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Quantum anomalous Hall insulator phase in asymmetrically functionalized germanene
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Using first-principles computations, we discuss topological properties of germanene in buckled as well as
planar honeycombs with asymmetric passivation via hydrogen and nitrogen (GeHN) atoms. GeHN in the planar
structure is found to harbor a quantum anomalous Hall (QAH) insulator phase. Our analysis indicates that the
buckled GeHN also possesses a QAH phase under tensile strain. We computed the associated Chern numbers
and edge states to confirm the presence of the QAH state. In particular, chiral edge bands connecting conduction
and valence bands were found at the edges of a planar zigzag GeHN nanoribbon. By considering a range of
buckling distances, we demonstrate how the system undergoes the transition from the trivial to the QAH phase
between the buckled and planar structures. Finally, we show CdTe(111) to be a suitable substrate for supporting
buckled germanene in the QAH phase. Our results suggest that functionalized germanene could provide a robust
QAH-based platform for spintronics applications.
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I. INTRODUCTION

In recent years, topological materials such as two-
dimensional (2D) topological insulators (TIs) [1–5], topo-
logical crystalline insulators (TCIs) [6–8], and quantum
anomalous Hall (QAH) [9,10] insulators have been the focus of
wide-ranging studies in search of a new generation of materials
for low-power-consuming applications [1,9–13]. The quantum
Hall (QH) effect opened up the possibility of dissipationless
spin transport in a 2D insulator in the presence of a strong
magnetic field [14,15]. QAH effect, in contrast, arises through
the intrinsic magnetization of the material driven by spin-orbit
coupling (SOC) effects, without the need for applying an
external magnetic field [16]. QAH effect has been investigated
theoretically [17], and realized experimentally in magnetically
doped TI thin films and quantum well systems [18–24]. These
currently realized QAH materials however are limited to
extremely low temperatures. Therefore, there is great need to
find new materials in which the QAH phase survives at room
temperature. Notably, a viable material in this connection must
be a ferromagnetic insulating material with a topologically
nontrivial electronic band structure [3,17,25,26].

A number of 2D materials, mainly in the honeycomb
structure with different functionalizations, of elements of
groups IV [27,28], V [29–31], and III-V [32–36] have been
predicted to harbor the quantum spin Hall (QSH) phase.
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Recently, bimuthene has been realized on a SiC substrate with a
large band gap of 0.8 eV [37], in agreement with our theoretical
predictions [38]. However, materials realization of various
theory proposals for the QAH phase [24,39–44] remains a
continuing experimental challenge. To our knowledge, the
possible existence of the QAH phase in the germanene-based
films has not been explored in the literature, except in a
V-decorated germanene supercell [45].

With this motivation, here we explore topological properties
of germanene honeycombs with chemical functionalization
using first-principles calculations with focus on identifying
possible new QAH phases [46]. We show that asymmetric
functionalization via H and N atoms on opposite sides of
the honeycomb can induce ferromagnetism [43], and generate
a number of QAH insulator phases over a reasonable range
of lattice constants. We have further confirmed our results
by calculating edge states of the corresponding ribbons. Our
findings suggest that GeHN films on appropriate substrates
[such as CdTe(111)] could provide a new platform for
exploiting the QAH effect for energy-efficient spintronics
applications.

II. METHODS

Our first-principles calculations were performed within the
framework of the density functional theory (DFT) utilizing
the generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) form [47–51]. Projector-augmented-
wave (PAW) [52] wave functions with energy cutoff of 500 eV
were used in the Vienna ab initio simulation package (VASP)
[53,54]. Atomic positions were optimized for each lattice
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FIG. 1. Crystal structures of germanene honeycombs passivated
with hydrogen and nitrogen. (a) Top view with the primitive cell
marked (red line). (b) and (c) Side views of different GeHN films.
Hydrogen and nitrogen decoration of germanene with a planar (b) and
buckled (c) germanene honeycomb. (d) Total energy per unit cell as a
function of the lattice constant. Various phases assumed by the planar
(black squares) and buckled (red circles) GeHN films are identified.

constant value considered until the residual forces were no
greater than 10−3 eV/Å. In order to treat the planar case,
the Ge atoms were held fixed along the z direction, while
the N and H atoms as well as x direction and y direction of
Ge atoms were allowed to move to reach the lowest energy
configuration. The criteria for convergence for self-consistent
electronic structure was set at 10−6 eV. A vacuum layer of at
least 20 Å along the z direction was used to simulate a thin film.
A �-centered Monkhorst-Pack [55] grid of 12 × 12 × 1 was
used for 2D integrations in the Brillouin zone. Berry curvature
and edge states were calculated with the Hamiltonian obtained
from maximally localized Wannier functions obtained via the
WANNIER90 package [56]. Topological invariants of each
structure considered were computed by calculating the Chern
number [39,57,58]

C = 1

2π

∑
n

∫
BZ

d2k�n, (1)

where �n is the Berry curvature of the nth band in the k space
[58–60].

III. RESULTS

Figures 1(a)–1(c) illustrate the various 2D crystal structures
of germanene honeycombs we investigated where the two sides
are decorated with hydrogen and nitrogen atoms (denoted

as GeHN throughout this paper). Two different types of
honeycombs were considered: planar (PL) and buckled (BK).
Total energy as a function of the lattice constant for the PL
and BK GeHN film is shown in Fig. 1(d). The computed
equilibrium lattice constant is 4.10 and 4.40 Å for the BK
and PL film, respectively. A net magnetic moment of 1.2 μB
per unit cell is found in both systems. The magnetic moment
originates predominantly from the N atom, resembling the
behavior of nitrogen adsorption on topological insulator
surfaces [46]. By following the evolution of the band structure
and the associated Chern number (C) with strain, we could
identify different topological phases, which are shown in
Fig. 1(d). With increasing lattice constant, the BK honeycomb
is seen to transform from a magnetic metal (3.80–3.96 Å), to
a trivial insulator up to 4.35 Å. Subsequently, a semimetallic
QAH phase was identified from 4.36 to 4.60 Å, which became
an insulating QAH phase with an extremely small gap of a few
meV beyond 4.60 Å. On the other hand, the PL GeHN film
assumes a QAH insulator phase over lattice constant (a) values
from 4.00 to 4.55 Å and becomes a trivial nonmagnetic (NM)
insulator above 4.80 Å, passing through a magnetic semimetal
phase between 4.55 and 4.80 Å.

Band structure of the planar GeHN film at its equilibrium
lattice constant of 4.40 Å is plotted in Fig. 2. Non-spin-
polarized results without the SOC in Fig. 2(a) show the
presence of two bands touching at the Fermi energy along
the high-symmetry line �-K , indicating that GeHN film is a
zero-gap material. When spin polarization is introduced, see
Fig. 2(b), a band splitting between the spin-up (red lines) and
spin-down (blue lines) channels is observed to develop with
both channels exhibiting metallic properties. Inclusion of the
SOC [Fig. 2(c)] not only opens a gap in the system but also
removes the band degeneracy at the � point. Strain dependence
of gaps along the �-K and �-K ′ directions is shown in
Fig. S1 (the Supplemental Materials) in which the asymmetric
band structures reflect the breaking of the inversion and
time-reversal symmetries [61]. We further examine the PL
GeHN film with a larger band gap of 102 meV at 4.08 Å
(equilibrium lattice constant of the freestanding germanene
film). The non-spin-polarized bands (without the SOC) reveal
a semiconducting behavior with a small gap along �-K , see
Fig. 2(d). With the inclusion of the spin polarization [Fig. 2(e)],
the gapless spin-up channel and the semiconducting spin-down
channel present a system with half-metallic character. A band
gap of 102 meV opens up with the SOC, see Fig. 2(f). A number
of previous studies of the QAH effect on the honeycomb lattice
have reported band inversion only in one spin channel [24,44].
In contrast, our analysis of orbital contributions [Fig. 2(e)]
reveals that both the spin-down and spin-up channels undergo
band inversions between s and p orbitals at the � point. A
more detailed analysis (Fig. S2 in the Supplemental Materials
[61]) demonstrates that the dominant contribution is from the
pz orbitals of N and Ge2 atoms [see Fig. 1(b)], which drives
an s-pz inversion in the spin-down channel. For the spin-up
channel, on the other hand, an s-px,y inversion is involved.
These band inversions indicate the appearance of the QAH
insulator state, which we have further confirmed via chiral
edge state computations discussed below.

We computed Berry curvatures and edge states of the
planar GeHN film at the lattice constant of 4.08 Å in order to
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FIG. 2. Band structures of a planar GeHN film at the optimized lattice constant a = 4.40 Å. (a) Non-spin-polarized without SOC.
(b) Spin polarized without SOC. (c) Spin polarized with SOC. Red and blue lines in (b) denote spin-up and spin-down states, and red
and blue circles in (c) denote +mz and −mz, respectively. Inset in (c) shows the first Brillouin zone in which the high symmetry points are
marked. Band structures of a planar GeHN film at a = 4.08 Å. (d) Non-spin-polarized without SOC. (e) Spin polarized without SOC. (f) Spin
polarized with SOC. Filled orange (olive) circles refer to s (p) orbitals where sizes of circles are proportional to the amplitude of the orbital
contribution.

assess its topological properties. For this purpose, an effective
tight-binding Hamiltonian was obtained as described in Sec. II.
Our tight-binding model well reproduces the first-principles
band structure, see Fig. 3(a). Value of the Berry curvature
[Fig. 3(b)] is seen to be large around the band inverted region

FIG. 3. (a) The first-principles band structure (black lines) is
compared with the corresponding results obtained from a Wannier90-
based tight-binding fit (red dotted lines) for a = 4.08 Å. (b) Berry
curvature computed using the tight-binding Hamiltonian. (c) Band
structure of a GeHN nanoribbon with zigzag edge. The sizes of blue
and red circles are proportional to the contribution from the left- and
right-hand side edges, respectively.

near the � point. We obtained a Chern number equal to 1 by
integrating the Berry curvature over the first Brillouin zone.
Finally, Fig. 3(c) shows the band structure of a planar-zigzag
nanoribbon of GeHN. The size of blue and red circles is
proportional to the contributions of the left- and right-hand
side zigzag edges, respectively. For each side of the edge, only
one chiral edge state is seen to connect the conduction and
valence bands. The number of chiral edge state on each side is
equal to the absolute value of the Chern number, confirming
the nontrivial band topology.

In order to understand the nature of the topological phase
transition as it relates to the buckling of the honeycomb, we
now consider the evolution of the band structure as the buckling
distance dB increases from 0.2 to 0.5 Å at a lattice constant of
4.08 Å, see Figs. 4(a)–4(e). Note that the optimization of the
structure here was performed with the adjacent Ge atoms kept
fixed in terms of the distance dB in the vacuum direction. By
looking at the s-orbital contribution (red circles), we can see
a band inversion where the s orbital moves from the valence
to the conduction band. The band gap is seen to close at dB =
0.37 Å [Fig. 4(c)], which marks the critical point between the
topological and trivial phases. In particular, we can identify
a nontrivial phase in Figs. 4(a) and 4(b) and a trivial phase
in Figs. 4(d) and 4(e). These results indicate that a slightly
buckled GeHN film also harbors the QAH phase.
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FIG. 4. Topological phase transition in a buckled GeHN film from a QAH insulator to a trivial insulator phase as the buckling distance (dB )
increases at a lattice constant of 4.08 Å. The s-orbital contribution is labeled by red circles.

In the buckled GeHN film, on the other hand, a QAH effect
was also found under tensile strain, while the equilibrium state
is a trivial insulator with a = 4.10 Å. Note that hydrogen
passivation can be used as a simple scheme for modeling
effects of substrates and environment on films [38]. As to
a suitable substrate, the surface lattice constant of CdTe(111)
is 4.68 Å. The spin-polarized band structure of the BK GeHN
film at the lattice constant of 4.68 Å is shown in Fig. 5(a). The
spin-up and spin-down band structures are seen to cross the
Fermi level around the � point with the presence of an SOC-
driven gap, see Fig. 5(b). To simulated the substrate-supported

GeHN, we resorted the CdTe(111) substrate which had been
shown to support honeycomb stanene and harbor the QAH
state [24]. Similar to the previous study [24], we considered
N atoms adsorbed on one sided of germanene film where the
Te layer of the CdTe substrate (adjacent to germanene) bond
the germanene film on the other side. To test the stability
of the CdTe(111) supported GeHN, different configurations
were generated by shifting the germanene with respect to the
CdTe(111) and by testing N atoms to be adsorbed on different
sites. Next, fully structural relaxations were performed for all
considered models. We found the lowest-energy model and

FIG. 5. Band structures of a buckled GeHN film at a = 4.68 Å. (a) Spin polarized without SOC. (b) Spin polarized with SOC.
(c) Spin-polarized band structure of N-adsorbed germanene on Te-terminated surface of CdTe(111) substrate without SOC. The red and
blue lines represent the spin-up and spin- down states, and the circles are the contributions from the N and Ge atoms. (d) The first-principles
band structure with SOC (black lines) is compared with the corresponding results obtained from a Wannier90-based tight-binding fit (red
dotted lines). (e) Crystal structure of N-adsorbed germanene on the Te-terminated surface of CdTe(111) substrate. (f) Band structure of a
nanoribbon with zigzag edge. The sizes of blue and red circles in (f) are proportional to the contributions from the left- and right-hand side
edges, respectively.
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QAH phase was retained. The atomic structure is shown in
Fig. 5(e). The band structures without and with SOC are shown
in Figs. 5(c) and 5(d), respectively. A ferromagnetic ground
state with a metallic band structure is seen (without SOC)
in Fig. 5(c). Inclusion of the SOC yields a band structure
with a gap of 24 meV, which is also well reproduced by
our tight-binding model, see Fig. 5(d). Finally, a chiral edge
state connects the valence and conduction bands as shown
in Fig. 5(f). The number of chiral edge states correctly
equals the absolute value of the Chern number, which in this
case is 1.

IV. CONCLUSIONS

We have discussed the electronic structures and topological
properties of buckled and planar germanene films function-
alized asymmetrically with H and N atoms on the two sides
(GeHN) using first-principles computations. The GeHN film
in the planar honeycomb structure is found to be a QAH
insulator over lattice constant (a) values of 4.00–4.55 Å, a
trivial nonmagnetic insulator for a > 4.80 Å, and a magnetic
semimetal over 4.55–4.80 Å. For the buckled case, the
QAH phase was found over the lattice constant range of
4.36–4.80 Å. We confirmed the presence of the QAH phase
through computations of the Chern number and the edge-state
spectrum of a zigzag nanoribbon of GeHN. Slightly buckled
structures were also found to support the QAH phase. The
GeHN film is shown to undergo a topological phase transition
as a function of the size of the buckling distance. Finally,
the QAH phase was found to be robust when the buckled
germanene film was supported on the CdTe(111) substrate.

Our study suggests that asymmetric adsorption on germanene
honeycombs could provide a new QAH-effect-based platform
for various applications.
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