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ABSTRACT

Monolayer CrI3 is a rare ferromagnetic semiconductor with intrinsic long-range magnetic order, which makes it a great potential material
in spintronic devices [Song et al., Science 360, 1214 (2018)]. To extend the applications of monolayer CrI3 in flexible devices, the modula-
tion of its electronic and magnetic properties is important. Here, we investigated the combined effect of strain and alloy on the properties of
monolayer CrI3 by first-principles calculations. Br is chosen as the alloyed element due to the similar atomic configuration and property of
CrX3 (X = Br, I), and the strain is applied by simultaneously changing the in-plane lattice constants (a and b). We find that the bandgap of
monolayer Cr2I6−xBrx can be tuned greatly, while the magnetic moment of monolayer Cr2I6−xBrx is regulated very little under different
strain and Br concentration. This unique property of monolayer Cr2I6−xBrx under strain makes it a good candidate for the flexible spintronic
devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0045893

I. INTRODUCTION

CrI3 is a unique 2D magnetic material1–4 with an out-of-plane
spin orientation5 and a Curie temperature (TC) of 45–61 K.1,2,6–9

The successful exfoliation of few-layer and even monolayer CrI3
from its bulk counterpart greatly promotes the investigation on
properties and applications.3,4,8,10–13 The continuous modulation of
properties of monolayer CrI3 is important to extend its applica-
tions. Alloying is an effective strategy to tune the properties of 2D
materials. For example, the bandgap of MX2 (M =Mo and W,
X = S, Se, and Te) monolayers can be tuned continuously from 1.0
to 1.8 eV by adjusting the concentration of X atoms.14 The band
edge position of MoS2 monolayer can be shifted by cation alloying,
i.e., W, Cr, and V.15 Besides the electronic property, the magnetic
property of materials can also be modulated by alloying. As found

by Abramchuk et al., the substitution of Cl with Br could enhance
the spin–orbit coupling (SOC) of bulk CrCl3−xBrx and the TC of
CrCl3−xBrx increases linearly with the increasing Br concentra-
tion,16 while for monolayer CrI3−xBrx alloys, the calculated TC via
mean-field approximation decreases from 224 to 155 K with Br
content growing from 0 to 3.17 This rather high TC is caused by the
mean-field approximation, which neglects the effect of fluctuation
of spins.17 Applying strain is another conventional method to mod-
ulate the properties of 2D materials. Webster and Yan found that
the estimated TC of CrCl3 increases continuously from 29.7 to
39.0 K with a tensile strain up to 2.4% based on mean-field approx-
imation.18 For monolayer CrI3, the magnetic ground state changes
from the ferromagnetic (FM) state to antiferromagnetic (AFM)
state upon compression strain of −3%,19 −5%,19,20 −5.7%,18 and
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−8%2 according to different calculation methods. Though the
effects of Br alloying and extra strain on monolayer CrI3 have been
studied, the combined effect of them on monolayer CrI3 remains
unknown.

In this work, we present a systematic study on electronic and
magnetic properties of monolayer CrI3 by using the combined
engineering of strain and alloy. Our results show that monolayer
Cr2I6−xBrx alloys with a tunable bandgap can be obtained by apply-
ing suitable strain and Br substitution. Our findings provide useful
guidelines for tuning the electronic properties but keeping the mag-
netic properties of monolayer CrI3 through the combined strain and
alloy engineering, and we propose that these monolayer alloys can be
used for potential multifunctional flexible spintronic devices.

II. COMPUTATIONAL DETAILS

All calculations are performed in the framework of density
functional theory21 by using a plane-wave basis set as implemented
in the Vienna ab initio simulation package.22 The electron–ion
interactions are modeled using the projector augmented wave
potentials.23,24 The generalized gradient approximation (GGA)
with Perdew–Burke–Ernzerhof functional25 for the exchange-
correlation interactions and a Hubbard correction (U = 2.7 eV)26 on
the d orbitals of Cr atoms are adopted.27 In all of our calculations,
the SOC is fully taken into account. A vacuum of 15 Å is used in all
the calculations to avoid interaction between the neighboring slabs.
The plane-wave cutoff energy is set to 450 eV and the first Brillouin
zone of the unit cell of monolayer Cr2I6−xBrx alloys is sampled
by using the Monkhorst–Pack scheme28 of k points with the
5 × 5 × 1mesh. The structural optimization is continued until the
residual forces have converged to less than 0.01 eV/Å and the total
energy difference to less than 10−5 eV.

III. RESULTS AND DISCUSSION

A. Alloy effect on atomic structures and stability of
monolayer Cr2I6−xBrx

The bulk CrI3, which consists of weakly van der Waals
bonded I–Cr–I slabs, has been successfully exfoliated down to the
monolayer limit by mechanical exfoliation.1 Besides, it has been
demonstrated experimentally and theoretically that monolayer CrI3
could be synthesized by a vapor-phase growth method.29,30 The top
and side views of atomic structure of monolayer CrI3 are shown in
Fig. S1(a) in the supplementary material. We designed all possible
ideal alloyed configurations without point defects in one CrI3 unit
cell by substituting I atoms with Br atoms, because the point
defects could greatly affect properties of materials according to pre-
vious reports.10,31,32 All atomic configurations of these monolayer
Cr2I6−xBrx alloys are shown in Fig. S1(b) in the supplementary
material. The structure stability of monolayer Cr2I6−xBrx alloys is
estimated by formation enthalpy (ΔH), which is defined by

ΔH ¼ ET(Cr2I6�xBrx)� x
6
ET(CrBr3)� (6� x)

6
ET(CrI3), (1)

where ET(Cr2I6−xBrx), ET(CrBr3), and ET(CrI3) are the total ener-
gies of the monolayer Cr2I6−xBrx, CrBr3, and CrI3, respectively. x is

the amount of Br in one Cr2I6−xBrx unit cell. The lowest ΔH of
monolayer Cr2I6−xBrx alloy at each x shown on the dashed line in
Fig. 1 indicates the ground states of monolayer Cr2I6−xBrx alloy.
The magnitude of ΔH values for alloys in the ground state configu-
ration is very small, indicating that these ground state structures
could be fabricated. Due to these small ΔH combined with the
same crystal structure of monolayer CrX3 (X = I, Br),18 the mutual
solubility of CrBr3 and CrI3 probably appear. It is worth noting
that the total energies of the most stable geometry structures for
Cr2I6−xBrx (x = 2, 3, and 4) in our work are 0.03, 0.05, and 0.05 eV
per unit cell lower than those for Cr2I6−xBrx (x = 2, 3, and 4)
studied in a previous paper.17

B. Alloy effect on band structure of monolayer
Cr2I6−xBrx

The calculated band structures of monolayer Cr2I6−xBrx alloys
considering the SOC effect are shown in Figs. S2(a)–S2(g) in the
supplementary material. The valence bands along the Γ–M–K–Γ
path near the Fermi level in all monolayer Cr2I6−xBrx alloys are
concave downward, and this sag tends to be gentle with the
growing Br concentration. However, their conduction bands near
the Fermi level are relatively flat. Meanwhile, the higher the Br con-
centration is, the farther away these conduction bands are from the
Fermi level. From our calculations, monolayer CrI3 has a direct
bandgap of 0.86 eV with both the valence band maximum (VBM)
and the conduction band minimum (CBM) located at the Γ point.
Monolayer CrBr3 has an indirect bandgap of 1.70 eV with the
VBM and the CBM at the Γ point and K point, respectively.
The bandgaps of monolayer CrI3 and CrBr3 are in good agreement
with the previous theoretical results (0.89 eV for CrI3, 1.69 eV for
CrBr3).

18,33 For monolayer Cr2I5Br and Cr2I4Br2, their VBM and
CBM are both located at the Γ point, indicating they are direct
bandgap semiconductors. When x further increases, the CBM of
Cr2I3Br3 and Cr2IBr5 turn to localize at a point in the Γ-K path,
and the CBM of monolayer Cr2I2Br4 resides at the M point,
whereas their VBM all remains at the Γ point. These results suggest

FIG. 1. The ΔH evolution of monolayer Cr2I6−xBrx alloys vs x. Insets are the
top views of several monolayer Cr2I6−xBrx alloys. Blue, bronzing, and green
balls represent Cr, I, and Br atoms, respectively.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 155104 (2021); doi: 10.1063/5.0045893 129, 155104-2

Published under an exclusive license by AIP Publishing.

https://www.scitation.org/doi/suppl/10.1063/5.0045893
https://www.scitation.org/doi/suppl/10.1063/5.0045893
https://www.scitation.org/doi/suppl/10.1063/5.0045893
https://www.scitation.org/doi/suppl/10.1063/5.0045893
https://aip.scitation.org/journal/jap


that monolayer Cr2I6−xBrx alloys can maintain the direct bandgap
at low Br concentrations (x≤ 2), while other monolayer Cr2I6−xBrx
alloys (x≥ 3) turn to be indirect bandgap semiconductors.

The bandgap evolution of monolayer Cr2I6−xBrx alloys with
the increase of x is shown in Fig. 2(a). Clearly, the bandgap has a
large and continuous tunable range from 0.86 to 1.70 eV.
According to the gap bowing effect,14,34 which is commonly intro-
duced to understand the variation rule of the bandgap for alloys,
the bandgap can be described by the formula

Eg(Cr2I6�xBrx) ¼ 1� x
6

� �
Eg(CrI3)þ x

6
Eg(CrBr3)� b

x
6

1� x
6

� �
,

(2)

where Eg(Cr2I6−xBrx), Eg(CrI3), and Eg(CrBr3) are the bandgap
values of the monolayer alloys, CrI3 and CrBr3, respectively. b is
the gap bowing parameter, which can be obtained by fitting the
bandgap evolution curve. According to our calculation, b is fitted
to be 0.31 ± 0.05 eV. Hence, the bandgap value of monolayer Cr2I6
−xBrx alloys with any other Br concentration can be quantitatively
obtained using this b value.

C. Biaxial strain effect on the band structures
of monolayer Cr2I6−xBrx

Our calculated Young’s moduli for monolayer CrI3 and CrBr3
are 24 and 30 N/m, respectively, which are consistent with the pre-
vious work.26 Young’s moduli of other monolayer Cr2I6−xBrx

(x = 1–5) alloys are in the range of 23–31 N/m (see Fig. S3 in the
supplementary material). These Young’s moduli are much smaller
than those of graphene35 (340 N/m) and monolayer MoS2

36

(180 N/m), indicating that monolayer Cr2I6−xBrx alloys can with-
stand much larger strain than graphene and monolayer MoS2. On
the other hand, biaxial strain has been demonstrated as an effective
method to modulate the electronic properties of 2D materials.37–42

Hence, monolayer Cr2I6−xBrx alloys possess great potential in prop-
erty modulation by strain.

We systematically investigated the effect of biaxial strain on
the band structure of monolayer Cr2I6−xBrx alloys by equally
changing the in-plane lattice constants of both a and b. The biaxial
strain (ε) is defined as ε = (a− a0)/a0, where a0 is the in-plane
lattice constant without strain. The positive and negative ε repre-
sent tensile and compressive biaxial strain, respectively. Table S1 in
the supplementary material shows the pristine in-plane lattice con-
stants of monolayer Cr2I6−xBrx alloys. For monolayer CrI3, the elec-
tronic bandgap increases from 0.66 to 0.92 eV under biaxial strain
from −4% to 4% and then decreases to 0.91 eV when the biaxial
strain reaches up to 6% as shown in Fig. 2(b). The reason for the
variation of bandgap is that tensile biaxial strain moves the valence
bands around M and K points toward higher energy, while com-
pressive strain shifts these valence bands to lower energy, as
reported by the previous work.18 The VBM of monolayer CrI3
remains at the Γ point under different biaxial strain, while the
CBM is shifted under strain of −4%, 2%, 4%, and 6%, leading to an
indirect bandgap as shown in Fig. S4 in the supplementary
material. Therefore, extra strain can effectively tune the electronic

FIG. 2. (a) The bandgap of monolayer Cr2I6−xBrx alloys as a function of x. The blue solid line is fitted by Eq. (2). (b) The bandgap of monolayer CrI3 as a function of
strain.
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properties of the monolayer CrI3, and this can also be applicable to
other monolayer Cr2I6−xBrx alloys due to their similar crystal
structures.

The bandgap evolution of monolayer Cr2I6−xBr alloys vs biaxial
strain shows parabolic characters as shown in Fig. 3(a). For example,
the bandgap of monolayer Cr2I3Br3 increases from 1.03 to 1.19 eV
under strain from −4% to 2% and then decreases to 1.17 eV when
strain reaches to 4%. The bandgap of monolayer Cr2IBr5 increases
from 1.34 to 1.47 eV under strain from −4% to 0% and drops to
1.41 eV with strain reaching to 4%. The bandgap of monolayer
CrBr3 increases from 1.61 to 1.70 eV under strain from −4% to −2%
and falls to 1.61 eV when strain reaches to 4%. These results show
that strain can continuously modulate the bandgap of monolayer
Cr2I6−xBr alloys. Besides, the corresponding strain of the largest
bandgap of each monolayer Cr2I6−xBrx shifts gradually from the
tensile to compressive strain with the increasing x. For a given strain,
the bandgaps of monolayer Cr2I6−xBrx (x = 1–5) are all between
those of monolayer CrBr3 and CrI3, as seen in Fig. 3(a). For
example, when the extra strain is −4%, the bandgap values of mono-
layer Cr2I6−xBrx alloys are 0.66, 0.80, 0.95, 1.03, 1.20, 1.34, and
1.61 eV for x = 0–6, respectively. It is worth noting that the tunable
range of the bandgap of monolayer Cr2I6−xBrx alloys induced by
alloying is much larger than that by applying strain. Overall, the
bandgap of monolayer Cr2I6−xBrx alloys could be continuously mod-
ulated by changing the concentration of Br and applying extra
biaxial strain.

D. Magnetic ground state of monolayer Cr2I6−xBrx

Here, we first consider the magnetic ground state of mono-
layer Cr2I6−xBrx alloys. Different magnetic ground states of mono-
layer Cr2I6−xBrx alloys including FM, Néel AFM, zigzag AFM, and
stripy AFM states are taken into consideration. The scheme for
each magnetic state can be found in Fig. S5 in the supplementary
material. To confirm the magnetic ground state of monolayer
Cr2I6−xBrx alloys, the energy of each AFM state and FM state
are calculated (see Table S2 in the supplementary material). From
our calculations, all of the monolayer Cr2I6−xBrx alloys without

strain are intrinsic FM semiconductors, which indicates that alloy-
ing Br atoms does not change the intrinsic ferromagnetism of
monolayer CrI3.

E. Combined effect on magnetic properties of
monolayer Cr2I6−xBrx

To understand the combined effect of applying strain and
alloy on the magnetic moment of monolayer Cr2I6−xBrx alloys, the
evolution of their total magnetic moment (mtot) vs strain and alloy
is shown in Fig. 3(b). It can be seen that the mtot of monolayer
Cr2I6−xBrx alloys decreases gradually with the increasing Br con-
centration under each strain. As known in a previous work,17 the
mtot in monolayer Cr2I6−xBrx alloys is mainly contributed by the
magnetic moments of Cr (mCr) and this mCr gradually decreases
with Br substituting I owing to the change of bond length and
covalent effect. Moreover, a growing bond length could gradually
weaken the covalent effect. The bond lengths of Cr–Br and Cr–I
are summarized in Table S1 in the supplementary material and the
individual magnetic moments of Cr and Br/I atom (mBr/mI) of
monolayer Cr2I6−xBrx alloys are listed in Table S3 in the
supplementary material. Taking monolayer Cr2I6−xBrx alloys
without strain as an example, with the increase of x the mCr

decreases gradually from 3.34 μB to 3.17 μB, while the mBr (mI)
keeps almost constant at −0.08 μB (−0.12 to −0.13 μB), resulting in
the change of mtot from 2.98 to 2.92 μB/CrX3, in good agreement
with the previous works.17,42,43

On the other hand, for monolayer Cr2I6−xBrx with certain x,
the mtot increases slightly under strain from −4% to 4%, as shown
in Fig. 3(b). The corresponding mtot of monolayer Cr2I6−xBrx for
x = 0–6 are tuned from 2.97 to 3.00 μB/CrX3, 2.96 to 2.99 μB/CrX3,
2.95 to 2.98 μB/CrX3, 2.94 to 2.97 μB/CrX3, 2.93 to 2.96 μB/CrX3,
2.92 to 2.95 μB/CrX3, and 2.91 to 2.92 μB/CrX3, respectively. The
increase of mtot can be understood in view of the fact that the mCr

increases as well (see Table S3 in the supplementary material),
which is also ascribed to the declined covalent effect with the
change of the bond length under strain from −4% to 4%. Note that
the large mtot of monolayer Cr2I6−xBrx are all between 2.91 and

FIG. 3. (a) The bandgap evolution vs biaxial strain for monolayer Cr2I6−xBrx alloys. (b) The total magnetic moment of monolayer Cr2I6−xBrx alloys as a function of biaxial
strain.
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3.00 μB/CrX3 under different strains, indicating their great magnetic
stability and the potential application in flexible devices.

Furthermore, we considered the magnetic ground state of
monolayer Cr2I6−xBrx alloys under strain. To confirm the magnetic
ground state of monolayer Cr2I6−xBrx alloys under strain, the
energy difference between AFM and FM states is calculated as

shown in Figs. 4(a)–4(g). The magnetic ground state of monolayer
CrI3 and CrBr3 is transformed from the FM state to AFM-Néel
state under compressive strain of about −7.5% and −6.5%, respec-
tively, in line with a previous report by Zhang et al.2 For monolayer
Cr2I6−xBrx (x = 2–5), their magnetic state transition points all
locate at about −7.0% strain and the corresponding AFM state is

FIG. 4. (a)–(g) The energy difference (EAFM− EFM) between the AFM and FM states as a function of strain for monolayer (a) CrI3, (b) Cr2I5Br, (c) Cr2I4Br2, (d) Cr2I3Br3,
(e) Cr2I2Br4, (f ) Cr2IBr5, and (g) CrBr3. The AFM state zone is highlighted in pink. (h) The TC evolution of monolayer Cr2I6−xBrx alloys under a series of biaxial strain.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 155104 (2021); doi: 10.1063/5.0045893 129, 155104-5

Published under an exclusive license by AIP Publishing.

https://aip.scitation.org/journal/jap


Néel type. That means the monolayer Cr2I6−xBrx can keep FM state
well until the extra compressive strain up to a large value.

The TC of monolayer Cr2I6−xBrx alloys is important for appli-
cation. We calculated the TC of monolayer Cr2I6−xBrx alloys based
on mean-field approximation. The details of the calculation
method are given in the supplementary material. The calculated TC
of monolayer CrI3 and CrBr3 without strain are about 48 and 44 K,
respectively, which are slightly larger than the experimental values
of 45 K1 for monolayer CrI3 and 37 K44,45 for monolayer CrBr3. As
shown in Fig. 4(h), the TC of monolayer CrI3 and CrBr3 can reach
to the maximum under strain = 0% and a tensile strain = 2%,
respectively, which are similar to a previous report by Webster and
Yan.18 For monolayer Cr2I5Br, the maximum TC (45 K) locates at
strain = 0%, similar to monolayer CrI3. For other monolayer
Cr2I6−xBrx (x = 2–5), the maximum TC occurs under a tensile
biaxial strain of 2%, similar to monolayer CrBr3. The correspond-
ing maximum TC values of monolayer Cr2I6−xBrx are 45, 45, 46,
and 47 K for x = 2, 3, 4, and 5, respectively. In a word, a small
biaxial tensile strain can slightly improve the TC of monolayer
Cr2I6−xBrx (x = 2–6).

IV. CONCLUSION

We investigated the structural stability and electronic and
magnetic properties of monolayer Cr2I6−xBrx alloys under strain by
using first-principles calculations. These alloys are proved to be
stable and can be probably synthesized. The bandgap of monolayer
Cr2I6−xBrx can be changed continuously from 0.66 to 1.70 eV by
applying extra strain and controlling the concentration of Br. These
results provide a possible strategy for experiments to modulate the
electronic properties of CrI3 monolayer. In particular, for a certain
bandgap, the corresponding strain and Br concentration can be
obtained from our work. On the other hand, the total magnetic
moment of monolayer Cr2I6−xBrx keeps a large value and in the
range of 2.91–3.00 μB/CrX3 under strain from −4% to 4%. This
strain independent magnetism allows for relatively large lattice mis-
match between monolayer Cr2I6−xBrx and substrate, which offers
more choices for experimental researchers to choose substrate when
synthesizing spintronic devices. Besides, the TC of monolayer
Cr2I6−xBrx alloys can be slightly increased by applying small tensile
strain. Therefore, strain and alloying combined engineering can
effectively modulate the electronic properties of monolayer
Cr2I6−xBrx and at the same time maintain their unique magnetic
properties, which brings new opportunities in the application of
flexible devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for atomic structures, band
structures, Young’s moduli, lattice parameters, bond length and
magnetic moments of monolayer Cr2I6−xBrx, band structures of
monolayer CrI3 under strain of −4%–6%, magnetic configurations
of monolayer Cr2I6−xBrx and the corresponding energies, and the
derivation process of TC.
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