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Manipulation of the valley degree of freedom provides a new path for quantum information technology, but the real
intrinsic large valley-polarization materials are rarely reported up to date. Here, we perform first-principles calculations
to predict a class of 2H-phase single layer (SL) materials LuX, (X = Cl, Br, I) to be ideal candidates. SL-LuX, are
ferrovalley materials with a giant valley-polarization of 55 meV-148 meV as a result of its large spin—orbital coupling
(SOC) and intrinsic ferromagnetism (FM). The magnetic transition temperatures of SL-Lul, and SL-LuCl, are estimated
to be 89 K-124 K, with a sizable magnetic anisotropy at out-of-plane direction. Remarkably, the anomalous valley Hall
effect (AVHE) can be controlled in SL-LuX, when an external electric field is applied. Moreover, the intrinsic valley-
polarization of SL-Lulj is highly robust for biaxial strain. These findings provide a promising ferrovalley material system
for the experimentation of valleytronics and subsequent applications.
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1. Introduction

Valleytronics, aims at encoding, transferring, and storing
information by using the valley degree of freedom, which is
characterized by a local energy extreme in the band. Like
the actual spin degree of freedom, the valley index is a good
quantum number, which is robust against the scatterings of
smooth deformations and phonons. So, the higher storage den-
sity and energy saving make these valley materials charming
for the next generation of information technology. It is worth
noting that the interesting phenomenon of anomalous valley
Hall effect (AVHE) based on valley degrees of freedom has
been extensively researched in two-dimensional (2D) hexago-
nal materials.!'=3] For better application, valley materials may
have a large valley polarization at the unequal k point of the
momentum space, that is, the valley of the two k points has
a large energy difference, so that the electrons can better re-
sist phonons and smooth deformation scattering, as if travel-
ing through the highway. Therefore, the important principle
in realizing applications is inducing large valley polarization,
which not only selectively generates or manipulates carriers
in different valleys, but also minimizes the effects of thermal
noise in valley electronic devices.

Normally, external tunings including the optical
pumping, [ the magnetic doping,>-®! the magnetic proxim-
ity effect, [7-101 magnetic field,['1-12] etc. are essential. It is
obviously inconvenient to realize a valley polarization device
by using an optical pump with complex equipment.!'*] For 2D
transition metal dichalcogenides (TMDs) thin films, magnetic
doping forms surface clusters that increase scattering during
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transmission. Moreover, the performance of the main material
is inevitably affected by the magnetic substrate and increases
the energy loss.”!%1 Last but not least, 1 T magnetic field
can only induce 0.1 meV-0.2 meV valley polarization.!!!?]
Therefore, finding valley polarization that does not require
external induction is urgent. Fortunately, recent studies of 2D
ferrovalley materials have shown that they have intrinsic valley
polarization, which undoubtedly opens up a new path for the
practical application of valley polarization. With the breaking
of the time-reversal symmetry (7'), space-reversal symmetry
(P), and large spin—orbital coupling (SOC), 2D ferrovalley
materials successfully achieved spontaneous valley polariza-
tion without external induction. So far, however, few dis-
coveries of this material have been made, i.e., H-VSe,,!!3-14]
H-FeCl,, 5! MnPX; (X = S, Se),!'®! LaBrY (Y = Br, I),l17-18]
and VSi,N4.[1%1 While there are also some flaws in these dis-
covered materials: the theoretical prediction for VSe, is the H
phase, but experimental results show that it is the T phase, and
its magnetic state is still debatable;[>*-2?l H-FeCl, is a hexag-
onal structure but does not exist experimentally;!'! as for the
spontaneous valley polarization of the presence of other ma-
terials, it is very small (15 meV-63 meV).['%17-191 Only a few
can be more than 100 meV, like GdL,.[23! However, the mag-
netic anisotropy energy (MAE) of Gdl, is in plane.!**! This
means that the spin orientations of Gd atoms can be random,
and it is difficult to realize the long-range magnetic ordering
without an external field.>>) In order to facilitate experimental
exploration and then achieve applications, it is urgent to find
new 2D ferromagnetic semiconductors with greater sponta-
neous valley polarization.
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We found that SL-LuX, and 2H-MoS, are isostructural,
so similar inversion symmetry breaking and K-valley in 2H-
MoS; appear in SL-LuX>. Lu’s strong SOC will create a large
split between the two valleys, as Lu is a heavy rare earth ele-
ment with a d electron. What is more, the MAE of Lul, and
LuCl, are out of plane. Given the above properties, SL-LuX;
is expected to be ferromagnetic semiconducting materials with
large spontaneous valley splitting. In this work, large spon-
taneous valley splitting in SL-LuX) is revealed through first-
principles simulations through their band structures including
the SOC effect. Through calculations such as the Berry cur-
vature, we also confirm that AVHE can be implemented in
these materials. It was also found that applying a biaxial ten-
sile strain in SL-Lul; can further enhance valley polarization.
Therefore, SL-LuX; is an intrinsic ferrovalley material with
great application prospects in valleytronics.

2. Computational details

The first-principles calculations are performed by using
the projector augmented-wave!>2”] method as implemented
in the Vienna ab initio simulation package (VASP).[?82]
Dealing with the exchange—correlation interaction of differ-
ent electrons, we used the Perdew—Burke—Ernzerhof (PBE)[30]
type generalized gradient approximation (GGA).3!! The cut-
off energy is 400 eV. 9 x 9 x 1 k grids for structural re-
laxation were used in the Brillouin-zone convergence center.
Force and energy convergence accuracies are 0.01 eV/A and
107® eV/atom, respectively. To avoid interaction between ad-
jacent layers, we set up a vacuum space of 25 A. The GGA +U
method!*?! is adopted. 3.0 eV is set to the Hubbard-U param-
eter. SOC!¥! is used for related calculations. The phonon
dispersion is obtained by the PHONOPY code**! based on
the density functional theory (DFT)!3 using a 4 x 4 x 1 su-
percell. Ab initio molecular dynamic (AIMD)P®! simulation
is run37381 at 300 K with a 3 x 3 x 1 supercell. The WAN-
NIER90 package**! is used to calculate anomalous Hall con-
ductivity and the Berry curvature.

3. Results and discussion
3.1. Structural properties and stability of SL-LuX,

The lattice constants of SL-LuX, are shown in Table 1.

(231 SL-LuX, are ferrovalley materials,

Like monolayer GdlI,,
whose crystal structures are demonstrated in Fig. 1(a). From
the side view on Fig. 1(a) we can clearly see that the two layers
of X atoms and the middle layer of Lu atoms form a sandwich-
like unit cell. The Lu atoms in the middle layer coordinate
with the six nearest neighboring X atoms to form a triangular
prism. As shown in the ELF of Fig. 1(b), the Lu and I atoms
are ion-bonded because electrons are mostly located near the
I atoms, with no electron aggregation in between. That is, in
the SL-LuX> structure, Lu donates two of its electrons to two

X atoms, respectively, and Lu?* and X~ ions are formed. In
contrast, there is a large number of electron aggregations in
the middle of Lu atoms in the same layer, which reduces the
positive electrical repulsion between the two nuclei, so that the
energy of the system is reduced, forming a stable structure, so
SL-LuX, are transition crystals with both ionic bonds and co-
valent bonds. This similar feature is also found in LaBr,.[!7]
Taking Lul, as an example, we calculated its molecular dy-
namics and phonon dispersion spectra, which are shown in
Figs. 1(c) and 1(d), respectively. The small energy fluctuations
and the preservation of structural integrity revealed by AIMD,
as well as the phonon spectrum without imaginary frequency,
prove that the SL-LuX) structure has good thermodynamic sta-
bility.
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Fig. 1. Geometry and stability of SL-LuX,. (a) Top and side views of
SL-LuX;. The box denotes the unit cell. (b) electron localization func-
tion (ELF) of SL-Lul,. (c) Molecular dynamics simulation of SL-Lul, at
300 K. (d) Phonon dispersion spectrum of SL-Lulj,.

It is known that 5d'6s? is the electronic configuration of
Lu, so the theoretical magnetic moment of about 1.0 ug/Lu
is the result of the 5d and 6s shells. We compared the FM
and antiferromagnetic (AFM) states of the 2 x 2 x 1 super-
cell. The results show that SL-LuX, are a class of ferro-
magnetic materials. Because for SL-LuXj;, the energy of the
FM state is 11 meV/Lu, 17 meV/Lu, and 15 meV/Lu lower
than the AFM state, respectively. Furthermore, considering
that SL-LuX, have band gaps of 0.301 eV-0.681 eV (see Ta-
ble 1), so SL-LuX, are 2D FM semiconductors. To date, only
a few 2D materials with FM intrinsic semiconductor proper-
ties have been found experimentally, such as SL Crl3*% and
Cr,Ge,Teg.[*!1 The intrinsic FM semiconductors, SL-LuX,
combined with their stability would make them very promis-
ing for experimental explorations. What is more, SL-LuX;
are also bipolar-magnetic semiconductors. As is shown in
Figs. 3(c) and 4, the conduction band-minimum (CBM) and
valence band-maximum (VBM) of SL-LuX> are mostly by dif-
ferent spin states contributed. And similar results were found
in LaBr, 'l and GdlI,.[?¥! So, SL-LuX, can easily be shifted
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into a half-metal with tunable spin-polarization by carrier dop-
ing.

Table 1. The lattice parameters of SL-LuXy: Ix_1,, dxx, and ZXLuX,
represent the bond length of X and Lu atoms, the distance between two
X atoms, and bond angle of Lu and the two X atoms, respectively. We
computed formation energy, and band gaps without SOC and with SOC
and Ego, Eg-pRE, Eg-pBE+soc. ErM (Earm) is the energy of FM (AFM)
state. T is Curie temperature, while Tgk is the critical temperature of
Berezinskii—Kosterlitz—Thouless (BKT) transition.

Lul, LuBr, LuCl,
a=b(A) 4.06 3.83 3.71
Ix_1u(A) 3.122 2910 2757
dxx (A) 2.029 1.915 1.853
ZXLuX (°) 81.10 82.29 84.47
Egor (€V/atom) —2.672 —3.229 —3.715
Eq-pgg (€V) 0.301 0.554 0.618
Eg-pBE+s0C (€V) 0.212 0.486 0.687
Egm (eV) —38.957471  —45.103244  —50.622901
Eapm (eV) —38.913845  —45.042369  —50.555515
J (meV) 5.45325 8.42325
D (meV) —3.64 —0.21
T /gxr (K) 124 78 (TpkT) 89

If Eor and Ey p, are used to represent the total ground
state energy of the SL-LuX, unit cell and the energy of the X
or Lu atom alone, then its formation energy can be obtained
by the following formula:

Efor = [Etot - (2EX +ELU)] /3

As shown in Table 1, the formation energy of SL-LuXj is all
negative, implying that they are easy to form in terms of en-
ergy.

Furthermore, we calculate the Curie temperature (7;) of
SL-Lul, and SL-LuCl, by the Heisenberg model. And from
the spin configuration of Fig. 2(a), the energies of the FM state
and the AFM state can be obtained as follows:

Epm = Eg — 657,
Eapm = Eo +2JS7,

where Ej is the total energy excluding the magnetic coupling.
And J (the exchange parameters of the nearest-neighbor) can
be obtained by J = (Eapv — Erm)/8S2, where S is the total
magnetic moment of the single unit cell, which is 1ug. Tak-
ing into account magnetic anisotropy, we calculated the mag-
netic crystal anisotropy coefficient D. We estimate the D value
with MAE/S?. J and D values are shown in Table 1. We used
mcsolver*?] to do the Monte Carlo simulations and got the T,
as shown in the Fig. 2(b).

As for SL-LuBr,, its magnetic anisotropy (MAE) is in-
plane. The Mermin—-Wagner theorem!*3! prohibits ferromag-
netic order in 2D materials that have continuous spin sym-
metries. This means that 2D materials with an easy magne-
tization plane do not exhibit a ferromagnetic phase transition,
but instead, a Berezinskii—Kosterlitz—Thouless (BKT) transi-
tion to a quasi-long-range ordered low-temperature phase with

a power-law decay of the correlation function.[**! The BKT
transition of SL-LuBr, could occur at the critical tempera-
ture Tk, Which can be calculated as Tgxt = 0.89 (Eapm —
Erm)/8kg,[*%] where kg is the Boltzmann constant. There-
fore, from the Expy/pm in Table 1, we can calculate that the
Tskt of SL-LuBr; is about 78 K, which is very close to the
temperature of liquid nitrogen.
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Fig. 2. (a) The magnetic configuration of FM and AFM. The up (down)
magnetic moments are represented by red (bule) arrows. (b) The coor-
dinate axes on the left and right sides indicate the magnetic moment and
heat capacity, respectively. Red and blue dot lines indicate the magnetic
moment and specific heat of LuX; varying with temperature, respectively.

3.2. Spin and valley polarization of SL-LuX,

The band structures of SL-LuX, are shown in Figs. 3(a)
and 4, respectively. We can find that they have a pair of degen-
erate energy extreme located at the high symmetry points of K
and K’ in the valence and conduction bands. Therefore, SL-
LuX; become the valley materials. And unlike ordinary valley-
polarized materials, SL-LuX, are bipolar magnetic semicon-
ductors because of its nearly fully spin-polarized valence and
conduction bands in opposite spin channels. After consider-
ing SOC, as shown in Figs. 3(b) and 4, the spin degeneracy
of the bands is broken. Not only the degenerate of the va-
lence bands, but also the conduction bands are breaking at the
same time. As a result, the valley polarizations up to 55 meV,
93 meV, and 148 meV, respectively, are generated in SL-LuX;
[see Figs. 3(b) and 4], which corresponds to the result that an
externally induced magnetic field of up to 745 T-1490 T is
applied.

To determine the magnetic anisotropy energy (MAE) of
SL-LuX, we calculate the energy in the direction of the three
spin axes of Lu atoms when the SOC effect is considered.
That is, E1gp (x-axis) and Epjg (y-axis) in the plane, Ego; (z-
axis) outside the plane. Because Ejgg and Egj¢ are almost the
same, we define MAE = Eyy; — min{E109,Eo1}, which are
—3.64 meV, 0.08 meV, and —0.21 meV for Lul,, LuBr,, and
LuCl,, respectively. For SL-LuBr,, the MAE is much smaller
than 1 meV, which can be easily modulated by magnetic
fields. As for SL-Lul, and SL-LuCl,, their MAE are rarely
negative in 2D valley-polarization materials, which demon-
strate that the easy axis is out of plane. So, unlike Ni3Igl4”]
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and VSipNy, U9 SL-Lul, and SL LuCl, can realize valley-
polarization without magnetic substrates.
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Fig. 3. Band structure of SL-Lul,. (a) SOC is not considered; (b) and (c)
SOC is considered, but the magnetic moment of the Lu atom is reversed;
(d) orbital-projected band structure of SL-Lul,. Spin up and down are
shown in red and blue, respectively.
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Fig. 4. The band structure of LuX, (X = Br, Cl), and the two figures on
the far left do not consider SOC. (a) LuBr;, (b) LuCl,.

In order to analyze the source of valley polarization of
SL-LuX, from the atomic orbital level. Taking SL-Lul, as
an example, we calculated and plotted orbital-projected band
structure shown in Fig. 3(d). It can be seen that the Lu-d » 12
and Lu-d,, orbitals are the main contributions of the valley
states at K and K'. Furthermore, the Lu-d,2_» and Lu-d,y
orbitals degenerate and hybridize with the Lu-d > orbital, and
Lu-d is dominant near the I'" point. 2H-MoS; also has sim-
ilar orbital distributions.*8) And because it has been proved
above, SL-LuX, are semiconductors with intrinsic FM. There-
fore, the sizeable spontaneous valley polarization in SL-LuX;
originates from the magnetic exchange interaction of Lu-d
electrons combined with SOC.

3.3. Valley Hall effect in SL-LuX,

The Berry curvature is obtained on the basis of the Kudo
formula, which can be written as

2Im (W | Vy -~ Wk | V- n
0 - Zan <V/k| y1|;lf k;<‘l’ k| y\‘l’k)
n np#£n’ ( )

Here, the band indexes are n and n’, and f;, is the Fermi—Dirac
distribution function, and ¥, is the Bloch wave function
with eigenvalue E, s, and v,/ is the velocity operator along
x/y directions.

As shown in Figs. 5(a), 5(b), and 6, the absolute values of
the Berry curvatures at the K and K’ valleys are not the same
and have opposite signs. Furthermore, for SL-LuX;, valley
polarization reversal [see Fig. 5(d)] will be achieved when the
Lu atoms are magnetized in the opposite direction as shown in
Fig. 3(c). At this time, the sign of the Berry curvature at the
K and K’ valleys remains the same, but the absolute values are
exchanged.

(a)
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Energy (eV)

Fig. 5. Berry curvature of SL-Lul,. (a) and (b) The contour map and
the profile along the high symmetry point, respectively, both located in
the 2D Brillouin zone. (c) Anomalous Hall conductivity oy, of SL-Lulp,
the valley extrema are shown by two vertical dashed lines. (d) Schematic
illustration of the tunable anomalous valley Hall effect in hole-doped SL-
LuX;, located in the K and K’ valleys, respectively. The “+” symbol rep-
resents a hole, and spin-up and spin-down are represented by blue arrows
and red arrows, respectively.

The considerable spontaneous valley polarization in SL-
LuX; allows the Fermi level to be located in the light-blue re-
gion sandwiched between the two dashed lines of the K valley
and the K’ valley [see Fig. 5(c)]. This time, a fully spin- and
valley-polarized Hall conductivity will be generated, resulting
in the net Hall current. Based on the formula

- e 1
Y h o
The Berry curvature will affect the motion of Bloch electrons
under the in-plane electric field, which will acquire an anoma-
lous velocity whose direction is perpendicular to the electric

dkz2Q (k).

field and whose magnitude is proportional to the Berry cur-
vature, i.e., vV, ~ E x (k). Due to the different signs of the
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Berry curvature at the K and K’ valleys, the charge carriers
move in opposite directions, respectively. The charge carri-
ers around the I point have almost zero Berry curvature, so
they can move along the electric field without lateral motion.
Therefore, as the interesting AVHE is realized in SL-LuXj>, as
shown in Fig. 4(d), net carriers with the same charge and spin
will accumulate on one of its boundaries, forming charge and
spin Hall current.

(a) 23.1
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K

>

< . by o by Ny
2. (Bohr?)

K M K r K M
Fig. 6. (a) SL-LuBr; and (b) SL-LuCl,, contour plots and profiles along
high symmetry points of berry curvature.

3.4. Effects of strain on valley splitting

Notably, higher robustness is important for 2D valley-
polarized materials. Because it is well known that in actual
device fabrication, the 2D material needs to be supported by
the substrate, which inevitably introduces strain into the 2D
material. Therefore, we applied biaxial in-plane strain to SL-
Lul, to explore the strain effect of SL-LuX, through theoreti-
cal calculations. The in-plane lattice constants of strained and
unstrained SL-Lul, are represented by a and ag, respectively,
then € = (a — ap)/ap x 100% can represent the magnitude of
the strain. The positive and negative values of € correspond to
tensile and compressive strains, respectively.

As shown in Fig. 7, the value of valley polarization in-
creases monotonically with € and reaches as high as 173 meV

at 5% tensile strain. Interestingly, similar effects were found in
other materials with substrates, such as MoTe, monolayer[49]

1.9 More importantly, even under

and CuCrP,Teg monolaye
—5% compressive strain, the valley polarization of SL-Lul,
still reaches an astonishing 115 meV. Therefore, it cannot be

denied that the strain of SL-Lul, has great robustness.
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Fig. 7. Valley splitting of SL-Lul,. The in-plane biaxial strain varies from
—5% to 5%.

3.5. The U-dependence of the band structures for LuX,

In general, different U-values will have a significant im-
pact on the band structure. For SL-LuX>, as shown in Fig. 8§,
we take SL-Lul, as an example to calculate the band structure
of different U-values after considering SOC. In some previ-
ous work, some U values of 4-6 have been applied to the Lu
atom.3-331 In order to better illustrate the dependence of SL-
LuX; on the U value, we set the range of U values to 1-8.

Interestingly, when the U-value is greater than 4,
the K and K’ valley on the conduction band will form a
And when the U-value is further in-
creased to 8, the K’ valley on the conduction band dis-

ring, respectively.
appears. However, it is clear that the valley polariza-
tion on the valence band is still there. As shown in
Fig. 9, as the U-value increases, the band gap E, and val-
ley splitting increase and decrease monotonically, respec-

tively. And similar U-dependence is reported in GdCl,.[23]

2/»@@/0« P ? ? Y
z IM 1M 1M 1/\NJ\
L L
>
5 0/\/\/\ 0/\/\/\ O/\/~V\ O/W\
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MK T KM MK T KM K I KM MK T KM

NN 2 I LN A2 Y
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% of 0 0 0
5} M /\/\/\/\ /\/\/\/\ /\/\/\/\
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A1 -1 -1 -1
72 U=5 . U=6 72 U=7 B U=8
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Fig. 8. The band structure of SL-Lul, when the value of U varies from 1 to 8.
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Fig. 9. The band gap E, and valley splitting vary with U-values.

Even when the U-value is 8, the valley polarization can still be
as high as 94.5 meV, indicating that the valley polarization of
SL-Lul, is quite robust.

4. Conclusion

In summary, through first-principles calculations, we re-
veal that SL-LuX; are 2D intrinsic FM materials with huge
valley-polarization up to 55 meV-148 meV, which is suffi-
cient for easy memory access and valley polarization regula-
tion. First, it has good thermodynamic stability. Moreover,
the Berry curvatures at K and K’ have different signs and un-
equal absolute values, so that SL-LuX, provides us with a plat-
form for selectively manipulating valley states and controlling
AVHE. In addition, when applying strain of —5% to +5% to
SL-Lul,, the valley polarization response monotonically in-
creases from 115 meV to 173 meV, demonstrating that the
valley-polarization of SL-LuXj is very robust to strain. There-
fore, SL-LuX, are very attractive intrinsic ferrovalley materi-
als for experimentation and subsequent applications.
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