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Chemically induced large-gap quantum anomalous Hall
insulator states in III-Bi honeycombs
Christian P. Crisostomo1, Zhi-Quan Huang1, Chia-Hsiu Hsu1, Feng-Chuan Chuang 1,2, Hsin Lin3,4 and Arun Bansil5

The search for novel materials with new functionalities and applications potential is continuing to intensify. Quantum anomalous
Hall (QAH) effect was recently realized in magnetic topological insulators (TIs) but only at extremely low temperatures. Here, based
on our first-principles electronic structure calculations, we predict that chemically functionalized III-Bi honeycombs can support
large-gap QAH insulating phases. Specifically, we show that functionalized AlBi and TlBi films harbor QAH insulator phases. GaBi
and InBi are identified as semimetals with non-zero Chern number. Remarkably, TlBi exhibits a robust QAH phase with a band gap
as large as 466meV in a buckled honeycomb structure functionalized on one side. Furthermore, the electronic spectrum of a
functionalized TlBi nanoribbon with zigzag edge is shown to possess only one chiral edge band crossing the Fermi level within the
band gap. Our results suggest that III-Bi honeycombs would provide a new platform for developing potential spintronics
applications based on the QAH effect.
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INTRODUCTION
Two-dimensional (2D) topological materials have continued to
gain increasing attention in the recent years.1–4 Among the large
variety of possible topological phases, quantum anomalous Hall
(QAH) insulators5 have drawn special interest since the QAH state,
which supports chiral edge states, is highly suited for spintronics
and low-power-consumption electronic applications.6–10 Unlike
the quantum Hall state, which relies on the presence of an
external magnetic field, the QAH state is realized through the
effects of intrinsic spin-orbit coupling (SOC) and intrinsic
magnetization in a material.11 The QAH state was first suggested
by Haldane in 1988 using a tight-binding model on a honeycomb
lattice,5 and it has been realized recently in magnetically doped TI
thin films.11–15 However, all experimental realizations to date are
limited to very low temperatures. It is important, therefore, to
search for viable new materials that can support the QAH phase
above room temperature, so that the applications potential of
these materials can be developed.
Theoretical considerations suggest that the QAH effect should

be generally achievable in TI thin films via magnetic order (e.g.,
ferromagnetism), which could be induced through magnetic
doping or chemical functionalization.16 Given a quantum spin Hall
(QSH) insulator, the QAH phase can be achieved by suppressing
one of the two spin-channels via ferromagnetic (FM) order-
ing.7,17,18 Many studies have already shown that thin films of
elements of groups IV,19,20 V,21–23 and III–V24–29 harbor 2D QSH
phases. In addition to the magnetic topological crystalline
insulators,30,31 films of elements of groups IV16 and V32–34 have
also been predicted to harbor the QAH phases. Although it has
been predicted that III–V films can support the QSH state in a
number of freestanding24 and functionalized cases,25,26,28 only

limited work has been reported toward the QAH phase35 with
relatively small band gaps (~105 meV). It is highly desirable thus to
realize a large gap 2D QAH phase in this group of materials as we
attempt to do in this study.
Here we use first-principles calculations to predict new QAH

insulator phases in III-Bi honeycombs where FM order13,18 is
induced through chemical functionalization. In particular, since it
has been shown previously that N atoms can support a net
magnetic moment when adsorbed on a TI surface,36 we utilized
two types of functionalization: (1) hydrogenation on both sides,
and (2) decoration one side with H and with N on the other side.33

Our earlier work27 shows that the QSH phase in fully hydro-
genated III-Bi honeycombs survives only up to two layers and that
the system band gap is reduced as the III–V thin film gets thicker.
For this reason, here we focus only on single-layer III-Bi films,
which have a larger band gap compared to the multilayer films.
We identify several QAH insulator phases with band gaps as large
as 466meV by calculating the associated Chern numbers (Cs). We
further confirm the presence of the QAH phase by calculating the
edge states of functionalized TlBi nanoribbons. The proposed III-Bi
films could be grown on suitable substrates and used in potential
energy-efficient spintronics applications.

RESULTS AND DISCUSSION
Crystal structure of the 2D III-Bi honeycomb with adsorbed N and
H atoms on the III-element and Bi sites [denoted as III-BiNH, Case I]
and the related first Brillouin zone (BZ) with high-symmetry points
are presented in Fig. 1, along with sideviews of the two-sided and
one-sided functionalized planar (PL), buckled (BK), and inversely
buckled (IBK) III-BiNH. We will also consider the alternate atomic
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configuration in which the N and H adsorption is on Bi and III-
element instead, which is denoted as III-BiHN and will be referred
to as Case II. Focusing on combinations of group III elements with
Bi (III-Bi), which assume the QSH state over a range of lattice
constants, we present in Table 1 the equilibrium lattice constant
for the PL honeycomb, along with the associated total energies,
system band gaps and topological invariants (C ≠ 0 implies QAH
state) for both cases I and II. Here the system band gap is defined
as the energy difference between the conduction band minimum
and the valence band maximum. Our calculations indicate that the
system prefers (lower energy) the FM order over the non-
magnetic phase, and we found that both AlBi and TlBi possess a
QAH insulator phase with band gaps of 48 and 261 meV,
respectively, for Case I (52 and 124 meV for Case II), while InBi
and GaBi are both semimetals with C = 1 in all cases.
Since TlBi exhibits a fairly large QAH band gap of 261meV

and has also been shown to support a robust QSH phase
in the freestanding as well as fully hydrogenated cases,24,26

we further explore its electronic structure in different H and N
functionalizations. Figure 2 shows the electronic band structure of
TlBiNH for adsorbed atoms on both sides [(a) PL and (d) IBK], and
for the one-sided case [(b) PL and (e) BK] where we found a QAH
phase with gap as large as 466 meV for BK TlBiNH [Fig. 2e]. As for

TlBiHN [(c) and (f)], it harbors a QAH phase for the two-sided (PL
and IBK) but not the one-sided functionalization. Both TlBiNH and
TlBiHN are trivial insulators for two-sided functionalization in the
BK structure. Important calculated parameters are summarized in
Table 2. Note that the inverse buckling distance is rather small
(0.144 Å).
In order to gain further insight into the nature of the QAH

phase, we investigated the two-side functionalized PL TlBiNH film
as an exemplar system for exploring effects of SOC in both non-
magnetic and FM calculations more thoroughly. Figure 3 presents
band structures for non-magnetic calculations without and with
SOC, along with the corresponding FM results. We find this
structure to support a net magnetic moment of 2 μB per unit cell,
which is contributed mainly by N atoms. In the non-magnetic
calculation, the system is metallic as seen in Fig. 3a, b. A net
magnetic moment is induced through FM ordering upon N
adsorption as seen in Fig. 3c (without SOC) with reference to the
gapped spin-down (blue line) and gapless spin-up (red line)
channels. Figure 3d shows that when SOC is turned on in the FM
calculation, it leads to the opening of an inverted gap involving s
and px,y orbitals, and the QAH effect is realized.
Sufficient intrinsic magnetization is needed in order for a QSH–-

QAH transition to occur. Since N atoms carry most of the magnetic
moment, it is interesting to explore evolution of the electronic
structure with N coverage (cN). For this purpose we will consider
an augmented 2 × 2 supercell based on PL TlBiNH, which we
found to have a lower total energy compared to TlBiHN. We start
by fully passivating the TlBi film with H (cH = 1 or full hydrogen
coverage) and then gradually replace, starting from one side, H by
N atoms until full N coverage is achieved (cN = 1). The lowest
energy configuration is then chosen for further analysis. The
resulting coverage-dependent band structures are shown in Fig. 4,
along with information on system bandgaps and (total) magne-
tizations (m) per unit cell as well as the topological phases
assumed by the films. We found that fully hydrogenated TlBi
(TlBiH2) [Fig. 4a] is a QSH insulator, which is consistent with our
earlier study.26 Interestingly, already at cN = 0.125 [Fig. 4b], the
system is seen to change from QSH to the QAH phase. This is to be
contrasted with the results of a previous study33 of PL Bi
honeycombs with H and N adsorption where the critical point
was reached only at cN = 0.65. We find the band gap to be

Fig. 1 a Crystal structure of III-Bi honeycomb with N and H adsorbed, respectively, on III-element and Bi atoms (III-BiNH). b The first Brillouin
zone (BZ) with high-symmetry points. Sideviews of two-sidedly and one-sidedly functionalized III-BiNH in c planar (PL), d buckled (BK), and e
inversely buckled (IBK) structure

Tables 1. Calculated equilibrium lattice constants, total energies,
system band gaps and topological phase of planar III-Bi honeycombs
for cases I (III-BiNH) and II (III-BiHN)

III-Bi Lat. const.
(Å)

Total en.
(eV)

Sys. gap
(meV)

Phase

Case I (III-
BiNH)

AlBi 4.946 −14.34 48 QAH

InBi 5.530 −13.02 −29 QAH

GaBi 5.117 −13.46 −43 QAH

TlBi 5.246 −12.59 261 QAH

Case II (III-
BiHN)

AlBi 4.881 −14.35 52 QAH

InBi 5.554 −13.00 −43 QAH

GaBi 5.119 −13.46 −43 QAH

TlBi 5.443 −12.52 124 QAH
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remarkably large at 50 and 62.5% N coverage (258 and 245meV).
Combined with our earlier findings,26 where III-Bi honeycombs
were predicted to exhibit robust, large-gap QSH phases, the
present study further indicates a high degree of tunability of these
films in the QAH regime. The full hydrogenation, fluorination, and
their combination leads to the QSH phase of these films, while the
adsorption of H and N (fluorine) on either side of the honeycomb
induces crossover to the QAH (NI) phase.
Next, using the tight-binding Hamiltonians parameterized

based on Wannier functions, we calculated the edge band

spectrum of the PL TlBiNH film and compared it to that of the
fully hydrogenated TlBi (TlBiH2) film. Ribbons with zigzag edges
and sufficiently large width (~88 Å) were constructed as shown in
Fig. 5. The edge states (red and blue circles) of fully-hydrogenated
and H and N functionalized TlBi films are presented in Fig. 5.
Contributions of the left and right zigzag edges are proportional
to the sizes of blue and red circles, respectively. In Fig. 5a, TlBiH2
exhibits a QSH state as shown by the odd number of band
crossings of the Fermi level between π/a and Γ as well as between
−π/a and Γ, clearly indicating the presence of helical edge states.
Moreover, we can see in Fig. 5b that there is an odd number (3 for
red bands and 1 for blue bands) of edge bands crossing the Fermi
level between −π/a and π/a for each of the edges. The number of
edge band crossings must be the same as the absolute value of
the Chern number, which further confirms the presence of the
QAH state in TlBiNH.
Chemical functionalization in III-Bi honeycombs could be

achieved by growing these films on a suitable substrate or
through the development of an appropriate experimental
approach. Notably, some experimental studies have shown that
ferromagnetism can be induced through chemical functionaliza-
tion of graphene.37,38 Concerning experimental possibilities, in our
previous studies,26,27 we have shown that fully hydrogenated III-Bi
honeycombs could be viewed as a simplified sandwich structure.
We further showed that by growing III-Bi on a substrate (e.g., GaBi
on Si(111)) and then passivating the other side with H does not
result in a new phase compared to the case when the film is fully
(functionalized) hydrogenated. In the case of the present III-Bi
films, we may thus view H adsorption on one side of the
honeycomb as a simple model of the substrate, while N atoms are
used to saturate the dangling bond on the other side to induce

Fig. 2 Electronic band structure of TlBiNH film with two-sided adsorption for a planar (PL) and d inversely buckled (IBK) cases. The one-sided
cases are considered in b for PL & e for BK. c Planar and f IBK films. Red and blue circles show the +sz and −sz contributions, respectively

Tables 2. Calculated equilibrium lattice constants, total energies,
system band gaps, and topological phases of TlBiNH (Case I) and
TlBiHN (Case II) for two-sided and one-sided functionalizations

Lat. const. (Å) Total en. (eV) Sys. gap (meV) Phase

TlBiNH (Case I)

Both sides IBK 5.258 −12.52 220 QAH

PL 5.246 −12.59 261 QAH

One-side BK 5.215 −12.63 466 QAH

PL 5.224 −12.55 350 QAH

TlBiHN (Case II)

Both sides IBK 5.452 −12.50 161 QAH

PL 5.443 −12.52 124 QAH

One-side IBK 4.867 −12.89 295 NI

PL 5.404 −12.62 69 NI

NI refers to the normal insulator phase
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the QAH phase, suggesting that our predictions are robust against
substrate effects.
As to the choice of an appropriate substrate for our TlBi films, SiC

(0001) or Si(111) would likely not be viable due to a substantial
lattice mismatch. In this connection, we considered CdTe(111) as a
substrate for supporting the TlBi film since it has a lattice constant
of 4.687 Å. Two layers of CdTe(111) were used where the bottom
Te atoms were passivated with H, see Fig. 6. We placed BiTl on the
top surface. Bi is bonded to Cd atoms, and Tl atoms are then
passivated with N atoms. All atoms were fully relaxed until the

force on each atom was smaller than 0.001 eV/Å. The distance
between adjacent layers is found to be 2.89 Å. Since the optimized
lattice constant of BK TlBiNH is 5.246 Å, N–TlBi film when placed on
CdTe(111) would be compressively strained. FM band structures
without and with SOC are presented in Fig. 6 and show that N–TlBi
on CdTe(111) is a semimetal with a system band gap of −0.104 eV
and C = 2, which is also the case for TlBiNH at this lattice constant.
Concerning the current experimental situation, a recent study39

demonstrated growth of TlxBi1 − x via Bi deposition on Tl-covered
Si(111) substrate that resulted in different surface reconstructions.

Fig. 3 Band structure of planar TlBiNH film in non-magnetic calculations a without and b with SOC. c, d are the band structures for
ferromagnetic calculations without and with SOC, respectively. Green (red and blue) circles are proportional to the total px,y (±sz) contributions

Fig. 4 Calculated band structures at N coverages of a 0.0, b 0.125, c 0.375, d 0.625, and e 0.875 ML. f System band gaps, total magnetizations
(per unit cell), and phases of PL TlBiNH films for various coverages. Black (red and blue) circles in the band structures are proportional to the
total s-orbital (±sz) contributions
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A related work realized honeycomb-like InBi on Si(111).40 Since
our system is a perfect III-Bi honeycomb, this suggests that either a
more advanced experimental technique needs to be developed or
a more suitable substrate is needed for the perfect III-Bi
honeycomb to be successfully synthesized.
We have systematically explored electronic and topological

properties of functionalized III-Bi honeycombs for the purpose of

identifying the existence of possible QAH insulator phases with
large band gaps. TlBi films are found to exhibit a high degree of
tunability for supporting QSH to the QAH phase via chemical
adsorption of different functional groups. While symmetric and
asymmetric functionalization using hydrogen and fluorine leads to
the QSH phase, hydrogen and nitrogen adsorption induces the
QAH phase. Our study suggests that functionalized TlBi films are a

Fig. 5 Crystal and band structures along the zigzag edge of a fully hydrogenated and b H and N functionalized planar TlBi film with a= 5.246
Å. The orange-filled region denotes the bulk bands while contribution from the left (right) edge is marked with blue (red) circles

Fig. 6 a Top and side views of N-functionalized TlBi on CdTe(111). The corresponding band structures b without and c with SOC are also
shown. The red and blue lines/circles refer to spin-up and spin-down states, respectively
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viable candidate material for exploiting the potential of the QAH
effect towards spintronics applications.

METHODS
We performed our first-principles calculations within the density
functional theory (DFT) framework utilizing the generalized gradient
approximation.41–45 Projector-augmented-wave46 wave functions with
energy cut-off of 400 eV were used in the Vienna ab-initio simulation
package.47,48 Crystal structures were optimized until the residual forces
were no greater than 10−3 eV/Å. The self-consistency criteria for
convergence was set at 10−6 eV. To simulate a thin film, a vacuum layer
of at least 25 Å along the z direction was inserted. Γ-centered Monkhorst-
Pack49 grids of 24 × 24 × 1 and 12 × 12 × 1 were used for 1 × 1 and 2 × 2
honeycomb structures, respectively. We used maximally-localized Wannier
functions provided by the WANNIER90 package.50 Wannier function based
Hamiltonians were used to calculate Berry curvatures and edge states. In
order to identify the topological phases, we calculated Cs51–53 by
integrating the Berry curvature obtained using Kubo formula52,54 over
the BZ. Moreover, we followed the method of ref. 55 for computing the Z2
invariants. In this study, non-spin polarized calculations are referred to as
non-magnetic, while FM spin-polarized calculations assume a FM
configuration.

Data availability
The authors declare that all relevant data are available from the authors.
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