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We theoretically investigate the magneto-optical (MO) properties of monolayer (ML) transition metal
dichalcogenides (TMDs) in the presence of external electrical and quantizing magnetic fields and of the
proximity-induced exchange interaction. The corresponding Landau Level (LL) structure is studied by solving
the Schrodinger equation and the spin polarization in ML-TMDs under the action of the magnetic field is
evaluated. The impact of trigonal warping on LLs and MO absorption is examined. Furthermore, the longitudinal
MO conductivity is calculated through the dynamical dielectric function under the standard random-phase
approximation (RPA) with the Kubo formula. We take ML-MoS, as an example to examine the effects of
proximity-induced exchange interaction, external electrical and magnetic fields on the MO conductivity induced
via intra- and interband electronic transitions among the LLs. For intraband electronic transitions within
the conduction or valence bands, we can observe two absorption peaks in terahertz (THz) frequency range.
While the interband electronic transitions between conduction and valence LLs show a series of absorption
peaks in the visible range. We find that the proximity-induced exchange interaction, the carrier density, the
strengths of the external electrical and magnetic fields can effectively modulate the positions of the absorption
peaks and the shapes of the MO absorption spectra. The results obtained from this study can benefit to an
in-depth understanding of the MO properties of ML-TMDs which can be potentially applied for magneto-optic,

spintronic, and valleytronic devices working in visible to THz frequency bandwidths.

DOLI: 10.1103/PhysRevB.109.165441

I. INTRODUCTION

Since the discovery of graphene in 2004 [1], the investi-
gation of atomically thin or two-dimensional (2D) electronic
materials has become an important and fast-growing field of
research field in condensed matter physics and electronics.
In recent years, monolayer (ML) transition metal dichalco-
genides (TMDs) have attracted a great attention due to their
excellent and unique physical properties such as the spintronic
and valleytronic features for potential applications in, e.g., in-
formation technology. From a viewpoint of condensed matter
physics, ML-TMDs is in the form of X-M-X with two layers
of chalcogen atoms (X=S, Se, Te) in two hexagonal planes
separated by a plane of metal atoms (M=Mo, W, Nb, Ta, Ti)
[2]. ML-TMDs has the direct band gaps around the K and K’
points, whereas the multi-layer TMDs are normally with indi-
rect gaps [3,4]. Due to the presence of the intrinsic spin and
the Rashba spin-orbit coupling (SOC), the spin degeneracy in
ML-TMD:s is often lifted and the spin orientations in energy
states in different valleys are just opposite. The corresponding
spin polarization can be observed experimentally by using,
e.g., optical measurements with circularly polarized radiation
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field [5,6]. Moreover, it has been found that the valley degen-
eracy in ML-TMDs can be lifted via, e.g., introducing the
exchange interaction induced by, e.g., the proximity effect
in the presence of ferromagnetic substrate [7-9]. Therefore
the spin-orbit and spin-valley couplings in ML-TMDs can
contribute to the unique spin and valley degree of freedoms.
As a result, ML-TMDs can be applied as spin and valley filter
[10], gas sensor [11], ultrasensitive photodetectors [12], and
field-effect transistors (FETs) with on/off ratios of the order
of 10% and mobility larger than 200 cm?> V~!s~1) [13]. These
interesting characteristics suggest that ML-TMDs based 2D
electronic materials are promising candidates for next gener-
ation of high performance devices in nano-electronics [14],
optoelectronics [15,16], twistronics [17], spintronics, and val-
leytronics [5,18-20].

The investigation of the electronic and optoelectronic prop-
erties of two dimensional electron gas (2DEG) in the presence
of an external magnetic field is an intriguing field of research
[21-25]. More specifically, the magneto-optical (MO) prop-
erties of ML-TMDs have attracted lots of attentions in recent
years [26-29]. When a quantizing magnetic field is applied
perpendicularly to the 2D plane of a ML-TMDs, the Landau
quantization can lead to the Landau levels (LLs) in the energy
spectrum and the electronic transitions among these LLs can
result in many interesting physical phenomena such as the
integer quantum Hall effect [30,31], fractional quantum Hall
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effect [32], Shubnikov-de Haas (SdH) oscillations [33,34],
photoinduced anomalous Hall effect [35], etc. As we know,
the MO conductivity is a key physical quantity which is di-
rectly related to the MO absorption measured experimentally
via transmission and reflection. The theoretical calculation
of MO conductivity of ML-TMDs was carried out by taking
into account of spin and valley polarizations, electron-phonon
coupling, spin and valley Zeeman effects, and nonlinear effect
[30,31,36-38]. It has been shown that the spin and valley de-
pendent MO absorption induced by the electronic transitions
among LLs can occur in visible to terahertz (THz) bandwidth.
These unique and interesting MO properties of ML-TMDs can
be utilized to design and apply for the advanced MO materials
and devices for applications from visible to THz bandwidths.

Moreover, due to the unique feature of light-valley cou-
pling [39,40], ML-TMDs can exhibit the novel transport
effects such as valley-selective circular dichroism [20], valley
Hall effect (VHE) [5], and Faraday rotation [41]. The en-
hancement of valley splitting and a large valley polarization
of ML-TMDs can be achieved through placing it on ferro-
magnetic substrate such as EuO via the proximity-induced
exchange interaction [7,8]. The techniques for tuning the spin
and/or valley degree of freedoms of ML-TMDs are prominent
research fields for the time being. It should be noted that
the proximity-induced exchange interaction can lift the val-
ley degeneracy in electronic energy spectrum in ML-TMDs.
Apparently, the optical [9] and MO properties of ML-TMDs
can be affected by the lifting of the valley degeneracy. Thus it
is interesting and significant to investigate the MO properties
of ML-TMDs with the breaking of the spin and valley degen-
eracies by the proximity-induced exchange interaction. This
becomes the prime motivation of this study. In this work, we
study theoretically the Landau level structure and the longitu-
dinal MO conductivity of both n-type and p-type ML-TMDs
in the presence of proximity-induced exchange interaction
which can be induced by the substrate together with external
electrical and magnetic fields. The effects of spin and valley
polarizations, magnetic field strength, electrical field strength,
proximity-induced exchange interaction, and carrier density
on the MO conductivity of ML-MoS, are examined theoreti-
cally.

The present paper is organized as follows. In Sec. II, we
evaluate the LL structure and the longitudinal magneto-optical
conductivity of both n-type and p-type ML-TMDs with the
framework of dynamical dielectric function on the basis of the
random-phase approximation (RPA). In Sec. III, we analyze
and discuss the influence of spin and valley polarizations
on MO conductivity induced by electronic transitions within
the conduction/valence LLs and between the conduction and
valence LLs in ML-TMDs such as ML-MoS,. The main con-
clusions obtained from this study are summarized in Sec. IV.

II. THEORETICAL APPROACH

A. Landau level structure

We consider a ML-TMDs laid in the x-y plane on a ferro-
magnetic substrate which can lead to an exchange interaction
in the presence of an external perpendicular electrical field
E = (0, 0, E,). The Hamiltonian for an electron in ML-TMDs

at K (K') valley can be written as [7,9,38,42]
HE(K) =hvp(Ck,6y + ky6y) + (A + edE.)6.
+ é‘s()"COA'Jr + )\ué\‘f) - S(B66+ + Bu67)a (1)

where k = (k,, k;) is the carrier wave vector or momentum
operator, vg is the Fermi velocity, { = =1 is the index for
K (K') valley, s = £1 is a good quantum number for spin
up/down states (implying that the spin-flip transitions are
prohibited in the system), 6; and §; are the Pauli matrices of the
sublattice pseudospin and the real spin respectively, 6 is an
unit 2 x 2 identity matrix, 6+ = (69 £ 6;)/2, A is the band
gap parameter of the ML-TMDs, 24 is the vertical distance
between the M (e.g., Mo) and X (e.g., S) sublattices in ML-
TMDs, and E; is the strength of the applied perpendicular
electrical field. We note that the term ed E, 5, is induced on the
basis of the fact that the conduction and valence band edges
near K and K’ points in ML-TMDs are attributed mainly from
dy, dyy, and d>_ orbits of the metal atoms. The thickness of
the ML-TMD is 4d. In Eq. (1), A, and X, are the intrinsic spin-
orbit coupling (SOC) parameters in conduction and valence
band. B, and B, are the experienced effective Zeeman fields
originated from the proximity-induced exchange interaction
in conduction and valence bands, respectively. It should be
noted that the parameters B, and B, should depend on the band
alignment between the TMDs layer and the ferromagnetic
substrate and on the surface termination of the substrate. They
can be obtained through, e.g., ab initio calculations [7,43]. In
the present study, we take B, and B, as the input parameters
in the following calculations. Furthermore, the band gap pa-
rameter A is always present in ML-TMDs. As we can see
from the second term on the righthand side of Eq. (1), the
actual band gap in ML-TMDs in the presence of pseudospin
induced by Pauli matrix o, can be affected by the presence of
the perpendicular electric field E,. This Hamiltonian can also
be written in the form of a matrix

A Chvpk_
[ s FR—¢
H¢ = ({hvpk; — A > + O, 2

where ki = k, £ ik, = ket 0 is the angle between k and the
x axis, and Oy = £s5(Ae + Ay)/2 — s(B. + B,)/2. The corre-
sponding Schrodinger equation can be solved analytically and
the eigenvalues are obtained as

ef’ (k) = B/ vEk? + A2 + Oy, 3)

where Ars =A+Es(Ae — Ay)/2 — 5(B. — By)/2 + edE;
with B = +1 refers to conduction and valence band,
respectively.

In the presence of a perpendicular magnetic field B =
(0, 0, B) applied in the Faraday geometry on a ML-TMDs
layer, the Hamiltonian for an electron in ML-TMDs now
becomes [7,9,30,38]

H® =vp(( 11,6, + 11,6,) + (A + edE. )6,
+ gs()‘cé\'-k + )‘vé\'—) - S(Bca-‘r + Bva'—) + SMS - CMU
@

Here, IT = p + ¢A is the canonical momentum with a vec-
tor potential A, M; = g;jupB/2, the Bohr magneton up =
eh/2m, with m, being the rest electron mass, j = s, v stands
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for the spin or valley Zeeman field, g, = g, + g, g = 2 is the
g factor for an free electron, and g, is out-of-plane effective
spin g factor due to the presence of the SOC [30,44]. We
have taken the Landau gauge A = (0, Bx, 0) for the vector
potential of the magnetic field for the theoretical calculation
in this study.

After defining the ladder operators with the magnetic field,
ax = I(I1, £ illy)/ (+/21) which acts on the wave functions
of the harmonic oscillator and [ = //i/eB is the magnetic
length, the Hamiltonian given by Eq. (4) can be written as

A Lhow.a
¢ Zs cUF _
H _(Chwca:l: . > + O¢s + sMy — ¢My,, — (5)
where w. = +/2ug/l is the cyclotron frequency for a ML-

TMDs system. After diagonalizing this Hamiltonian, we
obtain the electronic energy for a state o = (¢, s, B, n, k) as

E, =ES =

fn = BH + Ocs + M, —

¢M, (6)

where h“ = [nhza)2 + A2 ]1/2 and n is the LL index. The

corresponding elgenfunctlons Wﬁnk for the K and K’ valleys
are given respectively by [30]

zk\y +S¢n l(f)
W;,fk = +s @)
T UL\ D@
and
ek [ —Cplen(X)
Voo = ®)
\/7 ¢n l(x)
Here, the normalization constants are Cé; =[1/2+

BAs/(2h5)]Y? and ng; = [1/2 — BAs/(2h5)]Y2, ky is the
electron wave vector along the y direction, X = x — xo with
Xo = lzky, and ¢,(x) = e"‘z/an(x)/\/?’n!ﬁl with H,(x)
being the Hermite polynomials. Specially, the eigenfunctions
for n = 0 at the K and K’ valleys are given respectively as

eiksy

o =L< 0 )and o =&<¢oo‘c>> ©
Pk =L \do(®) o =\ 0 )

B. Effect of trigonal warping

In the presence of an external magnetic field, the trigonal
warping can lead to higher-order corrections to electronic
band structure in ML-TMD. This effect can be accounted via
the term [26,45]

2y (0 4}
H)y=—=—- =), 10
w 2 <a?F O) (10)

where the relevant parameter y = —1.02 eVA? is asso-
ciated with the trigonal warping and can be obtained
from fitting of the energy spectra to tight-binding or ab
initio calculations [26,45]. By using the perturbation the-
ory, we can take the trigonal warping as a second-order
correction relative to the leading LLs. For the K and K’ val-
leys, the second-order corrections E? are given respectively

as

£ = Al D DT D)
D —2)], (1)
with A = Cyr D /(n+ D(n +2)/(Eg) — E4)5) and
By = C*SD“ /=D =2)/(Eg) — E;, 3), and
E® — 4;: (A€, SDﬁ,fH\/m
+B,;Cp 3D/ (n — 1)(n — 2)]. (12)

with Anﬂ =C, XDﬂrf-s-s*/(n + 1)(n+2) /(E/;ns+3 — E,;rf) and
B,; = Cpp3Dpan/(n — D)(n —2)/(Eg) 5 — Eg)). The mod-
1ﬁed eigenstate ! with the first order at K and K’ valleys
are given respectively by

B_HC_HD;,: 3 (l’l—

2)/(

1700(11) = nﬂwﬁn-&%k ‘HB wﬁn 3k) 13)

and

Y =— 2( Vs FBAVE ). (14)
@ 12 B.n+3.ky B.n—3.ky

The total eigenfunction is
Vo =F (Wi, +¥")s (15)

with F = I2/{I* 4+ 4y2[(A}})* + (B,})*1}"/? being the nor-
malization factor. The effect of trigonal warping can result in
additional allowed transition channels » — n £ 2 and n —
n = 4. However, it has been shown that the spectral weights
of the magneto-optical absorption spectra induced by trigonal
warping is significantly lower than those induced by the usual
dipolar transitions [26].

C. Density of states and spin polarization

The density of states (DOS) per unit area can be obtained
through the imaginary part of the Green’s function via

D(E)— > Im G, (E), (16)

{snk

where Go(E)= (E —E, +i8)"! is the retarded Green’s
function, E is the carrier energy, and Sy the area of the sample
system. With the nondegenerate statistics in our system, the
summation over k, can be replaced by an integration [30,31]

L, [ S
Z—)—}/ diy = =2, (17)
k 2 —ko D()
-

where kg = L,/(21)? and Dy = 2m1?. Therefore, Eq. (16) can
also be written as

D(E) =

25 —Ej). (18)

{sn

At a finite temperature, the electron (hole) density ng (8 =
+ for electrons in conduction band and § = — for holes in
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valence band) satisfies the electron number conservation law
[6,30]

1
np = 5 D [6s.-1 + BF(ER)] (19)

¢,s,n

where f(x) = [1 + exp((x — up)/(kgT))]~" is Fermi-Dirac
function with ug being the chemical potential (or Fermi en-
ergy Er at zero temperature) for electrons in n-type or holes
in p-type sample. The spin polarization of the system is given
by

.
n +n —n —n
s=T M T "M (20)
ng
where ng = n;Jr + n;* + n;’ +ng7, and nés =

> 85 -1 + BF(EG)]/Do.

D. Dynamical RPA dielectric function and magneto-optical
conductivity

In this study, we study the MO properties of ML-TMDs
in the presence of quantizing magnetic field under the stan-
dard random phase approximation (RPA). The PRA approach
has been successfully employed in studying the collective
excitations in 2DEG systems in the presence or absence of
an external magnetic field [24,46-50]. The dynamical RPA
dielectric function for ML-TMDs can be written as

€(g, ) =1 —v(Il(q, ), 2

where v.(q) = 2me*/kq is the 2D Fourier transform of the
Coulomb potential, « the effective background dielectric
constant of ML-TMDs, and q = (gx, gy) is the change of
the electron wavevector during an electron-electron (e-e)
scattering event. The noninteracting density-density (d-d)
correlation function is given by [51]

Mg, w)=SLOZ > D Chp @

g.s BB’ ky kg
s s
f(Eﬁjl) - f(E/S’An/)
Efy —Eg, +ho+is

n

(22)

where the form factor for e-e interaction is
—iq- 2
Chog g (@ = 1 1™ T Q) = V52 (0844,
and

. . ¢ 2
Vir ) = [C5,C8 Fusy w1 () + DY) DS F ()],
(23)

with u=12¢*/2. For n<n, we have [F, ] =
[n!/n/!]e_”u"'_"[L,’;"”(u)]2 and LIJ\,(x) is the Laguerre
polynomial. For the case of n > 7/, it has the same expression
but with that n and n’ are interchanged. We expand Vﬁ{; (1)
to the lowest order (n' — n = £1) with

N s 572 s 512
Vﬂ{n,ﬁ’n-&-l(u) _)[Cé’n-‘rlcén] nu + [Dé’n-‘rlDE}n] (I’l + l)u

+20C% . C¥ D%

Gui1ConDn Dl ln(n + DI u (24)

and
) " 2 2
V;;qﬂ,nil(u) e[cgfnflcg;] (n— Du+ [ijn,ng;] nu

+2C%  CY¥DS

G DS DG n(n — D]V, (25)

respectively. The real part of the longitudinal MO conductivity
for a 2D electronic system can be derived from the Kubo
formula [52], which reads

. ko . fw
O (@) =1lim —Im €(w, g) = — lim —-Im I1(q, w).
q—0 27Tq q—0 q2

(26)

The real and imaginary parts of the (d-d) correlation function
can be obtained from the Dirac identity

1
xxin

lim,,_>0+

= PG) T ind(x), 27)

where P denotes the principal value of 1/x. Therefor the
longitudinal MO conductivity is obtained as

. mooh s s
ow(@) =lim TN S [F(E5) — F(E5)]
¢.s.n. BB
X Vi 58 (Efy — Egp, + hio), (28)

where n’ = n £+ 1 is given by the selective rules for electronic
transitions and oy = €?/h is the quantum conductivity.

In the present study, we mainly focus on the magneto-
optical response of ML-TMDs by looking into the real part of
the longitudinal MO conductivity o,(w). From the obtained
RPA dielectric function, we can also evaluate the imaginary
part of the longitudinal MO conductivity. It is known that
the real part of the optical conductivity corresponds to the
energy-consuming process or optical absorption, whereas the
imaginary part of it describes the energy exchanging process
between electrons and the radiation field. It should be noted
that the dynamical dielectric function and the corresponding
MO conductivity obtained in this study are the consequence
of the density-density correlation induced by e-e interaction.
They correspond to the diagonal components of the dynamical
dielectric function matrix and the MO conductivity matrix.
By considering the current-current correlation induced by
e-e interaction in the Kubo formula [9,25,53,54], we can
calculate the transverse or Hall MO conductivity o,,(w),
which is the off-diagonal component in MO conductivity
matrix. From oy, (@), we can obtain the off-diagonal com-
ponent of the dynamical dielectric function matrix €,,(w) by
using the relationship: €,,(w) = « + io,y(w)/(epw) With €
being the vacuum dielectric constant. However, the calcu-
lation of oy, (w) by using the Kubo formula requires the
considerable further analytical and numerical work and, there-
fore we do not attempt it in the present study. Furthermore,
at present most experiments use circularly polarized light to
characterize the ML-TMDs. The left-handed circularly polar-
ized (LHCP) and right-handed circularly polarized (RHCP)
MO conductivities o4 (w) can be obtained via the relation
01 (w) = op(w) = io'xy(w)~
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FIG. 1. The LLs E, (left) and the second-order correction E (right) induced by trigonal warping, and Fermi energy (black curves) of
n- and p-type ML-MoS, as a function of magnetic field strength B for fixed carrier density ng = 2 x 10'> cm™2, electrical field strength E,
= 35.25 mV/d, effective Zeeman fields B, = 10 meV and B, = SmeV. (a) and (c) as well as (b) and (d) correspond to the conduction and
valence bands, respectively. The spin up/down LLs in K and K’ valleys are indicated.

III. RESULTS AND DISCUSSIONS

In this study, we consider n- and p-type ML-TMDs placed
on a ferromagnetic substrate where the proximity-induced
exchange interaction is presented. For the calculations, we
consider the case of a low temperature 7 = 4.2 K, where the
scattering mechanism such as the electron-phonon coupling
can be safely ignored and the inelastic electronic scatter-
ing for interlevel electronic transition is mainly induced by
electron-photon interaction. We take ML-MoS, an example
for the present study. The following material parameters for
ML-MoS, [39,44,55,56] are taken in our numerical calcu-
lations: vg = 5.3 x 10° m/s, A =0.83 eV, A, = —1.5 meV,
Ay =74meV, 2d = 1.561 A, g, = 3.57, and g, = 0.21. Fur-
thermore, we use the Lorentzian type of LL broadening
[57] to replace the § function in Eq. (28) through §(x) —
(T'/m)/(x* + I'?) with T' being the width of the broadened
energy states of the LLs [30,31]. I can be approximately
evaluated via [21,58]: ' = aoB'/? with a unit of meV when
taking B with a unit of Tesla. In the present study, we take
the relatively small values in order to see more clearly the
basic features of the MO absorption spectra in n- and p-type

ML-MoS; in the presence of proximity-induced exchange
interaction and external electrical field.

In Fig. 1, we plot the LLs E,, second-order correction E*
relative to the LLs induced by trigonal warping, and Fermi
energy for n- and p-type ML-MoS, as a function of magnetic
field strength B for fixed carrier densities ng, electrical field
strength E,, and effective Zeeman fields B, and B,,. We can see
that the second-order corrections of LLs are approximately
10* times smaller than the LLs in the absence of trigonal
warping term. Thus the impact of trigonal warping on the
LLs and the position of MO absorption peaks is indeed very
small. Meanwhile, the trigonal warping can induces additional
allowed transition channels n — n &2 and n — n =+ 4 but the
strengthes of new MO absorption peaks would be relatively
weak and we can safely ignore it in our following calcula-
tions [26]. The energies of LLs in conduction (valence) band
increase (decrease) linearly with increasing magnetic field B,
which is the common feature of LLs in 2DEG system with
parabolic band structure under the action of the perpendicular
magnetic field [30,31,38]. From Fig. 1, we can see that the
LLs in conduction (valence) band in valley K’ are higher
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(lower) than those in valley K. This is because in the presence
of proximity-induced exchange interaction and when B — 0,
the valley degeneracy in the conduction and valence bands
can been lifted [9]. In n-type ML-MoS, with a fixed electron
density n, =2 x 10'> cm™2, the electrons mainly occupy the
spin-up LLs, where the full spin-polarization can be always
achieved even in large magnetic fields. In contrast, as can
be seen from Fig. 1(b), in p-type ML-MoS, with a low hole
density the holes mainly occupy the spin-down LLs, where the
full spin-polarization can be achieved in small magnetic fields.
We also noted that Ref. [30] investigated the effect of spin and
valley Zeeman fields on magneto-transport properties of ML-
MoS; and the lifting of valley degeneracy occurs when the
spin and valley Zeeman fields are presented. However, the ef-
fective Zeeman fields originated from the proximity-induced
exchange interaction can largely enhance the breaking of
the spin and valley degeneracies in the presence of a mag-
netic field which can introduce the large spin and valley
polarizations.

In Fig. 2, we plot the LLs of ML-MoS; in conduction with
LL index n = 1 and valence bands with LL index n =5 as
a function of experienced effective Zeeman field B, (B, =
OmeV) in (a) and B, (B, = 0meV) in (b) at fixed electrical
field strength E, for different magnetic field strengths B to
clearly show the influence of proximity-induced exchange
interaction on the LLs spectrum of ML-MoS,. We can see
that the energies of LLs increases with B, (B,) for spin down
subbands and decreases with B, (B,) for spin up subbands.
For a specific experienced effective Zeeman field, we notice
that there exist LLs degeneracy as shown by the black circles
indicated by numbers (1) ~ (10). At the intersection shown
by circle (1), the spin up electrons and the spin down electrons
in K’ valley are degenerate when B, = 1.54 meV and the
energies of spin subbands are reversed with B, > 1.54 meV.
Similarly, the same features occur at circles (2) ~ (10) which
indicate that the spin states can be effectively tuned by the
proximity-induced interaction. Compared to the conduction
band, the valence band requires a larger experienced effec-
tive Zeeman fields to achieve the reversals. In addition, with
increasing the magnetic field strength B, the locations of the
intersections are also shifted. In Fig. 3, we show the schematic
illustration of the LLs structure of ML-MoS, with LL index
n = 0 at fixed external electrical field strength E, for different
magnetic fields B, experienced effective Zeeman fields B,
and B,. From the first two columns in Fig. 3(a), we can see
that magnetic field can break the energy degeneracy in two
valleys. However, this behavior is not obvious in Fig. 3(b)
because it needs larger magnetic field in valence band. We
find that the LLs splitting increases with increasing the expe-
rienced effective Zeeman ﬁeld B. (B, ) In Fig. 3(a), with B, =
ImeV, the LLs energy E}f < E 0 < E;f < Efy, with
B. = 1.57meV, the LLs E_; and EF Lo are degenerate with
B, =2meV, theLLsenergyEJrO+ <Ey <Ej < EJrO ,
can see that spin indexes of the spin subbands of LLs are 1nter—
changed at B, > 1.54 meV. Similarly, the same features occur
at valence bands in Fig. 3(b). We can obtain that proximity-
induced interaction can reverse the spin indexes of the spin
subbands of LLs. Moreover, at a magnetic filed B = 1 T the
LL Ei’ are lifted with the energy higher than LL E Lo after
applying an experienced effective Zeeman field B, = 1 meV.

875

870
865k

860

855

Energy(meV)

850

0.0 0.‘5 1.‘0 1.‘5 2‘0 .2..5 30 o ... E-~
G s T B
840 2 6
B (meV)

C

~900};

—-1000

-1100

Energy(meV)
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FIG. 2. The LLs E;* (blue), Ej~ (red), E;," (yellow), and Ej =
(green) in ML-MoS, in (a) conductlon band w1th LLindexn = lasa
function of effective Zeeman fields B.. (B, = O0meV) and (b) valence
band with LL index n = 5 as a function of effective Zeeman fields B,
(B, = 0meV) at the fixed electrical field strength E, = 35.25 mV /d
for different magnetic field strengths B = 1 (solid line), 5 (dashed
line), and 10 T (dotted line), respectively. The insets in (a) and (b) are
the zooms in of the dotted rectangle areas.

Thus the proximity-induced interaction and magnetic field
can effectively tune the energies and degeneracy of LLs in
ML-MoS;.

In Fig. 4, we plot the spin polarization S of n-type and
p-type ML-MoS, as a function of total electron (hole) density
ng at fixed external electric field strength, and magnetic field
for different experienced effective Zeeman fields. In general,
we can see that the absolute value of spin polarization |S|
decreases with increasing carrier density. We can explain the
trend of spin polarization in Fig. 4 with the help of Fig. 3. For
example, with B, = 1 meV in Fig. 3(a) the LLs energies have
the feature of EfF 1o <E, < EF o <E] ¥y - With increasing
carrier density, electrons would first ﬁll 1nto the lower spin
up subbands Ef with the 100% spin polarization, and then
fill into spin down subbands E_; with decreasing the spin
polarization. We can see that spin polarization has a tendency
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FIG. 3. Schematic illustration of the LLs structure in ML-MoS,
with LL index n = 0 at the fixed external electrical field strength
E, = 35.25 mV/d for different magnetic fields B, effective Zeeman
fields B. and B,. The upper panel (a) and lower panel (b) correspond
to the conduction and valence bands, respectively.

to increase because the spin up subband E;gr are filled at this
time. With the occupation of electrons to spin down subband
Eio’ , the spin polarization will gradually decreases to zero.
For low carrier density, the spin polarization is tortuous be-
cause of the overlap between Landau levels. The increasing
of the experienced effective Zeeman fields B, in n-type and
B, in p-type MoS, can sustain a full spin polarization for a
large range of carrier density. For a fixed carrier density, we
find that the spin polarization would increases with increas-
ing the effective Zeeman fields. In addition, we find that a
small effective Zeeman field factors B, can achieve a large
spin polarization compared to previous studies where a large
Rashba parameter is required to achieve spin polarization
[9]. From Fig. 4, we obtained that the proximity-induced
exchange interaction can effectively tuned the spin polariza-
tion of ML-MoS, under a magnetic field. One can acquire a
large spin polarization by the effective Zeeman fields from the
proximity-induced exchange interaction. The MO conduc-
tivity oy, (w) induced via the electronic transitions within the
conduction and valence bands as a function of radiation pho-
ton energy hw at the fixed carrier densities, external electric
field strength, and effective Zeeman field factors for different

1.2 INRULRRLL T T T TTT T T TTTT
-(a) 1.57meV2meV B=1T
Bv=0meV__
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“ 04
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fo" 10" 10" 10"
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FIG. 4. The spin polarization S of n-type and p-type ML-MoS,
as a function of electron/hole density ny at the fixed temperature 7' =
0 K, external electrical field strength E, = 35.25 mV/d, and mag-
netic field B for different effective Zeeman fields B, and B, . (a) and
(b) correspond to the conduction and valence bands, respectively.

magnetic field strengths are shown in Fig. 5. As can be seen,
there are two absorption peaks in MO conductivity spectrum
in the THz regime for both n- and p-type ML-MoS, with
different magnetic fields corresponding to transition energies
hoy = |Eg, — Efyyy| & BP0l /(2A). This behavior differs
from previous report where only one absorption peak was
observed [59,60]. Such an effect is a consequence of the
breaking of the band symmetry in K and K’ valleys due to
the presence of the proximity-induced exchange interaction.
We note that two electronic transition channels (¢, s, n — n’)
contribute to each absorption peak because 7iw; depends less
on LLs index n and the allowed electronic transitions occur
only near the Fermi Level (or chemical potential at a finite
temperature). For n-type ML-MoS,; in Fig. 5(a), the two ab-
sorption peaks are due to the electronic transitions for spin up
electrons in valley K’ and valley K, respectively. In Fig. 5(b),
the first absorption peak in p-type ML-MoS; is contributed by
the electronic transitions for spin down holes in valley K’ and

165441-7



Y.Ll etal

PHYSICAL REVIEW B 109, 165441 (2024)

| ! | ! | ! | ! | ! | !
4.0r (a) o, = 1x107 ]
3.5F n,=n_=2x10"cm™ =
3 0k B.=10meV, B,=5meV, £, =3525mV/d ]
— - (+, +, 859) 1
< 2.5F (+, +, 9-510) .
< [ (= + 5—06) (h b gég) (+, +, 56 ]
> - o , T, 0)
L 2.0- (= +6-7) i (+, + 4%5; :
b§ 1.5 B (_a +, 34)4) ’ ]
(- + 4—5)
1.0
0.5
0.0970~ 12 14 16 18 20 22
ho (meV)
| ! | ! | ! | ! | ! | !
4.0 4
L (b) o,=10" ——B=5T A
3.5F — B- =
L (-, -, 12511) B=7T7]
3.0F (- - 13512) ——B=9T |
F i (= — 9-98) T
= 23[ (-~ 1059) (- 756)]
o 2.0 e
\§ | i
© 1.5 -
L (+ +,3-2) (+, +,251) .
1.0_— (+ +4-3) |+ +3-52) g
0'5__ J JML(+.+,2H1) ]
O O 1 1 N 1 ' 1 f | '
1.0 12 14 16 1.8 20 22

ho (meV)

FIG. 5. Magneto-optical conductivity induced via the electronic
transition within the conduction bands in (a) and valence bands
in (b) in ML-MoS, as a function of radiation photon energy /iw
at the fixed carrier densities ns =2 x 10'> cm~2, external electri-
cal field strength E, = 35.25 mV/d, effective Zeeman field factors
B. = 10meV and B, = 5meV for different magnetic fields B =5
(blue curve), 7 (red curve), and 9 T (green curve), respectively. The
electronic transition channels corresponding to the absorption peaks
are indicated by (¢, s, n — n’). Here oy = ?/h.

the second one relates to the electronic transitions for spin up
holes in valley K. These spin and valley dependent electronic
transition channels are attributed to the spin and valley po-
larization caused by the experienced effective Zeeman fields.
The energy spacing between two absorption peaks increases
with the magnetic field strength, indicating that the MO ab-
sorption peaks for different transition channels between LLs
can be more obviously observed in stronger magnetic field.
With increasing magnetic field strength, the absorption peaks
in MO conductivity show a blue-shift due to the increase in
energy spacing between LLs as shown in Fig. 1.

In Fig. 6, we plot the MO conductivity induced by elec-
tronic transitions within the conduction and valence bands of
n-type and p-type ML-MoS,; as a function of photon energy
fiw at the fixed carrier densities, external electric field and
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FIG. 6. Magneto-optical conductivity induced by intraband elec-
tronic transition within (a) the conduction band and (b) the valence
band as a function of radiation photon energy /iw at the fixed carrier
density ng, external electrical field strength E, = 35.25 mV/d and
magnetic field B =7 T for different effective Zeeman fields B, =
OmeV, B, = 0meV (blue curve), B, = 1 meV, B, = 50meV (red
curve), and B, = 5meV, B, = 150meV (green curve), respectively.

magnetic fields for different experienced effective Zeeman
fields. With increasing experienced effective Zeeman fields
B, and B,, the MO absorption peaks have blue-shifts for
spin down subbands and red-shifts for spin up subbands both
in n-type and p-type ML-MoS,. We note that the effect of
effective Zeeman fields B. and B, on LLs are dependent
upon the spin index s. Thus the electronic transition energies
howy ~ hza)? /(2A.s) increase for spin down subbands and
decrease for spin up subbands with decreasing the value of
B, — B,. And when B, # 0, there are more MO absorption
peaks, because the proximity-induced interaction can break
the band symmetry in K and K’ valleys. It should be noted
that the experienced effective Zeeman fields B, and B, are
induced by the proximity-induced interaction which can be
different with the choosing of the substrates [9]. Therefore
the MO conductivity via the electronic transitions within the
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FIG. 7. Magneto-optical conductivity induced by intraband elec-
tronic transitions within (a) the conduction band in n-type ML-MoS,
and (b) the valence band in p-type ML-MoS, as a function of radi-
ation photon energy fiw at the fixed carrier density ng = 2.0 x 10'?
cm™2, effective Zeeman fields B, = 10meV and B, = 5meV, and
magnetic field B = 7 T for different external electrical field strengths
E. = 3525 mV/d (blue curve), E, = 70.5 mV/d (red curve), and
E, = 105.75 mV/d (green curve), respectively.

conduction and valence bands in THz regime can be effec-
tively tuned by the proximity-induced interaction.

In Fig. 7, we show the MO conductivity induced by elec-
tronic transitions within the conduction and valence bands
for n-type and p-type ML-MoS, as a function of radiation
photon energy /iw at the fixed carrier densities, magnetic
field, experienced effective Zeeman fields for different ex-
ternal electric field strengths. The increase in the external
electric field can lead to lower electronic transition energies
hw; ~ hzwf /(2A.s) for both n-type and p-type ML-MoS,.
Therefore two MO absorption peaks in Figs. 7(a) and 7(b)
show red-shifts with increasing E,. Consequently, the tuning
of the MO absorption can be effectively achieved through
applying a perpendicular electrical field. We also plot the MO
conductivity caused by electronic transitions within the con-
duction and valence bands for n-type and p-type ML-MoS, as
a function of radiation photon energy 7w at the fixed magnetic
field, experienced effective Zeeman fields and external electric
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FIG. 8. Magneto-optical conductivity induced by intraband elec-
tronic transitions within (a) the conduction band in n-type ML-MoS,
and (b) the valence band in p-type ML-MoS, as a function of ra-
diation photon energy /iw at the fixed effective Zeeman fields B, =
10meV and B, = 5meV, external magnetic field B =7 T and ex-
ternal electrical field strength E, = 35.25 mV /d for different carrier
densities ns = 2.0 x 10'> cm~2 (blue curve), ng = 4.0 x 10'? cm—2
(red curve), and ng = 8.0 x 10'2 cm™? (green curve), respectively.

field for different carrier densities in Fig. 8. We can see that
two absorption peaks also have redshifts and the hight of the
absorption peaks increase with increasing the carrier density.
In Fig. 8, the allowed electronic transitions occur in high index
LLs at larger carrier density because the LLs with low index
are fully occupied at low temperature. As we known that
the carrier density and chemical potential of a 2DEG system
can be tuned by, e.g., applying a gate voltage. Thus the MO
absorption in ML-MoS, in THz regime can also be effectively
tuned with varying the carrier density.

Different from electronic transitions within the conduction
and/or valence bands, which can have two MO absorption
peaks in THz frequency regime, the interband electronic
transitions among the LLs in the conduction and valence
in n-type ML-MoS, can show a series of MO absorption
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FIG. 9. Magneto-optical conductivity induced by interband elec-
tronic transitions from valence band to conduction band in n-type
ML-MoS, as a function of radiation photon energy hw at the
fixed electron density n, = 2 x10'2 cm™2, external electrical field
strength E, = 35.25 mV/d, effective Zeeman fields B, = 10 meV
and B, = 5meV, and magnetic field B = 15 T. The electronic tran-
sition channels corresponding to the absorption peaks are indicated
by (¢,s,n— n').

peaks in visible frequency range owing to the presence of
the band gap. In Fig. 9, we plot the MO conductivity for
each spin and valley contributed from the first six inter-
band electronic transition channels as a function of radiation
photon energy 7w at the fixed effective Zeeman fields B,
and B,, magnetic field B, external electrical field strength
E., and electron density for an n-type ML-MoS,. The pho-
ton energies for interband transitions between conduction
and valence LLs are given by fiwy = |Ej, — Ef 1| ~ (20 +
DA2w?/(2As) + 2Ac,, wheren = 0, 1,2, 3, ..., resulting in
a series of absorption peaks in visible range. Besides, with
increasing LL index n, the position and the intensity of the
absorption peak increases. These results agree with the previ-
ous reports for MO response of ML-TMDs [38,60].

In Fig. 10, we show the total MO conductivity attributed
from the first six interband electronic transition channels as
a function of radiation photon energies /iw at the fixed effec-
tive Zeeman fields B, and B,, external electric field E,, and
electron density with different magnetic fields B for an n-type
ML-MoS,. We note that the energy for interband electronic
transition fiw, increases with the magnetic field strength. Thus
the MO absorption peaks move to higher frequency regime
with increasing magnetic field strength. This effect can be ob-
served experimentally via, e.g., the visible MO-spectroscopy
measurement [61].

The total MO conductivity attributed from the first six
interband electronic transition channels as a function of ra-
diation photon energies 7w at the fixed external electric field
E., electron density ny, and magnetic field B for different
effective Zeeman fields B, and B, for an n-type ML-MoS,
is shown in Fig. 11. With increasing the value of B, — B,,
we can observe that the MO absorption peaks have both of
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FIG. 10. Magneto-optical conductivity in n-type ML-MoS, as a
function of radiation photon energy /iw with including the first six
interband electronic transition channels at the fixed electron density
ny =2 x10'2 cm™2, external electrical field strength E. = 35.25
mV/d, and effective Zeeman fields B, = 10 meV and B, = 5 meV
for different magnetic fields B = 7 (red curve), 13 (blue curve), and
15 T (purple curve), respectively.

the blue-shifts and the red-shifts. This phenomena is due
to the contributions from different spin subbands at K and
K’ valleys. We can see that the electronic transition energy
hw, increases with B, — B, for s = —1 and decreases with
B. — B, for s = +1. Thus the blue-shifts are attributed to the

T T T T /£ T T T T T, '
n,=2x10" cm "

L.6F——B =10 meV, B, =5 meV
14F——B,=20meV, B =10meV E =3525mV/d_]
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FIG. 11. Magneto-optical conductivity in n-type ML-MoS, as
a function of radiation photon energy /iw with including the first
six interband electronic transition channels at the fixed electron
density n, =2 x 10'> cm~2, external electrical field strength E, =
35.25 mV/d and magnetic fields B =15 T for different effective
Zeeman fields B, = 10 meV, B, = SmeV (red curve), B. = 20meV,
B, = 10 meV (blue curve), and B, = 30 meV, B, = 15meV (purple
curve), respectively.
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FIG. 12. Magneto-optical conductivity as a function of radiation
photon energy 7w with including the first six interband electronic
transition channels at a fixed electron density n, =2 x10'? cm~2,
effective experienced Zeeman fields B, = 10 meV and B, = 5, mag-
netic field B = 15 T for different external electrical field strengths
E, = 30.25 mV/d (red curve), E, = 35.25 mV/d (blue curve), and
E, = 40.25 mV/d (purple curve), respectively.

electronic transitions of spin-down electrons and the red-shifts
are attributed to electronic transitions of spin-up electrons.

In Fig. 12, we show the total MO conductivity induced
by the first six interband electronic transitions channels as a
function of radiation photon energy /iw at the fixed electron
density, magnetic field strength and effective Zeeman fields B,
and B, for different external electric field strengths E,. We find
that the MO absorption peaks have blue-shifts with increas-
ing external electric field strength E,. This is understandable
with the help of Eq. (6). The LLs in conduction/valence are
higher/lower with increasing external electric field. Hence,
the photon energy required for electronic transitions from
valence LLs to conduction LLs increases with E,. By the way,
the external electrical field can be easily applied and tuned
through a gate voltage in a sample device setup. Thus we can
predict that the electrically tunable MO absorptions can be
achieved experimentally.

In this study, we theoretically calculate the longitudinal
MO conductivity for ML-MoS; in the presence of proximity-
induced exchange interaction and external electrical field with
the framework of RPA dielectric function. The intraband and
interband electronic transitions can be accompanied by the ab-
sorption of THz and visible photons. The proximity-induced
exchange interaction can breaking the valley degeneracy and
result in two MO absorption peaks in THz regime for the
intraband electronic transitions within the conduction and/or
valence LLs. The electronic transitions from valence LLs to
conduction LLs in n-type ML-MoS; results in a series of
MO absorption peaks. Moreover, we find that the proximity-
induced exchange interaction, electrical field, carrier density
can significantly affect the MO absorption or conductivity in
ML-MoS;.

As we know, in the presence of quantizing magnetic fields,
the quantum oscillations such as the Shubnikov-de Haas

effect and the de Haas-van Alphen effect can be observed
in electron gas systems by magneto-transport experiments at
low-temperatures. In such case, the oscillations of the longi-
tudinal magneto-resistance/conductance can be measured by
varying the B field, where the peak positions correspond to
the across of the Fermi energy over the LLs due to the open-
ing up or closing down of the electronic scattering channels.
Therefore the Fermi energy in an electron gas can be evalu-
ated via quantum oscillations observed in magneto-transport
measurements [62]. The peaks observed in MO experiments
for an electron gas in the presence of quantizing magnetic
field at a low-temperature, such as the results shown in this
study, are the direct consequence of electronic transitions from
occupied LLs to unoccupied or empty LLs accompanied by
the absorption of the photons. Thus, at a fixed B field, the
peak positions in MO absorption spectrum relate to the energy
spacings between occupied and unoccupied LLs. By varying
the magnetic field, the LL energies should change [see Eq. (6)]
so that the peak positions can change in the MO absorption
spectrum (see Fig. 10). Meanwhile, the Fermi energy also
changes with the B field. It is a fact that the LL occupancy in
an electron gas decreases with increasing magnetic field. As a
result, when the Fermi energy crosses over a LL by increasing
B, some of the MO absorption peaks can disappear owing to
the closing down of the allowed optical transition channels.
Hence, by monitoring the disappearance of the MO absorption
peaks with altering the magnetic field, one can get the infor-
mation about the Fermi energy in an electron gas in different B
fields. Moreover, the main advantage of the MO measurement
is that it does not need to fabricate the Hall bar or van de
Pauw ohmic contacts on the sample. These contact electrodes
are required necessarily for measuring the longitudinal and
transverse resistances in conventional magneto-transport ex-
periments. Therefore the MO experiment is a powerful and
practical technique in studying and characterizing the elec-
tronic materials and devices. In fact, in recent years the MO
absorption spectra have been utilized to probe and manipulate
the spin and valley polarized electrons and/or holes in ML-
TMD systems [63].

IV. CONCLUSIONS

In this paper, we have presented a detailed theoretical study
on Landau level structure and longitudinal magneto-optical
conductivity of ML-TMDs in the presence of the proximity-
induced exchange interaction and external electrical field. By
using the RPA dielectric function for a 2DEG in the presence
of quantizing magnetic field, the magneto-optical conductivity
has evaluated through the Kubo formula. We have examined
the dependence of the MO conductivity or absorption spec-
trum upon the proximity-induced exchange interaction, carrier
density, external electrical filed, and magnetic field in n- and
p-type ML-TMDs. The main conclusions obtained from this
study can be summarized as follows.

The proximity-induced exchange interaction can break the
spin and valley degeneracies in the presence of a magnetic
field which can introduce the spin and valley polarizations.
The spin and valley dependent electronic transitions can result
in two MO absorption peaks in THz regime for the transi-
tions within the conduction or valence LLs. A series of MO
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absorption peaks can be observed in visible regime, which
are attributed from electronic transitions from valence LLs to
conduction LLs. In addition, the proximity-induced exchange
interaction, carrier density, electrical field, and magnetic field
can effectively tune the positions of magneto-optical absorp-
tion peaks and modulate the shape of the MO absorption
spectrum. Experimentally, the MO absorption of ML-TMDs
in visible, infrared and THz ranges can be measured by the
techniques such as MO Fourier spectroscopy [61] and MO
THz time-domain spectroscopy [64,65]. Therefore we hope
the theoretically findings shown and discussed in this paper
can be verified experimentally. It would be promising and
interesting to detect the spin and valley polarized electrons
or holes through the characteristic magneto-optical absorption
peak. The obtained results in this study indicate that ML-
TMDs are advanced 2D electronic materials for realizing the

magneto-optic, spintronic and valleytronic devices which can
work in visible and THz bandwidths. We believe that the
results obtained from this work can help us to gain an in-depth
understanding of the MO properties of ML-TMDs materials.
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