allotrope of similar symmetry to graphene21). We find that the
deposited Hf atoms prefer to locate on the hollow site of graphyne,
which finally form a perfect honeycomb overlayer. This feature
makes the Hf ML have three Dirac cones at/around the K(K0) BZ
point near the Fermi level (EF). One Dirac cone is formed by pure
spin-up electrons from the dz2 orbital of Hf and the remaining two
are formed by the crossover of spin-up electrons from the dz2

orbital and spin-down electrons from the hybridization of the
dxy/x2�y2 orbitals of Hf and the pz orbital of C (denoted as dhc

hybridization). We also find that the SOC can further open sizable
band gaps for the Dirac cones. The Berry curvature calculations
further show that the system is topologically nontrivial with a large
negative Chern number C = �3.

2. Computational details

The total-energy electronic-structure calculations have been
performed using density-functional theory (DFT) using the VASP
code.22,23 The ion–electron interaction was treated by the projector
augmented-wave (PAW) technique. Exchange–correlation energies
were taken into account by the generalized gradient approximation
(GGA) using the Perdew–Burke–Ernzerhof functional.24 The wave
functions were constructed by using the PAW25,26 approach with a
plane wave cutoff energy of 500 eV. To obtain a more reliable
calculation for the electronic band structure, the screened Heyd–
Scuseria–Ernzerhof hybrid functional method (HSE06)27,28 with
mixing constant 1/4 was used. The effect of SOC is included self-
consistently in the electronic structure calculations. The atomic
positions and cell parameters were optimized using a conjugate
gradient method with criteria of energy and Hellmann–Feynman
force convergence being less than 10�5 eV per unit cell and
0.01 eV Å�1, respectively. A sufficiently large vacuum of around
15 Å was adopted along the direction perpendicular to the surface
(z axis) to avoid interaction between the Hf layer and its periodic
images. A 15 � 15� 1 gamma centered k-point mesh was used to
sample the BZ.29

With regard to the topological property calculations, we first
used the maximally localized Wannier functions (MLWFs) to fit
the band structures obtained from DFT calculations. Then the Berry
curvature was calculated by using the WANNIER90 package.30,31 The
topological properties were calculated by using the software package
WannierTools.32

3. Results and discussion

As shown in Fig. 1, graphyne consists of hexagonal carbon rings
and acetylene linkages with a similar symmetry to graphene. A
unit cell of graphyne contains 12 C atoms, with 6 C atoms
forming the CspRCsp hybridization and the remaining 6 C
atoms forming the Csp2–Csp hybridization, respectively. Our DFT
calculations show that the optimized lattice constant is 6.890 Å,
the C–C bond length within the hexagon is 1.425 Å, and the
Csp2–Csp and CspRCsp bond lengths in the acetylenic links are
1.408 Å and 1.223 Å, respectively. These results agree well with
previous studies.33,34

To identify the configuration of Hf atoms on graphyne (denoted
as Hf–graphyne), we first explored the most preferred position for
a single Hf atom depositing onto a graphyne primitive cell, which
corresponds to 0.5 ML coverage of 2D Hf on graphyne. Four typical
adsorption sites were considered, namely, H1 (a hollow site above
the center of the acetylenic ring), H2 (a hollow site above the center
of the hexagonal ring), B1 (a bridge site between the Csp2 atom in
the hexagonal ring and the Csp atom in the acetylenic linkage), and
B2 (a bridge site over the two Csp atoms in the acetylenic linkage)
sites, and their optimized atomic structures are shown in Fig. 1.

We further calculated the binding energy (Eb) of the four
adsorption configurations, with Eb defined as

Eb = (Egraphyne + NHfmHf � Etot)/NHf (1)

where Egraphyne and Etot are the total energies of graphyne and
Hf–graphyne, respectively. NHf is the number of Hf atoms
deposited on graphyne and mHf is the chemical potential of
Hf which is adopted as the total energy of an isolated Hf atom.
The binding energy defined above is the energy gain to place Hf
atoms onto the graphyne surface. As shown in Table 1, large
positive Eb is obtained for all the four possible adsorption sites,
indicating the exothermic reaction for the deposition of Hf
atoms on graphyne. All the binding energies of the four con-
figurations are larger than 2.5 eV per Hf atom, showing the
strong chemical-interaction nature between Hf and graphyne.
This feature is confirmed by the shortest Hf–C distances (LHf–C)
in the four configurations (Table 1), which are in the range of

Fig. 1 Top view of the optimized configurations of Hf atoms on graphyne
at H1 (a), H2 (b), B1 (c) and B2 (d) sites with 0.5 monolayer coverage,
respectively. The red and gray balls denote Hf and C atoms, respectively.
The black lines outline the primitive cell.

Table 1 The binding energy Eb and the shortest Hf–C distances (LHf–C) of
typical Hf–graphyne structures with different coverages

Adsorption site

0.5 ML coverage 1 ML coverage

H1 H2 B1 B2 H1–H1 H1–H2 H1–B1

Eb (eV) 4.730 2.809 3.222 2.602 4.674 4.376 4.208
LHf–C (Å) 2.216 2.356 2.178 2.184 2.318 2.243 2.054
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2.18–2.36 Å, comparable to the sum of the covalent atomic radii
(2.21 Å) of Hf and C atoms. The results show that the H1
configuration is most likely formed during the growth of 0.5 ML
Hf on graphyne.

Then we considered the configuration for the deposition of
an additional Hf atom onto the primitive cell of graphyne,
which corresponds to the case of Hf coverage increasing from
the 0.5 ML to 1.0 ML. Three possible adsorption sites (H1, H2,
and B1) were considered for the additional Hf atom depositing
on graphyne (the B2 site was also considered, but a structure
satisfying convergence criterion was not found), where the
optimized structures are shown in Fig. 2 and Fig. S1 (ESI†)
for the H1–H1 and H1–H2/B1 configurations, respectively. It is
found that the adsorption on the H1 site is more energetically
favorable than that on H2 and B2 sites by 0.29–0.46 eV per Hf
atom (Table 1). This means that when 1 ML Hf is grown on
graphyne, all the Hf atoms prefer to locate on the hollow sites
and thus form a honeycomb geometry like graphene (red balls
in Fig. 2).

Note that the binding energies for both the 0.5 ML and 1 ML
depositions of Hf on graphyne with the H1 site are larger than
4.6 eV per Hf atom, considerably larger than that of the Hf ML
on Ir(111) (0.57 eV per Hf atom) which had been experimentally
synthesized.35 This result suggests that graphyne is an ideal
substrate for the growth of a 2D Hf ML with hexagonal
geometry. The improved binding energy between Hf atoms and
graphyne is attributed to the presence of the more active sp
hybridized C atoms in the graphyne sheet.36 Such hybridization

enables the p/p* orbitals to easily rotate in any direction
perpendicular to the line of –CRC– bonds, and thus makes
them strongly hybridize with the 5d/6s orbitals of the adsorbed
Hf atoms in an acetylenic ring. As a result, the valence electrons
of the Hf atoms not only couple with the px/y orbitals but also
with the pz orbtials of C atoms in graphyne, leading to a strong
interface interaction between the Hf ML and graphyne.37

We also performed ab initio molecular dynamics (AIMD)
simulations to estimate the thermodynamic stability of Hf–graphyne
since the graphyne surface severely distorted from the original
structure, as shown in Fig. 2(a and b). AIMD simulations with
canonical ensemble (NVT) were performed at a temperature of
300 K with a time step of 1 fs in 5 ps. A supercell containing
4 � 4 unit cells was adopted as the model. The total energy
fluctuations during AIMD simulations and structure snapshots of
Hf–graphyne taken at the end of 300 K simulation are shown in
Fig. 3. The results show that Hf–graphyne can maintain its
structural integrity even up to 300 K, indicating that Hf–graphyne
has good stability approaching room temperature.

In the following, our discussions are focused on the most
stable configuration of 1 ML Hf on graphyne, i.e., the H1–H1
structure. Fig. 2(a) shows the top view of the H1–H1 structure,
from which one can see that each Hf atom covalently bonds to
its 6 nearest neighboring C (green balls) atoms of CspRCsp

hybridization, with a bond length of 2.32 Å. The side view of the
structure in Fig. 2(b) further shows that the strong bonding
interaction induces significant buckling of graphyne, with 6 C
atoms protruding by about 0.68 Å. All the adsorbed Hf atoms

Fig. 2 Top view (a) and side view (b) of Hf–graphyne of the H1–H1 configuration. The red balls denote Hf atoms. The green and gray balls denote two
types of carbon atoms, i.e., C1 (high) and C2 (low) on the surface layer, respectively. The black lines in (a) outline the primitive cell. (c) The calculated band
structure of Hf–graphyne, where the three Dirac cones are circled by black lines. (d) The enlarged band structure of (c) around the K point with higher
precision.
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are 0.96 Å above the buckled C layer, forming a pretty hexagonal
Hf ML. This feature makes the H1–H1 structure present high
Cv6 symmetry, which allows the formation of Dirac states. It is
noticed that the nearest-neighboring distance between Hf–Hf
atoms in the H1–H1 configuration is 3.98 Å, 28% larger than
the Hf–Hf bond length in bulk Hf. This result means that the
interaction strength among Hf atoms of the H1–H1 configuration
is between the usual chemical bonding and van der Waals
bonding, which may induce novel electronic properties as
discussed in the following.

We now discuss the electronic properties of the H1–H1
Hf–graphyne structure. The total-energy electronic-structure
calculations show that the Hf–graphyne structure favors the
ferromagnetic (FM) spin ordering, with a magnetic moment of
1.03 mB per primitive cell. It is known that the bulk Hf is a
nonmagnetic material, and the appearance of the FM state in
the Hf ML indicates the existence of new physics in the 2D TM
structure. The corresponding electronic band structure is
further calculated. As shown in Fig. 2(c and d), the spin-up
and spin-down energy bands have distinct dispersions, consistent
with the feature of the FM state. An interesting finding is that three
Dirac cones appear around the K point near the EF, i.e., one Dirac
cone is 0.25 eV above EF at the K point of the BZ and two Dirac
cones are located adjacent to EF around the K point. The first one
is from the pure spin-up electrons (denoted as the up Dirac cone)
and the remaining two are from the crossover of spin-up and spin-
down electrons near the K point (denoted as up-down Dirac cones).
Note that the energy bands around the K0 point in the BZ are very
similar to those around the K point due to the Cv6 symmetry of the
system.

To understand the origin of the three Dirac cones in
Hf–graphyne, we further calculated the projected band structures
onto each constituent element with different orbital symmetries
(Fig. 4). One can see that the energy bands around EF are mainly
attributed to the out-of-plane dz2 orbital and in-plane dxy/x2�y2

orbitals of Hf atoms, as well as the pz orbital of C atoms. The up

Dirac cone is mainly from the dz2 orbital of Hf atoms, whereas
the two up-down Dirac cones are attributed to the hybridization
of the dxy/x2�y2 orbitals of Hf atoms and the pz orbital of C atoms
(denoted as dhc orbitals) for the spin-down band and the dz2

orbital of Hf atoms for the spin-up band. We have additionally
calculated the spin polarized orbital projected density of states
(PDOS), as shown in Fig. 4(e and f). From PDOS, one can see that
energy levels near EF are mainly contributed by the dz2/xy/x2�y2

orbitals of Hf atoms and the pz orbital of C atoms. This result is
coincident with the foregoing analysis of orbitals adjacent to EF.
It is noticed that the 2D hexagonal crystal field is expected to split
the 5d orbitals of Hf atoms into three groups, i.e., doubly
degenerate dxy/x2�y2 orbitals, doubly degenerate dyz/xz orbitals,
and a singly degenerate dz2 orbital, all of which have energy
levels around EF (Fig. S2, ESI†). Moreover, the band structures of
an isolated Hf-monolayer detached from graphyne (Fig. S2, ESI†)
show a salient feature that there are Dirac bands capped with a
flat band in spin-down states (Fig. S2(c), ESI†), giving rise to the
so-called Kagome bands. The Dirac point mainly originates from
the s orbital while the flat band is composed of dxy/x2�y2 orbitals.
This interesting electronic structure is the same as in ref. 18. The
physics origin of such peculiar property is that s and dxy/x2�y2

orbitals hybridize to form bonding s and antibonding s* states
(called sd2 hybridization) which mainly distribute in the middle
of the bond, as theoretically demonstrated in ref. 18. These bond-
centered states originating from sd2 hybridization effectively
transform the hexagonal symmetry of the atomic Hf lattice into
the physics of the Kagome lattice. On the other hand, the p
orbitals of C atoms in graphyne are divided into two groups: px/y

orbitals and pz orbital. Thus it is the strong interfacial inter-
action, inducing the hybridizations between the dxy/x2�y2 orbitals
of Hf and the pz orbitals of C, and forming the dhc orbitals with
energy levels around EF. Such orbital hybridization also affects
the energy levels of the dyz/xz orbitals of Hf atoms due to its
induced redistribution of orbital densities, which pulls the energy
levels of dyz/xz orbitals far away from EF, as shown in Fig. 4(e). In
contrast, the dz2 orbital, which does not hybridize with the
in-plane orbitals, is hardly influenced by the dhc hybridization,
so its energy level can stay around EF and form the Dirac cone at
the K(K0) point. As remarked earlier, Hf–graphyne is equipped
with a magnetic state. The major contributions to the magnetic
moment originate from the out-of-plane dz2 orbital, as represented
in Fig. 4(e and f).

It is known that when the SOC effect is introduced into the
Dirac sates and opens a band gap, the non-trivial topological
phase can be expected in the material7 and the Dirac states
are called topological Dirac states.38 Although SOC is a small
perturbation in a crystalline solid and has little effect on the
structure and energy, it may play a significant role in the
electronic states near EF of a 2D heterojunction structure. As
shown in Fig. 5(a), a very large band gap for the spin-down
electrons at the G point (300 meV) induced by the SOC is indeed
observed. The SOC also opens sizeable band gaps on the three
Dirac cones, i.e., 70 meV (left) and 30 meV (right) for the two
up-down Dirac cones induced by the dhc orbitals, and 6 meV for
the up Dirac cone originating from the dz2 orbitals. The orbital

Fig. 3 Total energy fluctuations during AIMD simulations of Hf–graphyne
at 300 K. The insets show snapshots at 5 ps from the 4 � 4 supercell
simulation.
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projection analysis further shows that the band gaps of
up-down Dirac cones originate from the split of energy levels
for each spin-up and spin-down state at the Dirac point, different
from the up Dirac cone which is purely from the spilt of the spin-
up energy level. These SOC gaps are expected to originate from
the combined effects of intrinsic SOC and Rashba SOC, due to
the breaking of inverse symmetry in the z direction.38–41

Finally, we discuss the QAH effect in Hf–graphyne. With a
staggered magnetic field emerging from the spin-polarized
Dirac fermion and SOC, Hf–graphyne may exhibit the QAH
effect featuring a nontrivial Chern number.40,42 To calculate
the Chern number of Hf–graphyne, we interpolated the spin-
polarized Dirac bands based on the atom-centered MLWFs with
the SOC effect turned on. As shown in Fig. 5(a), the Wannier-
interpolated bands agree well with the DFT results around EF.
With the obtained MLWFs, we calculated the gauge-invariant
Berry curvature O(k) in the momentum space

OðkÞ ¼
X
n

fn OnðkÞ (2)

Fig. 5 (a) Calculated band structures of Hf–graphyne with spin–orbit
coupling (red line) and fitted bands by MLWFs (blue dots). The spin
polarizations around the Dirac cones are indicated by the arrows. (b and
c) The corresponding distribution of the Berry curvature in momentum
space along the high-symmetry direction (b) and two-dimensional Bril-
louin zone (c). All Berry curvatures are in units of Å2.

Fig. 4 Calculated band structures of Hf–graphyne projected onto Hf (a and c) and C (b and d) with different orbital symmetries for spin-up electrons
(a and b) and spin-down electrons (c and d), respectively. The positions of three Dirac cones are circled by the black lines. The calculated spin polarized
orbital projected density of states (PDOS) for Hf and C atoms are shown in (e) and (f), respectively.
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with

OnðkÞ ¼ �2Im
X
man

�h2 cnkh j nx cmkj i cmkh j ny cnkj i
Em � Enð Þ2

(3)

where On is the momentum-space Berry curvature for the nth
band,43–45 En is the eigenvalue of the Bloch functions |cnki, vx(y)

are the velocity operators, fn is the Fermi–Dirac distribution
function, and the summation is over all of the occupied states.

Fig. 5(b and c) show the calculated Berry curvature distribution
along the high symmetry direction M–G–K–M and in 2D
momentum space, respectively. As one can see, there are two
Berry curvature peaks around each K(K0) point. Their positions
in the BZ coincide with those of the two up-down Dirac cones,
whose band gaps are opened by the SOC. This feature agrees
with the conventional finding, i.e., Dirac cones are expected to
contribute to the Berry curvature peak and thus the nonzero
Chern number with the appearance of an SOC band gap. The
first Chern number C was additionally calculated by integrating
the Berry curvature O(k) over the BZ,

C ¼ 1

2p

X
n

ð
BZ

d2kOn (4)

As a result, we get C = �3, showing that there are three
nontrivial edge states in Hf–graphyne as confirmed in Fig. S3
(ESI†). The negative value of C comes from the negative nonzero
Berry curvatures (Fig. 5(b and c)). The main contribution to the
Berry curvature is sharply concentrated around the two dhc-ortbial
Dirac cones, indicating that the main source of the anomalous
Hall conductivity arises from states near the SOC gaps. On the
other hand, we found that the dz2-ortbial Dirac state yields a trivial
topological gap, different from the dhc-orbital ones. The above
results confirm that the QAH state can be realized in the 2D TM
grown on graphyne, which opens a new window for the realization
of the room-temperature QAH effect.

4. Conclusions

In conclusion, we have proposed a new strategy for obtaining
2D magnetic materials with topological Dirac states, i.e., growing a
transition-metal Hf monolayer on graphyne. We have found that
the significant orbital hybridizations between Hf and C atoms in
2D materials can induce sizable magnetism and bring three Dirac
cones at/around each high-symmetry K(K0) point in the BZ. One
Dirac cone is formed by pure spin-up electrons from the dz2 orbital
of Hf atoms, and the remaining two Dirac cones are formed by the
crossover between spin-up electrons from the dz2 orbital and spin-
down electrons from the hybridization of the dxy/x2�y2 orbitals of Hf
atoms and the pz orbital of C atoms. The inclusion of SOC opens
up band gaps of 6 meV for the dz2-orbital Dirac cone and 70 meV
and 30 meV for the remaining two Dirac cones, respectively. The
Berry curvature calculations have shown that the system is
topologically nontrivial with a large negative Chern number
C = �3, which is mainly attributed to the two remaining Dirac
cones. Moreover, molecular dynamics simulations show that
Hf–graphyne can maintain its structural integrity up to 300 K.
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