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Manipulating sign-reversible Berry phase effects is both fundamentally intriguing and practically appealing for search-
ing for exotic topological quantum states. However, the realization of multiple Berry phases in the magneto-valley lattice
is rather challenging due to the complex interactions from spin—orbit coupling (SOC), band topology, and magnetic order-
ing. Here, taking single-layer spin-valley RuCl, as an example, we find that sign-reversible Berry phase transitions from
ferrovalley (FV) to half-valley semimetal (HVS) to quantum anomalous valley Hall effect (QAVHE) can be achieved via
tuning electronic correlation effect or biaxial strains. Remarkably, QAVHE phase, which combines both the features of
quantum anomalous Hall and anomalous Hall valley effect, is introduced by sign-reversible Berry curvature or band inver-
sion of dyy/d,2 _,» and d» orbitals at only one of the K /K’ valleys of single-layer RuCl,. And the boundary of QAVHE
phase is the HVS state, which can achieve 100% intrinsically valley polarization. Further, a k- p model unveiled the valley-
controllable sign-reversible Berry phase effects. These discoveries establish RuCl, as a promising candidate to explore
exotic quantum states at the confluence of nontrivial topology, electronic correlation, and valley degree of freedom.

Keywords: valley polarization, topological phase transition, half-valley semimetal, quantum anomalous valley

Hall effect, first-principles calculations
PACS: 71.15.Mb, 71.15.Dx, 73.43.—f, 73.63.-b

1. Introduction

Valleytronics offers a versatile platform for fundamen-
tal and applied research for spintronics materials due to its
additional valley degree of freedom, apart from charge and
spin.!'"* Two-dimensional (2D) hexagonal lattices such as
transition-metal dichalcogenides (TMD) are promising val-
ley materials to manipulate charge, spin, and valley degrees

of freedom.l>-11]

In such materials, owing to the break-
ing of the space-inversion symmetry (P), phenomena asso-
ciated with valley contrasting feature can be explored such
as valley Hall effect (VHE) and valley-controllable opti-

cal selection rules.[!213]

Recent advances in valleytronics
focus on generating valley polarization by breaking time-
inversion symmetry (7)) and thus lifting the degeneracy of
K/K' valleys.!'"l Several approaches have been proposed,
like optical pumping,!'3~171 magnetic doping,!'®2%1 magnetic
proximity effect,?!~>3] and applying an external magnetic
field.[?*-2" Nevertheless, the intrinsic properties have a higher
priority than external tunability so as to reach widespread ap-
plications in valley-related physics. Hence, intrinsic valley-
related materials hosting spontaneous valley-polarization are
most desirable, thanks to its advantages of robustness, power
efficiency, and simplicity in operation.

Recently, break-through of the discovery of 2D fer-
rovalley (FV) materials,!?®! such as 2H-VSe,,[?8) VSSe, ]
LaBr,,3% LaBrl,*!) GdCl,,1% Cel,,1*¥ MXenes,** and
VSirNy,*%) may lay the foundation for a spin-valley compos-

DOI: 10.1088/1674-1056/acd920

ite paradigm induced by the integrated effects of ferromagnetic
(FM) order and spin—orbit coupling (SOC), which could facil-
itate the observation of anomalous valley Hall effect (AVHE).
Furthermore, considering the perspective of potential applica-
tions in valleytronics, except for AVHE, the exploration for
magneto-valley materials with valley-related multiple Hall ef-
fect (MHE) is of significant importance, which can enrich the
valley-related physics and emerging quantum states of mat-
ter. One exotic valley-related multiple Hall effect is the quan-
tum anomalous valley Hall effect (QAVHE), 34491 which pos-
sesses the interplay between valley and band topology and
combines the valley index and quantum anomalous Hall effect
(QAHE),® making it possible to realize high-performance
quantum devices and thus raising an intensive interest in mate-
rials science. However, the realization of QAVHEDB relies on
the combination of SOC, band topology and magnetic order-
ing, which pose a great challenge for the research on potential
high-performance valley-controllable quantum computational
devices in 2D materials.

Motivated by these challenges, based on first-principles
calculations with DFT+U approach and strained & - p

model, 7]

we have predicted single-layer (SL) RuCl, as an FV
semiconductor, exhibiting intrinsic FM order and giant sponta-
neous valley polarization. Interestingly, we found that differ-
ent electronic correlation strengths (U) and strains ()41
make SL-RuCl, transition to different valley-controllable

electronic states, including FV to half-valley*! semimetal
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(HVS) to QAVHE to HVS to FV state. These different
electronic states are connected with valley-controllable sign-
reversible Berry curvature. Remarkably, QAVHE phase,
which combines both the features of QAHE and AVHE, can
be realized due to band inversions of dy/ dxzﬂ,z and d or-
bitals at K/K' valleys. We further demonstrate that QAVHE
phase of SL-RuCl, exists when electronic correlation strength
(U) ranges from 2.19 eV to 2.29 eV. Even increasing U ex-
ceed this scope, take U = 2.4 eV, we can still observe QAVHE
in the strain range of —2.3% and —1.1% by exerting biaxial
compressive strain. Similar phase transition and QAVHE have
also be reported in MBr,,[*3 FeCly, VSiyPy,[ 40 VN, X, 15
(X = group-III and Y = group-IV elements). These results
broaden the avenue for low-dissipation electronics devices,
highly promising for valleytronics and quantum computational
devices.

2. Computational details

First-principles calculations with spin polarization within
DFT are performed by the Vienna ab initio simulation pack-
age (VASP).[*79 The generalized gradient approximation
(GGA) with the Perdew—Burke—Ernzerhof (PBE) realization
is used to describe the exchange—correlation effect.>!! The en-
ergy cutoff is chosen as 550 eV for expanding the wave func-
tions and the total energy convergence criterion of 107 eV is
adopted for static calculations. All the structural parameters
are fully optimized until the force on each atom is converged
to 0.01 eV/A. A k-mesh of 17x17x1 is used to sample the
Brillouin zone and a vacuum layer about 20 A to avoid the in-
teractions between adjacent direction. To describe the on-site
Coulomb interaction U terms of strong correlated Ru 4d elec-
trons, we employed the GGA+U method.>>3] Phonon spec-
trum is calculated by using 5 x 5 x 1 supercell and 5 x 5 x 1
q grid based on the density functional perturbation theory
(DFPT) approach.®*! The Berry curvatures are calculated us-
ing the WANNIER90 package.®> The edge states are calcu-
lated by using the iterative Green function method. ¢!

3. Results and dicussion

In analogy to the TMDs, SL-RuCl, possess P6m2 sym-
metry with a D3, point group, which is composed of Cl-Ru-—
Cl sandwich layer, and each Ru atom has six nearest Cl neigh-
bors, forming a triangular prism lattice, as shown in Fig. 1(a).
Thus, the P in SL-RuCl; is broken. Figure 1(b) displays the
optimized lattice constants of SL-RuCl, with the U values
ranging from 0 eV to 3 eV. We can see that the calculated con-
stant increases from 3.46 A to 3.61 A with U increasing from
0 eV to 3 eV. By calculating the phonon spectrum in Fig. 1(c),
no imaginary frequency modes are observed, which demon-
strates SL-RuCl, is dynamically stable. In addition, we cal-
culated the elastic constants to check the mechanical stability

of SL-RuCly. The elastic tensor C with the P6m2 point-group
symmetry for SL-RuCl, can be reduced to

Cn Ci2 0
C=| Cn Cn 0 . (1
0 0 (Cll—Clz)/Z

The calculated results show that Cy; and Cj; are 34.14 GPa and
14.66 GPa, respectively. The calculated C;; satisfy the Born
criteria for mechanical stability, 577 Cy; > 0and Cy; — Cp2 > 0,
which confirms the mechanical stability of SL-RuCl,.
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Fig. 1. (a) Side and top views of the crystal structure of SL-RuCl,. (b) The
optimized constants a as a function of U. (c¢) Phonon spectrum of SL-RuCl,.

Next, we turn our attention to the magnetic properties
of SL-RuCl,.
i.e., nonmagnetic (NM) state, FM state, and antiferromagnetic

We consider three magnetic configurations,

(AFM) state, as shown in Fig. S1(a) in supporting informa-
tion, The energy difference as a function of U is shown in
Fig. S1(b). It is clear to see that SL-RuCl, always prefers FM
state with U ranging from 0 eV to 3 eV, and the magnetic mo-
ment unit cell of FM phase is 4.0 up per Ru atom. According
to the Mermin—-Wagner theorem,®8! the FM order is gener-
ally prohibited by thermal fluctuation if 2D FM systems are
isotropic. However, the recent discoveries of FM ordering in
2D Crl3P1 and Cr,Ge,Teg, 90011 with the presence of spin-
wave excitation gap arising from magnetic anisotropy illus-
trate that FM ordering can exist at a finite temperature. Thus,
to determine the magnetization easy axis of SL-RuCl,, we cal-
culate the magnetic anisotropy energy (MAE) under different
U, as shown in Fig. S1(c). The MAE is defined as the en-
ergy difference between the systems with magnetization axis
along in-plane (IP) and out-of-plane (OP) direction, namely
Eviag = E100 — Ego1. We can find that SL-RuCl, prefers an
OP-FM state when U < 2.41 eV, when U > 2.41 eV, it turns
to IP-FM state.

For 2D FM materials,
an important role in its magnetic, valley and topological

electronic correlations play
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properties.[©>-6%] Thus, we investigate the evolution of elec-
tronic band structures driven by electronic correlation (U) in
SL-RuCl, and the representative electronic band structures
without and with SOC are plotted in Fig. S2 and Fig. 2, respec-
tively. Also, the evolution mechanism of the energy bandgap
induced by different U is given in Fig. S3.

For a small U (U = 0 eV), SL-RuCl, exhibits an indirect
gap semiconductor. The conduction band minimum (CBM)
at K/K' valleys are mainly contributed by d_» orbital with the
spin-down channel, and the spin-up d,;/d, orbitals form the
valence band maximum (VBM) (Fig. 2(a) and Fig. S2(a)). The
opposite spin directions of VBM and CBM indicate SL-RuCl,
possesses bipolar magnetic semiconductor (BMS) character.
With increasing U before U = 2.19 eV, the global gap firstly
increases and then decreases (Fig. S3(a)), and the orbitals of
Ru-dyy/d,2_,> move up relative to Ru-dy, and Ru-dy, orbitals
gradually (Figs. 2(a)-2(d)). As shown in Fig. 2(d), on account
of T'and P broken, both the CBM and VBM belong to the spin-
down channel, forming FV state with direct gap and the giant
energy difference of band gap at K and K’ valleys is 246.2 meV
(Fig. S3(b)).

Around U = 2.19 eV, as shown in Fig. 2(e), the band gap
at K’ point gets closed, while still have a gap of 254.5 meV at

K point. The gap closed at K’ valley and opened at K valley
indicating an HVS state. Here, taking SOC into account, HVS
state indicates the Dirac cone shaped linear dispersion with
intrinsically 100% spin valley polarization, [®® highly promis-
ing for charge and spin transport due to the mass-free elec-
tron mobility. Then we further increase U (U > 2.19 eV), the
band gap at K’ valley reopens and Ru-dyy/d2_,
tinue to move up and thus exchange from VBM to CBM, the

» bands con-

Ru-d> component goes down and from CBM exchanges to
VBM, correspondingly (Fig. 2(f)). Around U = 2.29 eV, an-
other HVS states inevitably encountered, with the band gap
closing at K valley, but the gap of about 247.1 meV at K’ val-
ley (Fig. 2(g)). Continuing increasing U, the band gap at K
valley reopens and the CBM and VBM are apart from each
other. From the perspective of orbital components, the Ru-
d,» of CBM have been swapped with Ru-d,,/d, 2_y» orbitals
of VBM at K valley. Hereafter SL-RuCl, returns to FV again.
As can be seen from Fig. 2(h), the valley-polarization of SL-
RuCl, distinctly occurs at the CBM and the giant energy dif-
ference of band gap at K /K’ valleys is 240.3 meV (Fig. S3(b)).
Thus, AVHE with an anomalous velocity v, ~ —(e/h)E x
can be clearly observed (Fig. S4). When U is above 2.41 eV,
SL-RuCl; turns to IP-FM state (Figs. 2(i) and 2(j)).
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Fig. 2. Orbital-projected band structures of SL-RuCl, obtained from GGA+SOC+U (U varies from 0 eV to 3.0 eV). Blue circle represents components of
Ru-dyy and Ru-d,>_,» orbitals, red one is for component of Ru-d,» orbital, and the green one represents Ru-dy. and Ru-dy. orbitals.

Obviously, from the evolution of electronic band struc-
tures driven by U in SL-RuCl,, one can see that when U <
2.19 eV, VBM at K /K’ valleys is primarily made up of Ru-
dyy/ d,»_» orbitals, while the energy degeneracy between two
valleys is lifted and valley polarization apparently occurs at
VBM (Fig. 2(d)). After the bandgap closing and reopening
again at K and K valleys, the Ru-d,y/d2_,
completely from VBM to CBM, and the energy difference
of CBM between K and K’ valleys is larger than VBM con-
tributed by Ru-d . orbital (Fig. 2(h)).

With regard to the spontaneous valley-polarization of SL-

» orbitals exchange

RuCly, the underlying physical mechanisms can be attributed

to the combining effect of magnetic exchange interaction and
SOC. We take U = 2 eV as an example, the degeneracy be-
tween spin-up and spin-down channel is broken due to the
existence of FM ordering. Since the VBM and CBM are
both occupied by electrons with identical spin, we can ignore
the interaction between spin-up and spin-down states. Thus,
the SOC only involves the interaction of same spin channels,

which can be approximately expressed by!33]

N AN 1., :
Hsoc = AS; (LZCOSG+2L+ e sin6

+-L_eT?sin 9), )

N =

097101-3
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where S and L refers to the spin and orbital angular momen-
tums, respectively. 6 and ¢ define the polar angles of spin
orientation. As MAE is in OP (6 = 0°), equation (2) can be
reduced to Hsoc = al.. In view of the orbitals’ contribu-
tion and the wave vector symmetry at the K and K’ points,
the basis functions are chosen as |@f) = |d2) and |¢@]) =
V1/2(ld2_,2) +i7|dyy)), T = %1 represents the valley index.
v/c refers to the valence and conduction bands, respectively.
According to the basic functions, the energy levels of the VBM
and CBM at K’ valley are given by E¥ = (@7|Hsoc|@?) and
E? = (@f|Hsoc| @), respectively. Accordingly, the valence
(conduction) energy difference AE, (AE,.) at K /K’ valleys can

be expressed as333]

AE, = E; fE\',’_ = i<dxy‘ﬂsoc|dx2,y2>

AE. = E_ —E! =0. 4)
From Eq. (3), we can obtain AE, = 4. This indicates that
valley polarization significantly occurs at VBM (Fig. 2(d)).
After the completely swapping of Ru-d,,/d,>_» and Ru-d_»
orbitals between VBM and CBM, as the case of U = 2.4 eV,
we can infer that AE; = 4, thus valley polarization evidently
occurs at CBM (Fig. 2(h)). It is noteworthy that valley polar-
ization can be reversed as the magnetization is reversed, which
is confirmed by DFT results in Fig. S5. When the magnetiza-
tion along the —z direction, the spin and valley polarization
of carriers is simultaneously switched. From a practical point
of view, using intrinsic magnetism to generate valley polariza-
tion is more nonvolatile. Additionally, magnetism can be con-
trolled in a fully electric manner, e.g., by using current pulses

—i{dp 2 |Hsoc|dyy), (3)  through spin torques,!®”! which is ideal for device applications.
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Fig. 3. Berry curvature of SL-RuCl, with U =2 eV (a), 2.25 eV (b), 2.4 eV (c). The top planes are contour maps of Berry curvature in the
whole 2D BZ, the bottom planes are Berry curvatures along the high-symmetry points.

Our most prominent finding is that SL-RuCl, is an ex-
otic magneto-valley material, which can host several quantum
phase diagrams driven by U starting from FV phase. Such an
FV state is highly beneficial to generating, transporting, and
manipulating spin currents in spin-valley spintronics. From
the above discussion about the evolution of electronic band
structures driven by U, we can observe that SL-RuCl, ex-
perienced two critical states, namely HVS state, appears at
U =2.19 eV and 2.29 eV, where the band gap closes at K’ or
K valley while another valley is still in semiconductor status.
Along with the band gap reopening as U increases, the compo-
nents of VBM and CBM at K/K’ valleys also exchanged. This
gap close—reopen scenario and interchanging of orbital com-
positions indicate a transition from trivial to nontrivial topo-
logical phase. This topological phase transition is correlated
with valley-controllable sign-reversible Berry curvature as U

variates. In order to investigate this phenomenon, the Berry
curvature Q (k) of SL-RuCl, is calculated based on the Kubo
formula, (%3] which could be performed with the following ex-

pression:

21 ke |V | @ k| Vy | @
Q(k):_ZZf(n) m<(Pk|‘(}E(P_k;<,()p2kv}|(P k>) (5)

n n#£n

where n and n’ are the band indexes, v, and vy are velocity
operators in the x and y directions, respectively. f(n) is the
Fermi—Dirac distribution function. ¢,; and ¢,/ are the peri-
odic part of Bloch wave function with eigenvalue E, and E,,
respectively.

Figure 3 shows the Berry curvatures with U = 2 eV (a),
2.25eV (b), 2.4 eV (c), respectively. As shown in Fig. 3(a), re-
garding FV state (U =2 eV), a nonzero Berry curvature occurs
around K /K’ valleys with opposite signs and different magni-
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tudes. When U = 2.19 eV, FV state experiences a topolog-
ical phase transition into QAHVE state, bridged by an HVS
state. For U = 2.25 eV, the sign of Q(k) at K’ valley flips
(Fig. 3(b)). Further increasing U = 2.29 eV, K valley also ex-
periences a topological phase transition, akin to the case of
K' valley, resulting in the sign change of Q(k) at K valley.
With the increase of U, it transforms from HVS to another
FV state. By comparing these two FV states, the sign of Berry
curvature at K and K’ valleys are quite opposite (Figs. 3(a) and
3(c)). Such dynamics of berry curvature Q (k) is bound to in-
fluence valley-related anomalous transport phenomena, such
as AHVE, valley Nernst effect, valley magneto-optical Kerr
effect, and valley magneto-optical Faraday effect.[*°]

It is remarkable that QAHVE phase in the range of
2.19 eV< U < 2.29 eV can be demonstrated by the calcu-
Here, the
Berry phase takes the same signs at K and K’ valleys, but not

lated Berry curvatures in BZ space (Fig. 3(b)).

the identical values. In this way, the edge spectrum calcu-
lated with WANNIER90 package shows a single gapless chiral
state connecting the conduction and valence bands, consistent
with an integer Chern number (C = 1), as shown in Fig. 4.
Different from valley-polarized quantum anomalous Hall ef-
fect (VP-QAHE), the CBM, and VBM at K’ /K valleys are all
contributed by spin-down bands with full valley polarization
(Fig. 4(a) and Fig. S5(b)). When the magnetization is reversed,
the edge state changes to the other valley, with an opposite spin
and chiral directions, as shown in Fig. 4(b), suggesting a very
special behavior of the chiral-spin-valley locking for the ob-
tained edge state. This novel quantum state can be detected by
using the noncontact magneto-optical technique,’”! and thus
highly promising for most practical applications in valleytron-
ics.

o o
s o
=
2

“

>$ ?3 0.2
% ] or ‘\
- -
: =
= &)
—0.4 \ /
~1.0 N —0.6 - — 4
M r M M r M

Fig. 4. (a) The calculated nontrivial chiral edge states for a semi-infinite SL-
RuCl, with U =2.25 eV. The 100% spin-polarized chiral state is locked with
the valley index and spin direction. (b) The same as in panel (a), but the
magnetization direction is along the —z direction.

Yet for now, it is challenging to regulate the correlation
effect (U), but we still hope that the various quantum phase
diagram can be exhibited in practice. A crucial point is that
the competition between kinetic and interaction energies could
influence the strength of electronic correlation, which means
we could exert epitaxial strain to manipulate the electronic and
magnetic properties of 2D materials and thus probably achieve
the same effect as changing U. Therefore, the biaxial strain

is applied to the SL-RuCl,. The strain strength is defined as
€ = (a—ayp) /ag, where a and ag are the lattice constants of
the system with and without strain, respectively. Hence, the
system of SL-RuCl, can be possibly tuned into FV, HVS, and
QAVHE states, even though the electronic correlation strength
U is larger than 2.19 eV. We use U = 2.4 eV as an example
to explore the quantum phase transitions by exerting external
biaxial strain. To confirm the FM ground states, the total en-
ergy difference between FM and AFM ordering by using rect-
angle supercell is calculated as a function of &, as shown in
Fig. S6(a). In considered strain range, the magnetic ground
states are always the FM states, And the magnetic anisotropy
of SL-RuCl, prefers the OP state under the considered range,
as is shown in Fig. S6(b).
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Fig. 5. (a) The global energy band gap as a function of € (0%~ —4%). (b)
The energy band gaps for the K and K’ valleys.

The energy band gap and orbital-projected band struc-
tures of SL-RuCl, under various types of biaxial strain are
presented in Figs. 5 and 6, respectively. With increasing com-
pressive biaxial strain, the gaps at two valleys decreases, when
€ = —1.1%, the band gap at K valley is closed, but it is
still open at K’ valley, transforming from FV to HVS state
(Figs. 5(b) and 6(b)). Further increasing compressive strain
until € = —2.3%, the gap at K valley reopens and closes grad-
ually at K’ valley, and the other HVS state can be achieved,
as is shown in Fig. 6(d). Continuing increasing compressive
biaxial strain, the band gap at K’ valley will reopen and the
system of SL-RuCl, will turn to the other FV state.

In the process of applying biaxial compressive strain,
the system of SL-RuCl, also encounters two different criti-
cal states, i.e., HVS state, with the band gap closes at K and
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K’ valley, respectively. And the band gap reopening as com-
pressive € increases along with the swapping of Ru-d, /d,» 2
and Ru-d orbitals. This exotic transition probably suggests
that QAVHE phases exist between the two HVS states. And
this strain-induced phase transition mechanism for SL-RuCl,
can be explained by constructing a k - p model.*>! In order to
confirm QAVHE, we calculate the edge spectrum, as is shown

in Fig. 7. We can clearly observe that a single edge band for
connecting the bulk conduction and valence bands, which ver-
ifies its nontrivial topology and also indicates a very special
behavior of the chiral-spin-valley locking. The QAVHE can
also be observed between the two HVS states. With increas-
ing biaxial compressive strain, SL-RuCl, can transform from
FV to HVS to QAVHE to HVS to FV state.
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Fig. 6. Orbital-projected band structures of SL-RuCl, with SOC under different biaxial strains. Blue circle represents components of Ru-d,, and Ru-do_
orbitals, red one is for component of Ru-d > orbital, and the green one represents Ru-dy; and Ru-dy, orbitals.

0.6

0.6
y
0.a] @ 0.4} (®) ‘
% 02 = 0.2}
% 0 % Of
o0
502 5-0.2
70,4\ / 70.4\
0.6 - A _
0.6y - Yy 06 e .

Fig. 7. (a) The calculated nontrivial chiral edge states for a semi-infinite
SL-RuCl, with € = —1.5%. The 100% spin-polarized chiral state is locked
with the valley index and spin direction. (b) The same as in panel (a), but
the magnetization direction is along the —z direction.

The valley-controllable sign-reversible Berry curvature is
also related to the biaxial compressive strain, and we plot the
Berry curvatures at some representative € values in Fig. 8. For
a small compressive strain (€ = —0.7%), as shown in Fig. 8(a),
we find that a nonzero Berry curvature occurs around K /K’

valleys with opposite signs and different magnitudes, consis-
tent with the FV state. Under the strain of —1.1%, the sign
of Berry curvature at K valley firstly flips, and then the Berry
curvature at K’ valley change sign at about € = —2.3%. These
topological phase transitions are also related to the band inver-
sion of dy,/d

22 and d,> orbitals, being similar to varied U.
Our understanding of the change of sign for the berry curva-
ture at two valleys is that the opposite and half quantized Hall
conductivity e?/2h and —e? /2h, respectively. The phase tran-
sition at two valleys happens at two different critical on-site
Coulomb interactions: When U <2.19eV,C=1/2—1/2=0;
when U > 229 eV, C=—1/2+1/2 =0, while in the case
of 2.19 eV < U <2.29 eV, Berry curvature at one of the two
valleys changes its sign and leads a total Chern number as

1/24+1/2=1.
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Fig. 8. Berry curvature of SL-RuCl, with € = —0.7% (a), —1.5% (b), —2.5% (c) at U = 2.4 eV. The top planes are contour maps of Berry curvature in
the whole 2D BZ, the bottom planes are Berry curvatures along the high-symmetry points.
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Both electronic correlation effects and compressive strain
can effectively tune the strength of FM interaction, which
can produce important effects on Curie temperature 7, of SL-
RuCl,. The T is estimated at representative U (2 eV, 2.25 eV,
and 2.4 eV) and € (0% and —4%) values with the Wolf algo-

rithm based on the Heisenberg model, which can be expressed
as!71]

H=— ZJ,», NV ZAiS,?Sf, (6)
i,j i

where J; ; represents the exchange parameters of the nearest
neighbor, which could be calculated according to the energy
difference between FM and AFM configurations. Here S;/S;
is the spin vector on each Ru, A; is the anisotropy energy
parameter per magnetic atom, and S? is the z component of
the spin vector. As the distance between Ru atoms and its
second nearest neighboring Ru is more than 6.0 A, which is
along enough to be ignored, only the nearest J is taken into

account. [40]
_ 2 2
EFM—E0*6J|S‘ *A|Sz| , @)
Enpm = Eo +2J|S|* — A|Sz]*. ®)
Thus
Exrm — Erm
= )
81|

On comparing with the energy results from first-principles
calculations, the obtained model parameters are found to be
J=4.97meVand A =117.5 peV forU =2¢eV,J =3.50 meV

and A =62.3 peV for U =2.25eV,J =273 meV and A =
0.188 peV for U = 2.4 eV at € = 0%, J = 5.53 meV and
A =158.9 peV for U =2.4 eV at € = —4%. To make the FM-
paramagnetic transition clearer, we calculate the heat capacity
(Cy) as follows:

AET
AT
Here, AET is the change of the total energy as the tempera-
ture increases from 7 to T + AT. The Monte Carlo simulation

G = (10)

is then performed to estimate the transition point of the ferro-
magnetism, and the results shown in Fig. 9. The estimated T
is about 211 K for U =2 eV, 148 K for U =2.25¢V, 116 K,
and 234 K for U =2 eV at € = 0% and —4%. Thus, it is very
key for estimating 7 to use reasonable U. And it is found that
the compressive strain can improve T¢.

4. Conclusions

To summarize, based on first-principles calculations with
DFT+U approach and a k- p model, we found that valley-
controlled quantum phase transitions can be driven by elec-
tronic correlation and compressive biaxial strain from FV to
HVS to QAVHE to HVS to FV phase in SL-RuCl,. Re-
markably, QAVHE and chiral spin-valley, which is induced
by sign-reversible Berry curvature or band inversion between
dyy/dp _,2 and d» orbitals, can achieve complete spin and val-
ley polarizations for low-dissipation electronics devices. We
also find that this electron valley-polarization can be switched
by reversing the magnetization direction, providing a new
route of magnetic control of valley degree of freedom. There-
fore, our findings not only enrich the research on QAVHE, but
also broaden the horizon for the spintronics, valleytronics, and
topological nanoelectronics applications.
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