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Prediction for an intrinsic ferrovalley semiconductor in a Janus 2H -CeBrCl monolayer

with a high Curie temperature and perpendicular magnetic anisotropy
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Two-dimensional (2D) ferrovalley materials with intrinsic ferromagnetic ordering and spontaneous spin-valley
splitting provide a great platform in nanoscale valleytronic devices. In this paper, the stability, mechanical,
magnetic, transport, and valley properties of the Janus 2H-CeBrCl monolayer are predicted based on density
functional theory calculations. The Janus 2H-CeBrCl monolayer exhibits an intrinsic ferromagnetic (FM)
semiconductor character with a high Curie temperature (7;.) of 540 K, a large piezoelectric coefficient d;; of
2.95 pm/V, a robust perpendicular magnetic anisotropy (PMA), and a spontaneous valley polarization (AV)
of 29.1 meV. Applying the in-plane biaxial strain from —6 to 6%, the 2H-CeBrCl monolayer still remains
FM ground states, and the AV and d;; monotonically increase from —18.1 to 59.4 meV and from 1.56 to
4.03 pm/V, respectively. It is noted that a transition from PMA to in-plane magnetic anisotropy occurs at the
tensile strain of 2%, which is due to the sign reversal contributed by the Ce-d., /d,2_,. orbitals. The investigations
of electrical transport show that the effective mass of the hole is isotropic, while the effective mass of the electron
is anisotropic for the 2H-CeBrCl monolayer, corresponding to mobilities of the hole and electron along the x
direction of 111.6 and 83.2 cm? V~! s™!, respectively. Moreover, the valley-contrast Berry curvature £2.(k) and
valley anomalous Hall effect can be clearly observed due to the breaking of time and space reversal symmetry
in the 2H-CeBrCl monolayer. Overall, the Janus 2H -CeBrCl monolayer can be considered as an attractive 2D

intrinsic ferrovalley material for nanoscale electronics and valleytronic devices.

DOI: 10.1103/PhysRevB.109.125421

I. INTRODUCTION

With the development of valley degrees of freedom, the
local energy extremum (valley) of band structures attracts a
great deal of interest [1-8]. As the ideal valley materials,
two-dimensional (2D) hexagonal systems possess pairs of
energy degenerate but inequivalent valleys at the K and K’
points of the Brillouin zone [9-12], which can be regarded as
pseudospins [13—-15]. Additionally, due to the large separation
of momentum space at the K and K’ valleys, the valley carriers
can be selectively manipulated by opposite chiral circularly
polarized light [16-18]. However, the degenerated K and K’
valleys limit their practical application in valleytronic devices.
In order to effectively utilize the valley states, some methods
are used to lift the valley polarization through breaking the
time reversal symmetry, including circularly polarized light
[19,20], transition metal (TM) doping [21,22], external field
[23,24], and magnetic proximity effects [25,26]. Although
these methods can create and lift valley polarization, they
are not suitable for practical applications. For circularly po-
larized light it is not easy to precisely control the dynamic
process. TM doping can cause a negative impact on electronic
performance due to the additional magnetic scattering. The
introduction of external field only lifts a very low valley po-
larization of about 0.1-0.2 meV /T. Magnetic substrates with
magnetic proximity effects may cause lattice distortion and
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impurity energy bands. Therefore, it is urgent to search for
materials that can generate spontaneous valley polarization,
which is beneficial to the application of valleytronics.
Discovery of 2D ferrovalley materials provides new oppor-
tunity to create spontaneous valley polarization [27], which
is due to the breaking of time reversal symmetry by intrinsic
ferromagnetic ordering. So far, many 2D ferrovalley materials
have been proposed, such as 2H —VSe; [28], 2H-VSSe [29],
LaBr, [30], VSi,P4 [31], 2H —GdI, [32], TiVIe [33], and
NbX, (X = S, Se) [34]. According to the Mermin-Wagner
theorem [35], the long-range ferromagnetism is generally
prohibited for the 2D systems due to the strong thermal
fluctuations, while, in some systems with strong spin-orbit
coupling (SOC) effect, its large magnetic anisotropy (MA)
will suppress the thermal fluctuations and preserve the ferro-
magnetism, which has been confirmed in the Crl; monolayer
(T, = 45 K) [36]. Thus, the strong SOC effect and large
MA character are important parameters to keep the ferromag-
netic (FM) ordering in the 2D ferrovalley materials. Here,
the electronic structure, valley states, and MA of the Janus
2H-CeBrCl monolayer are studied in detail based on density
functional theory calculations. The 2H-CeBrCl monolayer is
predicted as intrinsic ferromagnetic semiconductor with AV
of 29.1 meV and high 7. of 540 K and large perpendicu-
lar magnetic anisotropy (PMA) of 52 ueV/Ce. The AV and
magnetic anisotropy energy (MAE) monotonously increase
with strain and a transition from PMA to in-plane magnetic
anisotropy (IMA) character also occurs. Moreover, the val-
ley anomalous Hall effect (VAHE) can be observed when
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FIG. 1. (a) Top and side views of the optimized Janus 2H-CeBrCl monolayer. (b) The cleavage energy and cleavage strength as a function
of separation distance (Ad = d — d,), where dj and d are the equilibrium and unequilibrium van der Waals gap in the bulk crystal, respectively.
The inset is the schematic of the exfoliation process. We show the (c) FM and AFM orderings, (d) phonon dispersion spectrum, and (e) average
electrostatic potential of the 2H-CeBrCl monolayer. (f) The top and side views of the ELF image.

the in-plane electric field is applied in the Janus 2H-CeBrCl
monolayer. Thus, the Janus 2H-CeBrCl monolayer can be
considered as an attractive 2D intrinsic ferrovalley material
for electronics and valleytronics.

II. COMPUTATIONAL METHODS

The first principles calculations have been performed with
MEDEA using the ab initio total-energy and molecular dy-
namics package VASP [37,38]. The Perdew-Burke-Ernzerhof
(PBE) method based on the generalized gradient approxi-
mation is used to treat the exchange-correlation functional
and the electronic interaction is treated by the projector-
augmented wave method [39,40]. The PBE+4U calculation
method is used to modify the strong correlation effects
[41], where the on-site Coulomb interaction parameter U =
7.47 eV and exchange interaction parameter J = 0.989 eV
are adopted for the 4f orbitals of the Ce atom [42]. The
plane-wave energy cutoff and vacuum layer are set to 500 eV
and 18 A, respectively. The structure parameters are fully
relaxed until the force and energy convergence are less than
0.01 eV/A and 10~° eV, respectively. The Brillouin zones of
12 x 12 x 1 and 24 x 24 x 1 k mesh I'-centered Monkhorst-
Pack grids are used for structural relaxation and electronic
analyses. The T of the 2H-CeBrCl monolayer is estimated
by the Monte Carlo simulation project MCSOLVER based on
the classical Heisenberg model [43]. A 2 x 2 x 1 supercell
of the 2H-CeBrCl monolayer is used to calculate the phonon
dispersion spectrum by the PHONOPY code [44,45] based on
the density functional perturbation theory [46]. The electrical
transport properties are performed with MEDEA ELECTRONICS

by the BOLTZ-TRAP code version 1.2.2 [47]. The Berry curva-
ture of the 2H -CeBrCl monolayer is calculated by WANNIER9O
and VASPBERRY codes [48,49].

III. RESULTS AND DISCUSSIONS

Figure 1(a) displays the top and side views of the optimized
2H-CeBrCl monolayer with hexagonal lattice structure, in
which the Ce atoms are sandwiched by the Cl and Br atoms.
The optimized lattice constant a of the Janus 2H-CeBrCl
monolayer is 4.045 A (see Fig. S2 in Supplemental Material
[60]), and the corresponding bond lengths of Ce-Br and Ce-Cl
are d; = 3.042 A and d, = 2.912 A, respectively. The large
bond length of Ce-Br is due to the larger atomic radius of the
Br~ ion (1.95 A) compared with that of the C1~ ion (1.81 A).
Figure 1(b) shows the cleavage energy and cleavage strength
as a function of separation distance Ad. The cleavage en-
ergy is calculated using the equation Ecieavage = (Eq — Eg,)/S,
where S is the cleavage area of the material on the (001) plane,
and E4 and E, are the energies of bulk 2H-CeBrCl crystal
with equilibrium interlayer distance dy and various interlayer
distance d of the top layer, respectively. It can be seen that
the energy of the system gradually increases and converges to
0.14 J/m? (cleavage energy) with the increase of separation
distance (Ad = d — d). The cleavage energy of 0.14 J/m? is
smaller than that of graphene (0.36 J/m?) [50], suggesting that
the 2H -CeBrCl monolayer can be easily mechanically exfoli-
ated experimentally. The Bader charge analysis is calculated
and listed in Table S1 in Supplemental Material [60]. The Ce
atom loses 1.428 electrons while the Cl and Br atoms obtain
0.744 and 0.684 electrons, respectively. The valence state of
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the Ce atom is 6524 f15d! and the electronic configuration of
Ce becomes 4£!5d! in the 2H-CeBrCl monolayer due to the
charge transfer from Ce to Br/Cl atoms. Thus, the magnetic
moment of two ug/Ce atoms originates from the contribu-
tions of two spin-up Ce 5d and 4f orbitals. Generally, in
the triangular prism crystal field of halogen atoms, the Ce-5d
orbital can split into three states, namely, a (d.2), e; (dxy,
d>_y2), and e (d,;, d,;), which are displayed in Fig. S3(a)
in Supplemental Material. The Ce d orbital resolved density
of states are plotted in Fig. S3(b) in Supplemental Material
[60]. Clearly, the spin-up e; state and the spin-down a and e;
states are around the Fermi level (Eg). In addition, the orbital
degeneracy of the e, state is also observed. Figure 1(c) dis-
plays the configurations of FM and antiferromagnetic (AFM)
ordering for the 2H-CeBrCIl monolayer with the 2 x 2 x 1 su-
percell. The calculated energies of FM and AFM ordering are
—56.747 and —55.465 eV, respectively. Obviously, the energy
of FM ordering is lower than that of AFM ordering, implying
a stable FM ground state in the 2H-CeBrCl monolayer. The
calculated bond angles of Ce-Br-Ce and Ce-Cl-Ce are 83.3°
and 87.9°, respectively, which are close to 90°. This further
proves that the superexchange interaction dominates the stable
FM ground state. On the other hand, the distance of nearest
neighboring Ce-Ce atoms is large (4.045 A), also resulting in
a weak direct exchange interaction.

The cohesive energy of the 2H-CeBrCl monolayer is de-
fined as Econ = (Ece + Epr + Ec1 — Ecenc1)/3, where Ece,
Eg;, Ec1, and Ecep.c are the energies of the isolated Ce, Br, Cl,
atoms and 2H-CeBrCl unit cell, respectively. The calculated
Eon in the Janus 2H-CeBrCl monolayer is 4.36 eV per atom,
which is larger than that in the Cu,Ge monolayer (3.17 eV per
atom) [51] and implies a stable structure. Figure 1(d) displays
the phonon dispersion spectrum of the 2H-CeBrCl mono-
layer. Clearly, the frequencies of all phonon modes within the
Brillouin zone are positive, suggesting that the 2H-CeBrCl
monolayer with FM ground state is dynamically stable. The
elastic tensor C is also calculated to investigate the mechanical
stability [52], which is defined as

Ci Cnp O
C=|C G O ()
0 0 Ces

The calculated values of Cyy, Cj», and Cgg are 35.19, 11.36,
and 11.91 N/m, respectively. The calculated elastic constants
C;j satisfy the Born criteria of mechanical stability with C;;>0
and Cy; — C > 0, suggesting the good mechanical stability
in the 2H-CeBrCl monolayer [53]. Due to the hexagonal
symmetry, the 2D Young’s modulus C 2D shear modulus GZP,
and Poisson ratio v?P can be simply described as [54,55]

C? — (2
CZD — 11Cl1 12’ (2)
Ch—-C
G = Cg = “T” 3)
C
= @)

The calculated C?°, G?P, and v?P are 35.52 N/m, 11.91
N/m, and 0.322, respectively. The C?P is smaller than that
of graphene (340 N/m) [56], suggesting that the 2H-CeBrCl

monolayer is suitable for the field of flexible materials.
The different chemical compositions of two surfaces in the
2H-CeBrCl monolayer can result in an inhomogeneous
charge distribution and the formation of a built-in electric field
at the interface. The change in electrostatic potential repre-
sents the difference in potential energy as it moves from one
point to another in an electric field. The electrostatic potential
along the z direction is calculated and displayed in Fig. 1(e).
It is clear that the electrostatic potential is smaller on the Cl
side than that on the Br side (Vo < Vg, AD® = 0.02 eV),
corresponding to larger electronegativity of CI atoms. Further,
the asymmetric electrostatic potential on the two sides also
exhibits a potential drop Ap of 1.57 eV. Figure 1(f) plots the
electron localization function to clarify the bonding character
of the 2H-CeBrCl monolayer. The obvious ionic bonding
character can be observed with the electrons transferred from
the Ce layer to the Br/Cl layer.

The MAE is a fingerprint of magnetic properties of 2D
systems, which is calculated by comparing the energy dif-
ference of magnetic axis along the [001] and [100] direction
considering SOC effect, namely, MAE = Ejoo1] — E[100) [57].
The calculated MAE is —52 peV, indicating a PMA charac-
ter in the 2H-CeBrCl monolayer. To investigate the spatial
anisotropy of MAE, the MAE in the whole space under differ-
ent polar angles 6 and ¢ are calculated (MAEy = Eg — E{o01))-
Figure 2(a) displays the angle dependence of MAE along
with xy, xz, and yz planes. The MAE exhibits angle isotropy at
the xy plane and strong angle anisotropy at xz and yz planes,
which reaches a maximum value of 52 ueV under the polar
angle of 90°. The strong PMA character is also proved in
the MAE of the whole space in Fig. 2(b), namely, the MAE
reaches a maximum value at the xy plane while it gradually
decreases to zero when the magnetic axis turns to the z direc-
tion. As an important parameter of spintronics devices, T, is
calculated using the Heisenberg spin Hamiltonian, which can
be expressed as [58,59]

H=-7) 55-DY (5) (5)
ij i

where S, J, and D are the spin vector, magnetic exchange
parameter, and MAE, respectively. These parameters can be
calculated considering SOC in 2 x 2 x 1 supercells using the
following equations:

Epm = Eo — 6J1S|* — D|S|?, (©6)

Exrv = Eo + 2J|S|* — DIS|? (7

where Ej is the ground state energy without the magnetic
exchange interaction. |S| can be considered as the total spin of
the Ce atom (for details of the calculations, see Supplemental
Material [60]). Therefore, J can be obtained by

Exrm — Erm
J=——-—
N

The calculated J value is 116 meV for the 2H-CeBrCl mono-
layer. The magnetic moment and capacity of the Ce atom as a
function of temperature for the 2H-CeBrCl monolayer are cal-
culated by Monte Carlo simulations and plotted in Fig. 2(c).
The T, value is predicted to be 540 K, which is recognized by
the peak of capacity curves. The T, for the Crl; monolayer is

®)
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FIG. 2. The MAE along with (a) the xy, xz, and yz planes under the different polar angle () and (b) the whole space for the 2H-CeBrCl
monolayer. (c) The magnetic moment and capacity of the Ce atom as a function of temperature for the 2H-CeBrCl monolayer. We show
the band structure (d) without SOC and (e) with SOC as well as (f) the Ce d-orbital projected band structure with SOC for the 2H-CeBrCl

monolayer. The inset is an amplified view of K and K’ valleys.

also calculated with the same method. The calculated value
is 50 K, which well matches with the reported experimental
value of 45 K [36].

Figure 2(d) displays the spin-resolved band structure of the
2H-CeBrCl monolayer. It is clear that the 2H-CeBrCIl mono-
layer is a bipolar magnetic semiconductor with an indirect
band gap of 0.58 eV, namely, the valence band maximum
(VBM) is occupied by the spin-up electrons and the con-
duction band minimum (CBM) is occupied by the spin-down
electrons. By applying the appropriate gate voltage, the Er can
pass through the VBM or CBM, which gives the 2H-CeBrCl
monolayer a half-metallic character with 100% spin-polarized
current. As shown in Fig. S4 in Supplemental Material [60],
after adding 0.3 e of electrons and holes, the Er passes through
the original conduction band and valence band respectively,
forming a 100% spin-polarized half metal. After the introduc-
tion of SOC, a spontaneous valley polarization of 29.1 meV
can be observed due to the broken energy degeneracy at the
K and K’ valleys. Figure 2(f) plots the Ce d-orbital projected
band structure with SOC. One can see that the K and K’ val-
leys mainly originate from the contributions of Ce-d,/d,>_
orbitals. In contrast, the I point is basically contributed by
Ce-d,. orbital. Significantly, there exist no other bands near
the Er except for the VBM and CBM, which provides great
convenience and possibility for modulating the valley polar-
ization. Actually, for some nonmagnetic 2D systems, such
as the 2H-WSSe monolayer, the space inversion symmetry
breaking considering SOC effect does not generate the valley
polarization character, which can only be achieved using the
circularly polarized light or external magnetic field method
by breaking the symmetry of time inversion. However, for the
magnetic 2H-CeBrCl monolayer, the presence of intrinsic fer-
romagnetic ordering breaks the symmetry of time inversion,

resulting in the occurrence of spontaneous valley polarization.
Thus, the 2H-CeBrCI monolayer can be considered as an ideal
ferrovalley material for potential applications of spintronic
and valleytronic devices.

Applying in-plane biaxial strain is an effective method to
tune the electronic properties of 2D systems. The in-plane
biaxial strain is defined as e=(a — ag)/ap x 100%, where a
and ay are the lattice parameters of the 2H-CeBrCl monolayer
with and without strain, respectively. As shown in Fig. S5
in Supplemental Material [60], the stable FM ground state
can be observed in the considered strain range from —6 to
6% for the 2H-CeBrCl monolayer. Figures 3(a) and 3(b)
display the variation of band gap and valley polarization for
the 2H-CeBrCl monolayer under various strains. The corre-
sponding band structures of the 2H-CeBrCl monolayer under
various strains are plotted in Fig. S6 in Supplemental Material.
Clearly, as the strain increases from —6 to 6%, the band gap
first increases and then decreases, and the maximum value
occurs at the strain of 0%. In contrast, the valley polarization
shows a monotonical increase trend with strain. Additionally,
the valley polarization shows a negative value at the strain of
—6%, suggesting an inversion character of valley polarization.
To explain the monotonical increase of valley polarization,
the dependences of the bond length d; /d, and the bond angle
01/6, on strains are plotted in Fig. S7 in Supplemental Mate-
rial. With increasing strain from —6 to 6%, d; (from 3.01 to
3.10 A), d> (from 2.88 t0 2.97 A), 6, (from 78.5° to 87.5°),
and 6, (from 82.8° to 92.2°) show a monotonical increase
trend. According to the Goodenough-Kanamori-Anderson
rules [61], the increasing and approaching 90° for the 6,
and 0, can enhance the superexchange interaction. On the
other hand, the increase of bond length means the larger dis-
tance between the Ce atoms and weakens the direct exchange
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FIG. 3. The (a) band gap, (b) valley polarization, (c) MAE, (d) elastic constants C;;, (e) piezoelectric tensor e;;, and (f) piezoelectric
coefficient dy; as a function of strain ¢ for the 2H-CeBrCl monolayer.

interaction. Due to the competitive relationship between
super- and direct-exchange interactions, the compression
strain can weaken the FM coupling, while the tension strain
increases the FM coupling, which results in a monotonical
increase of valley polarization with strain.

The MAE under various strains is also studied and plot-
ted in Fig. 3(c). The MAE monotonically increases with the
increase of strain and a transition from PMA to IMA can
be observed at the strain of 2% for the 2H-CeBrCl mono-
layer. Figure S8 in Supplemental Material [60] shows the
atomic layer resolved MAE of the 2H-CeBrCl monolayer
under various strains. the total MAE mainly originates from
the contributions of Ce and Br atoms, especially for the Ce
atom. The MAEs contributed by the Br and Cl atoms are
both positive values, meaning an IMA character. In contrast,
the MAE from the Ce atom shows the PMA character in the
strain range from —6 to 2% and transforms into the IMA
character in the strain range from 2 to 6%. Therefore, the
changes in total MAE are mainly attributed to the changes
in MAE of the Ce atom, which is consistent with the mono-
tonical increase behavior of total MAE in Fig. 3(c). This
also implies that the transition from IMA to PMA is mainly
ascribed to the contribution of the Ce atom for the 2H-CeBrCl
monolayer.

Due to the Janus character of the 2H-CeBrCl monolayer,
there exist two independent in-plane piezoelectric coefficients
di1 and out-of-plane piezoelectric coefficient ds;, which can
be defined as [62]

e
dy = ———, &)
! Cii—Cn
dy = —2 (10)
Cn+Ci

where e;; and e3; are the in-plane and out-of-plane piezo-
electric tensor, respectively. The piezoelectric tensor is
calculated with the orthorhombic supercell of the 2H-CeBrCl

monolayer. The calculated e;; and e3; values are 0.7 x 10-10
and 0.041 x 107'% C/m, respectively. e3; is much smaller
than e;;, thus the subsequent discussions will only focus
on the in-plane piezoelectric effect. e;; consists of the ionic
part ejy; (1.944 x 10710 C/m) and the electronic part eji,
(—1.242 x 107! C/m). Signs of the ionic and electronic parts
are opposite and the piezoelectric tensor is dominated by the
ionic part. The calculated d;; is 2.95 pm/V, which is larger
than that of o quartz (d;;=2.3 pm/V). Furthermore, the elastic
tensor C, piezoelectric tensor e, and in-plane piezoelectric
coefficient d;; as a function of strain are plotted in Figs. 3(d)—
3(f). Apparently, there is a significant decrease of Cj; and a
slight decrease of Cj, within the strain range, which leads
to a decrease of C;; — Cj,. The positive values of Cy;, Cy»,
and C;; — Cjp mean that the 2H-CeBrCl monolayer in the
strain range can well satisfy the Born standard of mechanical
stability criteria. For the piezoelectric tensor, the strain has
little effect on e;; due to the slight changes in ionic and elec-
tronic parts. According to Eq. (9), C;; — Ci» monotonously
decreases while e;; is almost unchanged with the increase of
strain. Thus, the d; shows an increasing trend with strain. The
maximum and minimum values of d;; are 1.56 and 4.03 pm/V
in the whole strain range, which indicates that the 2H-CeBrCl
monolayer can maintain a good piezoelectric performance
under the appropriate strain conditions and can be used in
piezoelectric devices.

Figure 4 plots the Ce-d, Ce-p, and Br-p orbital-projected
MAE of the 2H-CeBrCl monolayer at strains of —6, 0, and
6%. Obviously, the main contribution of MAE comes from the
matrix elements differences between Ce-(d,., d2), Ce-(dx,,
dy_y2), Ce-(py, py), and Br-(p,, p,) orbitals (for details of
the orbital-projected MAE, see Supplemental Material [60]).
The matrix element differences between Ce-(d,., d») orbitals
keep a positive value in the whole strain range and increase
with strain, indicating a contribution of IMA. Interestingly,
the contribution of Ce-(d.y, d,>_,2) orbitals causes an obvious
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FIG. 4. (a) Ce-d, (b) Ce-p, and (c) Br-p orbital projected MAE under strains of —6, 0, and 6% for the Janus 2H-CeBrCl monolayer.

transition from the PMA to IMA character with the increase
of strain. In addition, the Ce-(p,, p,) orbitals show a negative
contribution of MAE, which is much larger than that from
Br-(py, py) orbitals. Thus, the change of MAE from PMA to
IMA can be attributed to the sign reversal of Ce-(d,y, dy2_)
orbitals.

The 2H-CeBrCl monolayer exhibits semiconductor char-
acteristics, thus the corresponding transport properties of the
carrier need be investigated. The effective mass m* of carriers

can be defined as m*=:|:h2(%)_l, where 7 and k represent
the Plank constant and wave vector, respectively. As shown
in Figs. 5(a) and 5(b), the angle dependence on m* shows
different characters. The effective mass of the hole exhibits
isotropy with various angles, while the obvious anisotropy
occurs in the effective mass of the electron. The calculated
m™* of the hole is 0.63(m), while the minimum and maximum
values of m* reach 0.96 (mgp) and 8.77 (mg) at the angle of 0°
and 90° respectively. The three-dimensional band structures
around the K point of the VBM and the M point of the CBM
are calculated and plotted in Fig. S9 in Supplemental Material
[60]. The result shows that the slope of the band structure
around the K point of the VBM is isotropic, while that around
the M point of the CBM is significantly anisotropic, which are

consistent with the results of the effective mass related to the
angle of holes/electrons.

The small effective mass at the K valley suggests the poten-
tial application for the electronic devices. The carrier mobility
o is also calculated and listed in Table I, which can be

defined as [63] MxZ# and uyz%,

KT (m¥)2 (m3)2 E; KT (m})2 (m})2Ej]
where e, C, and E; represent the electron charge, elas-
tic constant, and deformation potential, respectively. The
deformation potential is defined as the slope of energy
changes in the VBM and CBM under small-scale strain

TABLE I. The carrier effective mass m* /(my) (m, means the rest
mass of the free electron), elastic constant C (N/m), deformation
potential E; (eV), and estimated carrier mobility u (cm? V~!s7!) of
the Janus 2H-CeBrCl monolayer at room temperature.

Direction  Carrier type ~ m*/myg C E, nw

X axis Electron 0.96 35.19 —1.801 83.2
hole 0.63 3519 —4.12 111.6

y axis Electron 8.77 35.19 —1.801 9.11
hole 0.63 3519 —4.12 111.6
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FIG. 5. The carrier density dependence on the (a) conductivity o, (b) Seebeck coefficient S, and (c) power factor PF of the 2H-CeBrCl
monolayer along with the 0° direction at 300, 500, and 700 K, respectively. We show the angle dependence on the effective masses of (d) holes

and (e) electrons of the 2H-CeBrCl monolayer.

(within £1%).The calculated w, values of the hole and elec-
tron are 111.6 and 83.2 cm?V~'s~!, respectively, which
well matches with that of 2H-MoS, on the order of mag-
nitude [64]. Additionally, the calculated p, values of the
hole and electron are 111.6 and 9.11 cm?V~!s~!. The
same W, and w, values of the hole are due to the isotropic
effective mass.

The electrical transport properties of the 2H-CeBrCl
monolayer with p- and n-type conductivity are also investi-
gated. Figures 5(a)-5(c) plot the carrier density dependence
on conductivity o, Seebeck coefficient S, and power factor
PF at different temperatures of 300, 500, and 700 K. Clearly,
o decreases with the increase of temperature under the same
carrier density and increases with the increase of carrier den-
sity under the same temperature, which is explained using
the equation o= neu, where n and p are the carrier density
and mobility, respectively. As the temperature increases, the
increasing lattice scattering shortens the relaxation time, re-
sulting in a decrease of u and o. The Seebeck coefficient
S can be used to characterize the magnitude of the See-
beck effect. Different from the o, the absolute value of S
increases with increasing the temperature and decreases with
increasing the carrier density, which can be explained by
S:%m*T(;—n)zﬂ. Due to m, kg, e, and h are all constant,
which means that when the effective mass is the same, S is
proportional to 7' and is inversely proportional to n. Power
factor PF (S%0) also shows an increasing trend with tem-
perature, as shown in Fig. 5(c). The opposite trend between
parameters o and S density means that the PF first reaches
a maximum value and then decreases with the increase of
carrier density.

The 2H-CeBrCl monolayer display different properties
with various doping types. Obviously, the o of the p-type
monolayer is higher than that of the n-type monolayer along
the x direction. For example, the calculated o with p type is
9286 ! m~! at 300 K with carrier density of 8 x 10%* cm~2,
while it is 5971 Q! m~! with n type at the same conditions.
Since the p with p type is larger than that with n type, as
shown in Table I, the o with p type is higher under the same
carrier density. As for the Seebeck coefficient S, the S with n
type is higher than that with p type. For example, the S (342
uV/K) with n type is larger than that (225 uV/K) with p type
at 700 K with carrier density of 4 x 10! cm™2, which can
result in larger effective mass m* of n-type carriers. For the
power factor PF, the higher PF with n type can be attributed
to the larger S with n type in the same situation. Thus, as
a semiconductor, the 2H-CeBrCl monolayer exhibits good
electronic and thermoelectric performance.

The lack of mirror symmetry and time-reversal symmetry
in the 2H-CeBrCl monolayer can result in the existence of
Berry curvature €2,(k) at the K and K’ valleys, which is
expressed by the following equation [65]:

2T (| B 1) (Wt 01 4,
Qi ==>">"f m (Y, k|(vEn|kw_kI)5:f)2k| Oy [Vuk)

n n#m

Y

where 9, and D, are the velocity operator along x and y
directions, and v, is the wave function with energy eigen-
value of E,;. Figures 6(a) and 6(b) display the €2.(k) of the
2H-CeBrCl monolayer over the 2D Brillouin zone and along
high symmetry lines, respectively. The maximum value of
6.61 bohrs? and the minimum value of —6.70 bohrs? of 2. (k)
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FIG. 6. Berry curvatures of the 2H-CeBrCl monolayer (a) in the
2D Brillouin zone and (b) along the high symmetry points. Schematic
illustration of VAHE in the hole doped 2H -CeBrCl monolayer under
in-plane electric field at the (c) K valley and (d) K’ valley.

appears at the K and K’ valleys, respectively. The €,(k)
of K and K’ valleys exhibit different magnitudes with the
opposite signs along the z direction, suggesting that the valley-
contrasting character in the 2H-CeBrCl monolayer remains.
The 2,(k) with nonzero value can be considered as an effec-
tive magnetic field when the in-plane electric field is applied,
which brings the anomalous transverse velocity v; ~ E X
Q. (k) for Bloch electrons [66]. Due to the energy difference
between the K and K’ valleys, the Ep can be effectively
adjusted to the corresponding energy gap by an accurate hole
doping, which makes the doped holes accumulate to the K’
valley. Thus, the hole carriers should move to the edge of
the sample under the in-plane electric field, which is called
VAHE. Figures 6(c) and 6(d) display the schematic illustration
of VAHE in the hole doped 2H-CeBrCl monolayer under
in-plane electric field at the K/K’ valley. When the magneti-
zation of the 2H-CeBrCl monolayer is along the +z direction,

the spin-up holes at the K valley accumulate on one edge due
to the —€2,(k) signal under the in-plane electric field. On the
other hand, when the magnetization is along —z direction,
the valley polarization will flip and the spin-down holes at
the K’ valley accumulate on another edge due to the +_(k)
signal. Thus, the 2H-CeBrCl monolayer can be applied to the
valleytronic devices with VAHE as spin and valley filters, in
which the transport carriers move in the horizontal plane by
adding an in-plane longitudinal electric field.

IV. CONCLUSION

In conclusion, the stability, mechanical, magnetic, trans-
port, and valley properties of the Janus 2H-CeBrCl monolayer
are systematically investigated using first principles calcula-
tions. The 2H-CeBrCl monolayer displays high temperature
(540 K) FM semiconductor characteristics with large PMA,
dy;, and AV of 29.1 meV. The AV, MAE, and di;
monotonously increase with the increase of strain from —6
to 6%. Interestingly, a transition from PMA to IMA occurs at
the tensile strain of 2%, which is due to the sign reversal from
the contributions of Ce-d,, and d,»_> orbitals based on the
d orbital-projected MAE. The calculation of electric transport
shows that the o of the p-type 2H-CeBrCl monolayer is larger
than that of the n-type 2H-CeBrCl monolayer. The effective
mass of the hole is isotropic, while the effective mass of the
electron is anisotropic for the Janus 2H-CeBrCl monolayer.
Additionally, the lack of mirror symmetry and time-reversal
symmetry in the 2H-CeBrCl monolayer can result in the exis-
tence of valley contrast €2,(k) at the K and K’ valleys, and the
corresponding VAHE can be achieved by applying the appro-
priate external electric field. Overall, the Janus 2H-CeBrCl
monolayer is a promising ferrovalley material for nanoscale
electronics and valleytronic devices.
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