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Manipulation of the valley degree of freedom provides a paradigm in quantum information technology. Here,
through first-principles calculations and model analysis, we demonstrate that monolayer Cr,COOH MXene
is a promising candidate material for valleytronics applications. We reveal that Cr,COOH is a ferromagnetic
semiconductor and harbors valley features. Due to the simultaneous breaking inversion symmetry and time-
reversal symmetry, the valleys are polarized spontaneously. Moreover, the valley polarization is sizable in
both the valence and conduction bands, benefiting the observation of the anomalous valley Hall effect. More
remarkably, the valley splitting can be effectively tuned by the magnetization direction, strain, and ferroelectric
substrate. More interestingly, the ferroelectric substrate Sc,CO, can not only regulate the MAE, but also tune
valley polarization state. Our findings offer a practical way for realizing highly tunable valleys by multiferroic

couplings.
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I. INTRODUCTION

In addition to charge and spin, the valley index is rapidly
emerging as a distinctive electronic degree of freedom
of electrons, which has simulated intensive investigation
recently [1-4]. The valley generally refers to the local energy
extremum point in the valence band or conduction band. The
valley index is especially robust in terms of impurity and
phonon scatterings due to the large separation in momentum
space [5]. In order to make use of the valley index as an infor-
mation carrier, it is necessary to manipulate the carriers in the
valleys, thereby generating valley polarization. The external
magnetic field or the proximity-induced Zeeman effect has
been proven to be effective in tuning valley degeneracy for
transition metal dichalcogenides monolayer [6-9]. There is
an intriguing question, whether a valley in a two-dimensional
(2D) material can be modulated by both strain and magnetic
means. If so, the valley degree of freedom would be highly
adjustable and have huge applications in valleytronics.
However, there are few examples of strain and magnetic
simultaneous control of the valley, which is worthy of further
exploration [10,11].

Recently, a series of MXenes with the general formula
M,;1C,X (M = transition metal, X = F, CI, OH, or O, n =
1-4) have been exfoliated from their MAX (M is a transition
metal, A is mainly a group IIIA or IVA element, X is C
and/or N) [12] phases to their 2D limit [12-16]. They have
various excellent properties, such as intrinsic ferromagnetism
[17], topological insulating [18], and superconductivity [19].
The interplay between spin and valley in 2D magnetic
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materials may produce spontaneous valley polarization, with-
out the need for annoying external methods. So far, only a
few candidate systems have been proposed, such as VSe,,
CrySes, XY (X =K, Rb, Cs; Y =N, P, As, Sb, Bi), MnPSes;,
and VSiXNy (X = C, Si, Ge, Sn, Pb) [20-25]. Therefore, if
the valley degree of freedom is found in magnetic MXene
monolayer, it becomes more attractive. It is likely to realize
coupling between magnetic order and the valley degree of
freedom. It will be further regulated by multiple physical
fields.

In this work, using first-principles calculations, we present
the discovery of intrinsic spontaneous valley polarization in
2D Cr,COOH MXene. Our results show that monolayer
Cr,COOH is a semiconductor with a moderate band gap
located at the K and K’ points, forming two inequivalent
valleys. When the spin-orbit coupling (SOC) is switched on,
the valleys of Cr,COOH show a large valley spin splitting.
More interestingly, the large valley splitting occurs not only
at the valence band maximum (VBM), but also show at the
conduction band minimum (CBM), which is different from
that of the typical 2D ferrovalley materials. Subsequently, the
multiferroic couplings between ferromagnetism and ferroval-
ley are found. Importantly, the valley splitting can be tuned by
the strain, magnetization rotation, and ferroelectric substrate.
We also confirm that the anomalous valley Hall effect (AVHE)
can be realized in 2D Cr,COOH. The highly tunable valley
splitting in multiferroic MXene provides a practical avenue
for designing advanced spintronic and valleytronic devices
based on the couplings between multiferroic orders.

II. STRUCTURES AND COMPUTATIONAL METHODS

To explore the electronic and magnetic structures, we used
the Vienna ab initio simulation package (VASP) [26—28] within
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the framework of the density functional theory (DFT) for
the first-principles calculations. The exchange-correlation en-
ergy was described by the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional
[29]. The plane-wave basis with a kinetic energy cutoff of
500 eV was employed, and 21 x 21 x 1 and 30 x 30 x 1 I'"-
centered k meshes were adopted for structural optimization
and self-consistent calculations. A vacuum of 20 A was set
along the c axis to avoid the interaction between the sheet and
its periodic images. The total energy convergence criterion
and the force were set to be 10~ eV and —0.01 eV / A, respec-
tively. To describe strongly correlated 3d electrons of Cr [30],
the GGA 4 U method is applied. The Coulomb repulsion U
is varied between 0 eV and 5 eV. To investigate the dynamical
stability, the phonon spectra were calculated using a finite
displacement approach as implemented in the PHONOPY
code [31]. Ab initio molecular dynamic (AIMD) simulation is
carried out in a canonical ensemble based on the algorithm of
Nose at a temperature of 300 K with a 3 x 3 x 1 supercell
[32-34]. The maximally localized Wannier functions (ML-
WFs) were employed to construct an effective tight-binding
Hamiltonian to explore the Berry curvature, anomalous Hall
conductivity (AHC), and edge states [35]. The AHC was
calculated, it performed the Berry curvature integral using the
formula
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where Q%(Kk) is the Berry curvature in the reciprocal space,
v, and v, are operator components along the x and y di-
rections, and f, =1 for the occupied bands, respectively
[36-38].

III. RESULTS AND DISCUSSION
A. Structure and stability

As shown in Fig. 1(a), it shows the crystal structure of
monolayer CrCOOH MXene. The monolayer has a 2D
hexagonal lattice, and consists of six atomic layers stacked as
H-O-Cr-C-Cr-O. Therefore, Cr,COOH exhibits the intrinsic
broken inversion symmetry. The in-plane lattice constant of
it is optimized to 2.99 A and the thickness of the monolayer
is 5.46 A. To investigate the bonding characteristics of
Cr,COOH MXene, we calculate its electron localization
function (ELF) in the plane containing H-O-Cr-C-Cr-O [39].
The ELF value is between zero and one. One means that the
electron is completely localized, while zero indicates that the
electron is completely delocalized. As shown in Fig. 1(c),
the electrons are mainly localized around the atoms, while
those in between the atoms are negligible, indicating an ionic
bonding for all the bonds. Moreover, the thermal dynamic
stability of monolayer Cr,COOH MXene is estimated by
the phonon dispersion spectrum and AIMD calculations.
As shown in Fig. 1(d), Tthe absence of imaginary modes
along the high-symmetry lines verifies the dynamical stability
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FIG. 1. (a) The top and side views of the crystal structure for
Cr,COOH monolayer. The blue, green, magenta, and white balls
represent Cr, C, O, and H elements, respectively. (b) The Brillouin
zone (BZ) of the honeycomb lattice with the reciprocal lattice vectors
by and b,. T, K, and M are high-symmetry points in the BZ. (c) Elec-
tron localization function of Cr,COOH monolayer. (d) Splitting of d
orbitals of the Cr atom under the distorted octahedral crystal field. (e)
The calculated phonon dispersion curves along the high-symmetry
lines.

of monolayer Cr,COOH MXene. The total energies of
monolayer Cr,COOH MXene during 5 ps with a time step of
1 fs at 300 K by AIMD simulations are shown in Fig. S1 [40].
The small fluctuations of energy and integrity of the original
configuration with time evolution demonstrate good thermal
stability of monolayer Cr,COOH MXene.

B. Magnetic property

The valence electronic configuration of the Cr atom is
3d°4s'. For the upper Cr atom (Cry), it would lose three
electrons to the six neighboring C and O atoms because of
its surroundings, leading to the electronic configuration of
3d%45°. While for the lower Cr atom (Cr,), due to the different
coordinated atoms, one more electron would be transferred
to the neighboring atoms, and the electronic configuration of
Cr, would be 3d%4s°. According to Hund’s rule and the Pauli
exclusion principle, the electron configuration of Cr; would
half fill the t,g orbitals, while the Cr, would half-fill two of
these three orbitals, as shown in Fig. 1(e). The Cr,COOH
MXene has a total magnetic moment of 5 pp per unit cell,
while Cr; and Cr, yield magnetic moments of 3 pg and 2 pg,
respectively.

To determine the magnetic ground state of the monolayer
Cr,COOH MXene, four possible magnetic configurations are
considered, namely the ferromagnetic (FM) and three types
of antiferromagnetic ones (AFM1, AFM2, AFM3) using
the GGA + U method [see Figs. 2(a)-2(d)]. To determine
a reasonable value of U, the Coulomb repulsion U is varied
between 0 eV and 5 eV. As shown in Fig. S2(a) [40]. The FM
state is the ground state in all cases except U = 0 eV. It is well
known that transition metal atoms must be modified by Hub-
bard U in the DFT. In previous reports, the Hubbard U is often
taken to be 3 eV for the Cr atom [41,42]. Therefore, we choose
Uesr = 3 eV to investigate the monolayer Cr,COOH MXene.
The FM state is 362.5 meV, 1196.6 meV, and 1315.5meV
lower in energy than the AFM1, AFM2, and AFM3 states,
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FIG. 2. (a) FM, (b) AFM1, (c) AFM2, and (d) AFM3 configura-
tions in Cr,COOH monolayer. (e¢) Angular dependence of the MAE
of Cr,COOH with the direction of magnetization lying on the xz
plane.

respectively. The FM ground state of the monolayer
Cr,COOH MXene can be understood by studying the
crystal structure. In Cr,COOH, the Cr-C-Cr bond angles
are 88.4°, which is close to 90.0°. According to the
Goodenough-Kanamori-Anderson rule [43-45], this con-
figuration is beneficial to FM coupling.

The magnetic anisotropy energy (MAE) is very important
to determine the thermal stability of magnetic ordering. The
MAE mainly originates from the SOC interaction [46,47].
Heavy elements are more preferred because their strong SOC
effect can give rise to a large MAE. It is defined as MAE =
Ei00 — Ego1, where E 9 and Egg; represents the total energy of
the magnetic moment along [100] and [001], respectively. The
negative value of the MAE shows the easy axis is along the x
axis rather than along the z axis. The MAE is —0.245 meV
per unit cell, indicating the magnetization along the x axis.
With such a small MAE, the direction of magnetization can
be easily controlled out-of-plane by a small external magnetic
field. For hexagonal lattice magnetization direction along
(100), the magnetic field (H = -%MOLM) is required to tune
the direction of in-plane magnetization to out-of plane mag-
netization [48]. Where K is the MAE, u is permeability of
vacuum, and M is the total magnetic moment of the sys-
tem. Thus, adjusting the magnetization direction of Cr, COOH
out-of-plane requires 1.13 T. Importantly, we found that
Hubbard U had almost no effect on the MAE, as shown
in Fig. S2(b) [40].

Based on the octahedral symmetry of monolayer
Cr,COOH MXene, the angular dependence of the MAE
can be described using the equation

MAE = K;cos?0 + chos49, 3)

where K; and K, are the anisotropy constants and 6 is the
azimuthal angle of rotation. If K; > 0, the preferred mag-
netization direction will be along an in-plane easy axis (x
axis), while K; < 0 suggests that it will be perpendicular
to the z axis. Our calculated MAEs display a good fit of
Eq. (3) as presented in Fig. 2(e); it clearly shows that the MAE
strongly depends on the direction of magnetization in the
xz plane.

In addition, we calculated the Curie temperature of
Cr,COOH by the Monte Carlo simulations, as shown in
Fig. S3 [40]. The Monte Carlo simulations were implemented
on a 60 x 60 lattice grid lasting for 100 000 steps with a step

size of 1 K for the calculation of Curie temperature. Although
the U value has an effect on the Curie temperature, the Curie
temperature is above 700 K. This is perfectly suited to the
application of spintronic devices.

C. Electronic band structure

In the following, we focus on band structures and associ-
ated valley properties of monolayer Cr,COOH MXene, which
are shown in Fig. 3. In the absence of SOC, the band structures
around the Fermi level are only from the spin up channel.
It is a semiconductor when Hubbard U is less than 3 eV
[see Fig. S4(a) [40]]. As the U value continues to increase,
monolayer Cr,COOH MXene becomes a half-metal. From
the orbital-resolved band structure, as shown in Figs. 3(b) and
3(c), the VBM bands are mainly contributed by Cr; d/d,,
orbitals, while the CBM bands are dominated by d,,/dx>—»
of the Cr, atom. In order to show more clearly the orbital
composition of the VBM and CBM of K point, we calculated
the charge density. As shown in Fig. S5 [40], this is almost
identical to the orbital-resolved band structure. When the SOC
is included, as shown in Fig. 3(d), the degeneracy between K
and K’ valleys is lifted. In detail, the K valley shifts above
the K’ valley in the valence band, while the K valley shifts
below the K’ valley in the conduction band. Hence, the valley
polarization is realized spontaneously in both the valence and
conduction bands of monolayer Cr,COOH MXene. The total
valley splitting is 93 meV in the Cr,COOH monolayer, which
is larger than that in other ferrovalley materials, e.g., VSe;
(90 meV) [20], Cr,Ses (18.7 meV) [21], VSiXNy (~ 70 meV)
[24], and YCl, (22.35 meV) [49]. This huge valley splitting
is promising to be observed experimentally. The spontaneous
valley polarization originates from the combined effect of
magnetic exchange interaction and SOC. Importantly, we
found that the spontaneous valley polarization increases grad-
ually with the increase of U value [see Figs. S2(c) and S2(d)
[40]]. The change of band gap with U value is listed in
Table SI [40].

Interestingly, the spontaneous valley polarization of mono-
layer Cr,COOH MXene is different from most of the previ-
ously investigated 2D valleytronic materials [20,21,24,49,50],
wherein a sizable spontaneous valley polarization usually oc-
curs in either the valence band (VSe, [20], VSiXNy [24], and
YX, [49]) and GdI, [50], or conduction band (Cr,Se; [21]),
but not both.

In order to understand the underlying mechanism for the
ferrovalley effect in Cr,COOH, we tried to construct an effec-
tive Hamiltonian model based on the DFT calculations. We
take the SOC effect as the perturbation term, which is

Hsoc = A8 - L = Hyoe + Hioc, “4)

where § and £ are spin angular and orbital angular operators,
respectively. Ho and Hd represent the interaction between
the same spin states and between opposite spin states, re-
spectively. Since the VBM and CBM belong to the spin up
bands, for monolayer Cr,COOH MXene, the single valley is
composed of only one spin channel [see Fig. 3(a)], and the
other spin channel is far from the valleys. Hence, the term
Hsloc can be ignored. On the other hand, ﬁsooc can be written
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FIG. 3. Band structures of Cr,COOH monolayer (a) without and (d) with considering the SOC. Band structures of Cr,COOH monolayer
without considering SOC projected on the d orbitals of (b) Cr; and (c) Cr, atoms and with considering SOC projected on the d orbitals of
(e) Cr; and (f) Cr, atoms. The blue and magenta lines represent spin up and spin down bands, respectively. The valence and conduction band
valley splitting are indicated by the light blue and green shading, respectively.

in polar angles
Hoc = A8 (L.cost + 1L, e sind + 1L_e*?sing). (5)

In the out-of-plane magnetization case, 6 = ¢ = 0°, then the
Ho term can be simplified as

I—?é)OC = )‘S'ziz- (6)

Considering the orbital contribution around the valleys

and the C3 symmetry, we adopted |y ):Lz(|dxz)+ir |dy;)) ®

[ 1), |¢g>=\+§(|dxy>+if|dx2—y2>) ® | 1) as the orbital basis
for the VBM and CBM, where T = +1 indicate the val-
ley index corresponding to K/K'. The energy levels of the
valleys for the VBM and CBM can be expressed as E} =
(VI | Hoc | W7 ) and BX = (¢ | Hdoe | Y7 ), respectively.
Then, the valley polarization in the valence and conduction
bands can be expressed as

EX —EF = i(d|AScldy.) — ildy|ASoclde:) ~ 2a,  (7)

ECK - ECK/ = i<dxy|Hé)oc|dx2—y2) - i<dx2—y2|ﬁgoc|dxy) ~ 4ﬂ7
(3)

where the L.|d.,) = ifild).), L.|d,;) = —ifld,), L,|dy) =
—2ihldw—y2), ALZ|dx2,y2> = 2ihldy), o = A{d|Sy|d,;), and
B = Mdxa—y218-1dx2—y2). The analytical result certificates that
the valley degeneracy splits for the valence and conduction
bands are consistent with our DFT calculations (EX — EX' =

279 meV, EX — EX' = 65.1 meV).

D. Anomalous valley Hall effect

To characterize the valley-contrasting physics in mono-
layer Cr,COOH MXene, we calculate its Berry curvature.
The Berry curvature ©2(k) of monolayer Cr,COOH MXene

in the high-symmetry points and entire 2D Brillouin zone
is shown in Figs. 4(a) and 4(b). Clearly, the Berry cur-
vature of monolayer Cr,COOH MXene is peaked around
the K and K’ valleys. The absolute values of Berry curva-
ture at the K and K’ valleys are different, and the signs
are opposite. It indicated the simultaneous breaking of in-
version symmetry and time-reversal symmetry in monolayer
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FIG. 4. (a) The Berry Curvatures of Cr,COOH along the high-
symmetry line and in the Brillouin zone (b). (c) Calculated AHC
oy as a function of Fermi energy. The light blue and green shadows
denote the valence and conduction band valley splitting between the
K and K’ valley. (d) Schematic diagram of tunable anomalous valley
Hall effect in the hole-doped Cr,COOH monolayer at the K and
K’ valleys, respectively. The holes are denoted by the + symbol.
Upward arrows and downward arrows refer to the spin up and spin
down carriers, respectively.
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FIG. 5. Angular dependence of the valence and conduction band
valley splitting of Cr,COOH monolayer with the direction of magne-
tization lying on the xz plane is indicated by magenta and blue line,
respectively.

Cr,COOH MXene. By integrating the Berry curvature over
the Brillouin zone, one can further calculate the AHC. As
shown in Fig. 4(c), when the Fermi level lies between the
energies of the valence and conduction bands at the K
and K’ valleys, as denoted the light blue and green shad-
ows, a fully spin and valley polarized Hall conductivity is
generated.

The AVHE of monolayer Cr,COOH MXene is illustrated
in Fig. 4(d). With the hole-doping condition, when the mag-
netism direction of monolayer Cr,COOH MXene is in the +z
direction, the spin up holes from the K’ valley will be gener-
ated and accumulate on one boundary of the sample under an
in-plane electrical field [upper plane of Fig. 4(d)]. On the other
hand, when the magnetism direction is in the —z direction,
the spin-up holes from the K valley will be generated and
accumulate on the opposite boundary of the sample under
an in-plane electrical field [lower plane of Figure 4(d)]. This
feature shows that monolayer Cr,COOH MXene is an ideal
candidate for the high-performance valleytronics devices.

E. Magnetic tune valley splitting

Considering that the monolayer Cr,COOH MXene is
found to be a ferrovalley material and it has ferromagnetic
orders as well, we will further explore the coupling between
these multiferroic orders. First, we investigate the effect of
the magnetization on the valley splittings. As shown in Fig. 5,
it exhibits the valley splitting of the valence and conduction
bands as a function of the magnetization direction. With ro-
tating the magnetization from the in-plane direction (0°) to
the 4z direction (90°), the valley splitting of valence and
conduction bands gradually increase from 0 meV to 27.9 meV,
and 65.1 meV, respectively. As we continue rotating the
magnetization to the —x direction (180°), the magnitude of

@ O o .
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FIG. 6. (a) The total energies of Cr,COOH different magnetic
structures as a function strain, which are defined relative to that of
the FM state. (b) The magnetic anisotropy energy as a function of
strain. (c) The valence band valley splitting as a function of strain.
(d) The conduction band valley splitting as a function of strain.

the valley splitting gradually decreases from the maximum
to zero. Interestingly, the variation trend of valley splitting
with angle is consistent with that of the angular dependence
of the MAE. Moreover, the valley splitting of valence and
conduction bands is entirely in agreement with the twofold
relationship. It further proves the validity of our established
effective Hamiltonian for valley splitting.

F. Strain tune valley splitting

In device fabrication, a 2D material is often supported
by a substrate which is likely to introduce strain to a 2D
material due to lattice mismatch. Liu er al. observed that
substrate-induced strain can modulate the spin dynamics in
2D transition metal dichalcogenides [51]. In addition, we also
found that substrate-induced strain can tune spin Hall angle
in 2D Bi,Se; [52]. In the following, we investigate the effect
of biaxial strain on the magnetic ground state, valley splitting,
and MAE of monolayer Cr,COOH MXene. In the calcula-
tions, the biaxial strain is defined as ¢ = (a — ag)/ag x 100%.
In the formula, a and ay represent lattice constant after and
before in-plane biaxial strain is applied, respectively. Calcu-
lations are performed for the biaxial in-plane strain in the
range of —5% ~ 5%, in which the positive and negative
refer to the tensile and compressive strain, respectively. As
shown in Fig. 6(a), it indicates that the FM ground state is very
robust. Moreover, the MAE varies within a range —0.28 meV
to —0.20 meV in the strain [see Fig. 6(b)]. The valley split-
ting went through three stages in the strain [see Figs. 6(c)
and 6(d)]. When ¢ < —2 %, the valley splitting of valence
and conduction bands first decrease. Continuing applying the
strainin —2% ~ 1%, the valley splitting then increase. When
the strain becomes ¢ > 1 % tensile strain, the valley splitting
reduces again. In addition, the band structures vary with strain
for monolayer Cr,COOH MXene is summarized in Fig. S6
[40].
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FIG. 7. (a) Side views of Cr,COOH/Sc,CO, heterostructures with the top-O configuration. (b), (d) Spin-polarized band structure of
Cr,COOH/Sc,CO; heterostructures for (b) polarization up and (d) polarization down with the top-O configuration, respectively. The blue and
magenta lines represent spin up and spin down bands, respectively. (c), (e) Band structure with SOC of Cr,COOH/Sc,CO, heterostructures
for (c) polarization up and (e) polarization down with the top-O configuration, respectively.

G. Ferroelectric substrate tune valley splitting

In order to study valley polarization under the direc-
tion of magnetization along the out-of-plane, we investigate
that the ferroelectric substrate Sc,CO, tune the MAE of
monolayer Cr,COOH. We noticed that the ~/3 x +/3 unit
cell of Cr,COOH is commensurate to the 2 x 2 Sc,CO,
with a lattice mismatch of less than 1%. We have considered
four typical configurations, i.e., the H atom of Cr2COOH
being in the bridge, hollow, top-O, and top-Sc positions of the
Sc2CO2, respectively, as shown in Fig. 7(a) and Figs. S7(a)—
S7(c) [40]. As listed in Table SII [40], the total energy
calculations show that the top-O and hollow configurations
are the most stable for polarization down and polarization
up, respectively. We will focus on these two structures in
the following discussion. When the monolayer Sc,CO, is
polarized upward, the spin-polarized band structures of all
structures exhibit semiconducting properties [see Fig. 7(b),
Figs. S7(d)-S7(f) [40]]. However, for the polarization down-
ward configuration, the band gap is closed under polarization
field, as shown in Fig. 7(d), and Figs. S7(g)-S7(i) [40]. More
importantly, the ferroelectric substrate Sc2CO2 tune the di-
rection of easy magnetization of Cr2COOH from in-plane to
out-of-plane (see Table SIII [40]). We also found that the de-
generacy between K and K’ valleys disappear for polarization
upward configuration when the SOC is included. As shown
in Fig. 7(c) and Figs. S8(a)-S8&(c) [40], the K’ valley shifts
above the K valley in the valence band, while the K’ valley

shifts below the K valley in the conduction band. This is the
exact opposite of freestanding Cr,COOH.

IV. CONCLUSION

In conclusion, we propose a 2D valleytronic material in
monolayer Cr,COOH MXene based on first-principles calcu-
lation. We find that monolayer Cr,COOH MXene is a FM
semiconductor with the abundant valley physics. In contrast
to 2D valleytronic systems reported in previous works, the
valley polarization is sizable in both the valence and con-
duction bands. This sizable valley polarization is in favor of
realizing the AVHE in monolayer Cr,COOH MXene. More-
over, it is found that the valley splitting can be modulated by
the magnetization direction, strain, and ferroelectric substrate.
When the monolayer Sc,CO; is polarized upward, the system
exhibits a valley polarized semiconductor. However, for the
polarization downward configuration, the band gap is closed
under polarization field. Our work provides not only a 2D
valleytronic material but also efficient avenues to tune valley
polarization.
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