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Valley-dependent properties in two-dimensional Cr2COF MXene predicted from first principles
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The search for valley-dependent exotic properties could enable quantum device applications and therefore
attracts rapidly increasing attention. Here, using first principles, we predict existence of the intrinsic valley-
related multiple Hall effect in two-dimensional (2D) Cr2COF MXene. Cr2COF MXene is a ferromagnetic
semiconductor with a direct bandgap locating at the edges of the hexagonal Brillouin zone, endowing it with
valley physics. Protected by time-reversal symmetry breaking and out-of-plane magnetization, the valleys are
polarized spontaneously. Moreover, the valley polarization is sizeable in both the valence and conduction bands,
benefiting the observation of the anomalous valley Hall effect. More remarkably, due to strong spin-orbit inter-
action, the valley-dependent band inversion occurs naturally, and thus, the valley-polarized quantum anomalous
Hall effect can be realized simultaneously in Cr2COF MXene, giving rise to the intriguing intrinsic valley-related
multiple Hall effect. In addition, this multiple Hall effect can be effectively engineered under strain. Our findings
greatly enrich the research on valley-dependent physical properties in 2D systems.
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I. INTRODUCTION

Valley, referring to the degenerate energy extrema in mo-
mentum space, is an emerging degree of freedom of carriers
in analog to charge and spin [1]. There are many intrinsic
physical properties associated with valley occupancy, such
as the Berry curvature, orbital magnetic moment, and optical
circular dichroism, which enables the ability to control val-
leys [2]. This electronic degree of freedom can give rise to
unconventional valley-dependent physics and device applica-
tions [3–6]. For example, by distinguishing and manipulating
carriers at the valleys, the valley polarization and thus valley
Hall effect can be realized [5–7]. In this regard, the valley
index can be utilized as an information carrier, leading to the
concept of valleytronics [8]. Due to the large separation in
momentum space, the valley index in two-dimensional (2D)
lattice is robust against smooth deformation and low-energy
phonons, making it promising for information processing and
storage. The current research for achieving valley polariza-
tion has been mainly established in the paradigms of external
approaches, which suffers from various problems [9–19]. To
conquer these challenges, the exotic anomalous valley Hall
(AVH) effect [20], rooted in spontaneous valley polarization
in 2D ferromagnetic semiconductors, is recently proposed.
For the valley Hall effect in ferromagnetic materials, it pos-
sesses a more interesting feature, that is, the presence of
additional charge Hall current, which is referred to as AVH
effect [20]. Nevertheless, the spontaneous valley polarization
has been reported in only a few 2D systems so far [20–26].
Most of these few existing systems harbor the annoying in-
plane magnetization [21,23,26].
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The coupling between valley and topology physics
can yield another intriguing valley-dependent phenomenon,
namely, the valley-polarized quantum anomalous Hall (VP-
QAH) effect [27,28]. Different from common QAH effect,
the VP-QAH is represented by a gapless surface/edge state
connecting the conduction band of one valley to the va-
lence band of another valley rather than in a single valley
[29,30]. The VP-QAH effect can be characterized by quan-
tum Hall resistance and zero longitudinal resistance [31,32].
These characteristic features have a topological origin, which
are protected from elastic backscattering, and therefore hold
potential applications for low power quantum computation
[33]. Compared with either AVH effect or VP-QAH effect,
undoubtedly, their simultaneous existence (i.e., valley-related
multiple Hall effect) in 2D systems is more striking. That is
because the realization of valley-related multiple Hall effects
can offer the unprecedented opportunity to achieve robust
dissipationless valleytronics [28]. Though highly valuable,
arising from the required band inversion at the valley, the
appearance of the VP-QAH effect usually deforms the valley
features; thus, it is accompanied with the vanishing of the
AVH effect [28,34,35]. As a result, up to now, the valley-
related multiple Hall effects, especially being intrinsic, have
been rarely explored [29,30,36,37].

MXene, representing 2D transition metal carbides and ni-
trides, becomes one of the hopeful candidates for 2D materials
following the synthesis of Ti3C2 [38,39]. The general formula
of MXene can be written as Mn+1XnA (M is a transition metal;
X represents C or N; A represents O, F, OH, or Cl; and n =
1–3). Based on the intrinsic ferromagnetism (FM) of Cr2C,
surface engineering can be used to break the inversion sym-
metry and retain the time-reversal symmetry breaking. Here,
we present the discovery of intrinsic valley-related multiple
Hall effects in 2D Cr2COF MXene based on first-principles
calculations. We find that it is a ferromagnetic semiconductor
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FIG. 1. (a) Crystal structure of Cr2COF MXene from top and side views. (b) Two-dimensional (2D) Brillouin zone with marking the
high-symmetry k points. (c) Electron localization function of Cr2COF MXene. (d) Splitting of d orbitals of the Cr atom under the distorted
octahedral crystal field. (e) Phonon spectra of Cr2COF MXene.

with band edges locating at the +K/ − K points, giving rise
to the valley physics. Importantly, the valleys are polarized
spontaneously, which arises from the time-reversal symme-
try breaking and out-of-plane magnetization, and the valley
polarization is sizeable in both the valence and conduction
bands. This benefits the observation of the AVH effect in
Cr2COF MXene. More intriguingly, the band order is inverted
at the +K valley, while it preserves as trivial at the −K valley,
presenting the VP-QAH effect. Such simultaneous existence
of AVH and VP-QAH effects leads to the tantalizing intrinsic
valley-related multiple Hall effects. Furthermore, we find that,
under strain engineering, the characters of valley-related Hall
effect can be modulated. These fundamental insights motivate
a vista for seeking valley-related multiple Hall effects in 2D
lattices.

II. METHOD

First-principles calculations are performed based on den-
sity functional theory as implemented in Vienna Ab initio
Simulation Package [40–42]. The exchange-correlation inter-
actions are treated by generalized gradient approximation in
the form of the Perdew-Burke-Ernzerhof functional [43]. The
cutoff energy is set to 500 eV. The vacuum space is set to
30 Å. The 11 × 11 × 1 Monkhorst-Pack k-point mesh is
used to sample the 2D Brillouin zone. All structures are fully
relaxed until the atomic force on each atom is <0.01 eV/Å,
and the convergence criterion of the total energy is set to
10−5 eV. Considering the strong correction effect for the
localized 3d electrons of Cr atoms, we employ the Heyd-
Scuseria-Ernzerhof hybrid functional [44] to calculate the
band structures. Berry curvatures are calculated by employing
the VASPBERRY package [45].

III. RESULTS AND DISCUSSION

Figure 1(a) displays the crystal structure of Cr2COF MX-
ene. It exhibits a hexagonal lattice with the space group of
P3m1. Each unit cell contains one C, one O, one F, and two

Cr atoms, which are stacked in the sequence of F-Cr-C-Cr-O.
Therefore, Cr2COF MXene exhibits the intrinsic broken in-
version symmetry. The lattice constant of Cr2COF MXene is
optimized to 2.968 Å, which is consistent with previous work
[46]. To investigate the bonding characteristics of Cr2COF
MXene, we calculate its electron localization function in the
plane containing F-Cr-C-Cr-O. As shown in Fig. 1(c), the
electrons mainly localized around the atoms, while those in
between the atoms are negligible, indicating an ionic bonding
for all the bonds. The dynamically stability of Cr2COF MX-
ene is confirmed by the phonon spectra illustrated in Fig. 1(e),
which exhibits the absence of imaginary frequencies in the
whole Brillouin zone.

The valence electronic configuration of the Cr atom is
3d54s1. For the upper Cr atom (Cr1), it would denote three
electrons to the six neighboring F and C atoms, giving rise
to the electronic configuration of 3d34s0. While for the lower
Cr atom (Cr2), due to the different coordinated atoms, one
more electron would be transferred to the neighboring atoms,
and the electronic configuration of Cr2 would be 3d24s0. For
both Cr1 and Cr2 atoms, they are under a distorted octahedral
coordination environment, and the d orbitals are roughly split
into two groups [Fig. 1(d)]. As illustrated in Fig. 1(d), the
three left electrons of the Cr1 atom would half fill the t2g

orbitals, yielding a magnetic moment of 3 μB. For the Cr2

atom, the two left electrons would half fill two of these three
orbitals, leading to a magnetic moment of 2 μB. As expected,
our spin-polarized calculations show that Cr2COF MXene
is spin polarized, and the magnetic moment per unit cell is
calculated to be 5 μB, which is mainly distributed on the Cr
atoms.

By examining the crystal structure of Cr2COF MXene,
we find that the Cr-C-Cr bonding angle is close to 90 °. Ac-
cording to Goodenough-Kanamori-Anderson rules [47–49],
FM coupling would dominate the magnetic coupling among
the magnetic moments of Cr2COF MXene. To firmly confirm
the magnetic coupling of Cr2COF MXene, we consider four
magnetic configurations, i.e., FM and three types of antifer-
romagnetic ones (AFM1, AFM2, and AFM3; Fig. S1 in the
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FIG. 2. Band structures of Cr2COF MXene (a) without and (b) with considering spin-orbit coupling (SOC). Band structures of Cr2COF
MXene with considering SOC projected on the d orbitals of (c) Cr1 and (d) Cr2 atoms and without considering SOC projected on the d orbitals
of (e) Cr1 and (f) Cr2 atoms. The Fermi level is set to the valence band maximum.

Supplemental Material [50]). Indeed, Cr2COF MXene prefers
FM coupling, which is 358, 737, and 622 meV lower in
energy than the AFM1, AFM2, and AFM3 couplings, respec-
tively. Furthermore, the magnetic anisotropy energy (MAE) of
Cr2COF MXene is calculated to determine its magnetization
easy axis. The magnetization orientation of Cr2COF MXene
is found to be out-of-plane with a large MAE of 1 meV per
unit cell, which is significantly larger than those of Ni, Fe,
and Co [51] and comparable with those of CrI3, MnB6, and
MnGaX3 [52–55]. Such a sizeable MAE value indicates that
the out-of-plane magnetization is robust, which benefits for
establishing the long-range magnetic order [56] as well as the
emergence of valley polarization discussed later.

Figure 2(a) presents the band structure of Cr2COF MXene
without considering spin-orbit coupling (SOC). Due to the
large spin polarization, the bands around the Fermi level are
only from the spin-up channel. It is a semiconductor with a
direct bandgap of 346 meV. Therefore, Cr2COF MXene is a
2D ferromagnetic semiconductor. Its valence band maximum
(VBM) and conduction band minimum (CBM) both locate at
the +K/ − K points, which are mainly contributed by dxz/yz

orbitals of the Cr1 atom and dxy/x2−y2 orbitals of Cr2 atoms;
see Figs. 2(e) and 2(f). Given the intrinsic broken inversion
symmetry, the band edges form a pair of energetically de-
generate valleys in both the conduction and valence bands
of Cr2COF MXene. When taking SOC into consideration,
as shown in Fig. 2(b), the degeneracy between +K and −K
valleys is lifted. In detail, the +K valley shifts below the
−K valley in the conduction band, while the +K valley shifts
above the −K valley in the valence band. Therefore, the valley
polarization is realized spontaneously in both the conduc-
tion and valence bands of Cr2COF MXene. The spontaneous

valley polarization of Cr2COF MXene arises from the joint ef-
fect of magnetic exchange interaction and SOC. Importantly,
the spontaneous valley polarization is sizeable for both the
conduction and valence bands, which is 364 and 291 meV,
respectively. Such values are comparable with those of NbX2

and GdI2 [24,26], which would facilitate the observation of
the AVH effect. It is worthy emphasizing that the spontaneous
valley polarization in Cr2COF MXene is different from most
of the previously studied 2D valleytronic systems [20–26],
wherein such sizeable spontaneous valley polarization usually
occurs in either the conduction or the valence band but not
both.

We then explore the underlying physics for this discrep-
ancy. From the orbital-resolved band structures of Cr2COF
MXene without considering SOC shown in Figs. 2(e) and 2(f),
it can be seen that the CBM is dominated by dx2−y2/xy orbitals
of the Cr2 atom, and the VBM mainly comes from dxz/yz or-
bitals of the Cr1 atom. Because SOC plays an important role in
realizing the valley polarization, we employ a simple effective
model to study the SOC effect. Considering the states around
the Fermi level are from one spin channel, the Hamiltonian of
SOC ĤSOC can be expressed as [57,58]

ĤSOC = λŜz′
(
L̂zcosθ + 1

2 L̂+e−iφsinθ + 1
2 L̂−e+iφsinθ

)
.

Here, L̂ and Ŝ are the orbital angular and spin angular
operators, respectively. Also, θ and φ indicate the spin ori-
entations, respectively. As Cr2COF MXene exhibit intrinsic
out-of-plane magnetization orientation, θ = 0, and then ĤSOC

can be simplified as

ĤSOC = λŜz′ L̂z.
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FIG. 3. (a) Berry curvature of Cr2COF MXene as a counter map over the two-dimensional (2D) Brillouin zone. (b) Diagram of the
anomalous valley Hall (AVH) effect under electron doping. (c) Diagram of the valley-polarized quantum anomalous Hall (VP-QAH) effect
under electron doping. The − symbols represent electrons, and the orange upward arrows represent spin-up states.

Considering the orbital contribution around the valleys and
the C3 symmetry, the basis functions of conduction and va-
lence bands can be chosen as

∣∣ϕτ
c

〉 =
√

1

2
(|dx2−y2〉 + iτ |dxy〉),

∣∣ϕτ
v

〉 =
√

1

2
(|dxz〉 + iτ |dyz〉).

Here, τ represents the valley index. Also, c(v) indicates the
conduction (valence) band. The energy levels of the +K/ − K
valleys can be written as

E τ
c = 〈

ϕτ
c

∣∣ĤSOC

∣∣ϕτ
c

〉
,

E τ
v = 〈

ϕτ
v

∣∣ĤSOC

∣∣ϕτ
v

〉
.

As a result, the valley polarizations in both conduction and
valence bands can be written as

E+K
c − E−K

c = i〈dx2−y2 |ĤSOC|dxy〉 − i〈dxy|ĤSOC|dx2−y2〉
= 4α,

E+K
v − E−K

v = i〈dxz|ĤSOC|dyz〉 − i〈dyz|ĤSOC|dxz〉 = 2β.

Here, we have used L̂z|dxz〉 = i|dyz〉, L̂z|dyz〉 = −i|dxz〉,
L̂z|dx2−y2〉 = 2i|dxy〉, L̂z|dxy〉 = −2i|dx2−y2〉, α = λ〈dx2−y2 |Ŝz′

|dx2−y2〉, and β = λ〈dxz|Ŝz′ |dxz〉. Due to the strong SOC in
Cr-d orbits, α and β have large values. In most of the previous
systems, due to the fact that the orbital composition dz2 does
not contribute to valley polarization, they only have valley po-
larization in either the conduction or valence band [25,26]. In
contrast, the conduction and valence bands of Cr2COF MX-
ene are mainly from Cr-dx2−y2/xy and Cr-dxz/yz, respectively,
giving rise to sizable valley polarization in both conduction
and valence bands. With these results in hand, we can easily
understand why the valley polarization in the conduction and
valence bands both are sizeable.

To study the valley-dependent physics in Cr2COF MXene,
we calculate the Berry curvature 	 based on the following

formula [59]:

	n(k) = −
∑
n �=n′

2Im〈ψnk|vx|ψn′k〉〈ψn′k|vy|ψnk〉
(En − En′ )2 ,

	(k) = −
∑

n

∑
n �=n′

fn
2Im〈ψnk|vx|ψn′k〉〈ψn′k|vy|ψnk〉

(En − En′ )2 .

Here, fn, En(k), and vx/y are the Fermi-Dirac distribution
function, eigenvalue of the bloch state ψnk , and velocity oper-
ator, respectively. The valence band is selected to calculate the
Berry curvature. The calculated Berry curvature of Cr2COF
MXene as a counter map over the 2D Brillouin zone is shown
in Fig. 3(a). Large 	 peaks locate at the +K valleys, while
slight 	 peaks appear at the −K valley. Based on this feature,
the AVH effect can be observed. Benefited from the large
valley polarization in both the valence and conduction bands,
the observation of the AVH effect would be rather feasible
through electron or hole doping. As illustrated in Fig. 3(b),
when shifting the Fermi level between the +K and −K valleys
in the conduction band under electron doping, the spin-up
electron from the +K valley will gain a vertical velocity and
accumulate at the upper edge of the sample under an in-plane
electric field, resulting in the AVH effect. On the other hand,
through moving the Fermi level between +K and −K valleys
in the valence band under hole doping, the spin-down holes
from the +K valley will acquire an opposite vertical velocity
and gather at the lower edge of the sample under the opposite
in-plane electric filed, which generates the AVH effect as well.

Another interesting point we can see from Fig. 3(a) is that
the signs of Berry curvature of Cr2COF MXene at the +K and
−K valleys are the same. This is in sharp contrast to the cases
of most 2D valleytronic systems wherein the Berry curvature
at the +K and −K valleys usually exhibit opposite signs. This
phenomenon implies that the valley-dependent band inversion
occurs in Cr2COF MXene. To confirm this point, we plot the
orbital-resolved band structure of Cr2COF MXene without
considering SOC in Figs. 2(e) and 2(f). Without considering
SOC, the valleys in the conduction and valence bands are
dominated by dx2−y2/xy orbitals of the Cr2 atom and dxz/yz

orbitals of the Cr1 atom, respectively. Upon including SOC, as
shown in Figs. 2(c) and 2(d), the +K valley in the conduction
and valence bands are dominated by dxz/yz orbitals of the
Cr1 atom and dx2−y2/xy orbitals of the Cr2 atom, respectively.
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FIG. 4. Orbital-resolved band structures of Cr2COF MXene with considering spin-orbit coupling (SOC) under various strain projected on
the d orbitals of (a) Cr1 and (b) Cr2. The Fermi level is set to the valence band maximum.

Therefore, the band order is inverted at the +K valley, while
that at the −K valley remains trivial. It should be noted that
the band inversion here is not accompanied with the M- or
W-shaped band edges, which is like the case of H-FeCl2

[30]. This valley-dependent band inversion clearly indicates
the VP-QAH effect in Cr2COF MXene. To establish this non-
trivial topological state of Cr2COF MXene, we calculate the
topological invariants C using the following expression [60]:

C = 1

2π

∑
n

∫
d2k	n.

With integrating Berry curvature for the whole first Bril-
louin zone around each individual valley, the Chern number
of Cr2COF MXene is calculated to be C = 1, confirming the

VP-QAH effect. Remarkably, the appearance of the VP-QAH
effect does not deform the AVH effect. Generally, the ap-
pearance of the VP-QAH effect will deform the band edges
and thus valley features, accompanied with the vanishing of
the AVH effect. However, in Cr2COF, the appearance of the
VP-QAH effect does not deform the AVH effect. Therefore,
Cr2COF MXene simultaneously exhibits AVH and VP-QAH
effects, thus presenting the intriguing valley-related multiple
Hall effects.

We further examine the robustness of the valley-related
multiple Hall effects in Cr2COF MXene in terms of strain en-
gineering. Here, biaxial strain is considered, which is defined
as ε = (a − a0)/a0 (a and a0 represent the lattice constants of
Cr2COF MXene with and without strain, respectively). The
band structures of Cr2COF MXene with considering SOC
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FIG. 5. Berry curvature of Cr2COF MXene under various strain as a counter map over the two-dimensional (2D) Brillouin zone, where C
and Cv represent total and valley-resolved Chern numbers, respectively.

under various strain are displayed in Fig. 4. Here, we assume
that the magnetization orientation is along the out-of-plane
direction, which will be discussed later. When introducing
compressive strain, a band inversion occurs at the +K valleys,
resulting in a trivial band order at the +K point. While the
band order is preserved at the −K valley, this band inversion
leads to a nontrivial-to-trivial phase transition. In this regard,
the VP-QAH effect disappears, and the valley-related multiple
Hall effects in Cr2COF MXene degenerate into the AVH
effect. The critical transition point is between the strain of
−1 and 0%. When applying the tensile strain of 1 and 3%,
the band orders at the +K and −K points are like that of
the pristine case, indicating the valley-related multiple Hall
effects are preserved. Upon increasing the tensile strain to 5%,
another band inversion occurs at the −K valley, which gives
rise to a nontrivial-to-trivial transition in Cr2COF MXene. As
a result, the VP-QAH effect disappears, and the valley-related
multiple Hall effects degenerate into the AVH effect as well.
The corresponding critical point for this transition is between
the strain of 3 and 5%.

To further confirm the intriguing transitions engineered by
strain, taking the cases under strain of −1, 1, and +5% as
examples, we calculate their Berry curvatures. As shown in
Fig. 5, under the strain of 1%, the signs of Berry curvature at
+K and −K valleys are identical to the case without strain.
For Cr2COF Mxene under −1% strain, the sign of the Berry
curvature at the +K valley becomes negative, indicating a
band inversion occurs at the +K valley as compared with the
pristine case, while for the case under 5% strain, the sign of
the Berry curvature at the −K valley becomes negative, which
suggests a band inversion at the −K valley as compared with

the pristine case. This appearance of opposite signs of the of
Berry curvature at +K and −K valleys is accompanied with
the disappearance of the nontrivial states [28], which agrees
well with the above analysis. This topological phase transition
is also confirmed by calculating the total and valley resolved
Chern numbers.

At last, we investigate the strain effect on MAE and mag-
netic exchange interaction of Cr2COF Mxene. As shown in
Fig. 6, the FM ground state of Cr2COF MXene is preserved
under the strain of −5 to 5%. For Cr2COF MXene under strain
of −3 to −5% and 5%, the magnetization orientation is shifted
to in plane. In this case, the valley polarization disappears (see
Fig. S2 in the Supplemental Material [50]), thus vanishing
the AVH effect, while for the cases under the strain of 1 and
3%, the out-of-plane magnetization orientation is preserved,
ensuring the valley-related multiple Hall effects. Therefore,
under strain of 1 and 3%, the valley-related multiple Hall
effects are maintained. Under strain of −1%, Cr2COF MXene
only exhibit the AVH effect. For Cr2COF MXene under strain
of −3, −5, and 5%, neither AVH effect nor VP-QAH effect
can be observed. As a result, strain can be used to modulate
the Hall effects in Cr2COF MXene.

IV. CONCLUSIONS

To summarize, using first-principles calculations, we study
the valley-dependent properties of Cr2COF MXene. We find
that Cr2COF MXene is a FM semiconductor with valley
physics. Due to the intrinsic time-reversal symmetry break-
ing and out-of-plane magnetization, the valleys are polarized
spontaneously. In contrast to 2D valleytronic systems reported

FIG. 6. (a) Magnetic anisotropy energy (MAE) and (b) energies of different magnetic configurations of Cr2COF MXene as a function of
strain. (c) The phase diagram as the function of strain.
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in previous works, the valley polarization is sizeable in both
the valence and conduction bands, which relates to the particu-
lar orbital contribution of the band edges. This sizeable valley
polarization is in favor of realizing the AVH effect in Cr2COF
MXene. Moreover, the nontrivial band inversion at the +K
valley can be induced by SOC, resulting in the VP-QAH
effect. The simultaneously existence of AVH and VP-QAH
effects yields the long-sought intrinsic valley-related multiple
Hall effects in Cr2COF MXene. The underlying physics are
discussed in detail. In addition, we further reveal that the
valley-related multiple Hall effects can be effectively engi-
neered by strain.
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