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Optical spectrum of n-type and p-type monolayer MoS; in the presence of
proximity-induced interactions
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In this paper, we examined the effects of proximity-induced interactions such as Rashba spin-orbit coupling
(SOCQ) and effective Zeeman fields (EZFs) on the optical spectrum of n-type and p-type monolayer (ML)-MoSs.
The optical conductivity is evaluated using the standard Kubo formula under Random phase approximation
(RPA) with including the effective electron-electron interaction. It has been found that there exists two
absorption peaks in n-type ML-MoS, and two knife shaped absorptions in p-type ML-MoSy which are con-
tributed by the inter-subband spin flip electronic transitions within conduction and valence bands at valleys
K and K’ with a lifted valley degeneracy. The optical absorptions in n-type and p-type ML-MoS, occur in
THz and infrared radiation regimes and the position, height, and shape of them can be effectively tuned by
Rashba parameter, EZFs parameters, and carrier density. The interesting theoretical predictions in this study
would be helpful for the experimental observation of the optical absorption in infrared to THz bandwidths
contributed by inter-subband spin flip electronic transitions in a lifted valley degeneracy monolayer transition
metal dichalcogenides (ML-TMDs) system. The obtained results indicate that ML-MoSs with the platform
of proximity interactions make it a promising infrared and THz material for optics and optoelectronics.

In recent years, the discovery of atomically thin two-
dimensional (2D) materials such as graphene and mono-
layer transition metal dichalcogenides (ML-TMDs) has
been an important and promising field of research in
condensed matter physics'. Due to the unique elec-
tronic and optical properties for potential application-
s in next generation of high-performance nanoelectronic
devices and unique valleytronic features for information
technology® ¢, ML-TMDs have attracted much attention
for scientific researches. The electronic structure of free-
standing ML-TMDs is degenerated in K and K’ valleys
but with the opposite spin orientations”. The valley de-
generacy of ML-TMDs can also be lifted via the exchange
interaction induced by the proximity interaction in the p-
resence of a ferromagnetic substrate® '!'. The proximity-
induced 2D ML-TMD based valleytronic system has also
led to the proposal to observe novel optical phenomena
such as optical Hall effect and valley Hall effect!!-!2,

The optical and transport properties of ML-
MoS,; have been theoretically and experimentally
investigated®*11:13-18 " Previous theoretical results have
indicated that the splittings of the conduction and va-
lence bands of ML-MoSs in the presence of Rashba spin-
orbit coupling (SOC) can introduce optical absorptions
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in terahertz (THz) to infrared bandwidths'®. The break-
ing of inversion symmetry at the surface or interface with
the resultant electric field couples to the spin of itinerant
electrons is called the Rashba effect'®. The Rashba effect
can lead to momentum-dependent splitting of spin bands
and would enable spin-flip electronic transitions2%2!. It
has been shown that the optical properties such as col-
lective excitations and optical conductivity of tradition-
al 2D system can be greatly influenced by the Rashba
effect??726,  Moreover, the proximity-induced exchange
interaction that introduced the effective Zeeman fields
(EZF's) can lift the electronic energy spectrum by break-
ing the valley degeneracy™®'!. In order to understand the
effect of proximity-induced exchange interaction on the
optoelectronic property of ML-TMDs, it is necessary to
examine the roles played by the Rashba SOC and EZFs.

In this study, we evaluate the dependence of longitudi-
nal optical conductivity on the proximity-induced inter-
actions under the linear polarized radiation field. The ab-
sorption spectrum (optical conductivity) is calculated vi-
a the Kubo formulism under the standard random-phase
approximation (RPA) by including the effective electron-
electron interaction. With considering the contribution-
s of inter-subband spin-flip electronic transitions within
conduction and valence bands in different valleys, the ef-
fects of n- and p-types doping (for varying carrier density
via chemical doping or applying a gate voltage), EZFs,
and the Rashba SOC strength on the optical conductivity
of ML-MoS, at low temperature are investigated.

The paper is organized as follows. In Sec. II, the
eigenvalues and wavefunctions of ML-MoS; in the pres-



ence of proximity-induced interactions such as EZFs and
the Rashba SOC are obtained by solving the Schrodinger
equation. The optical conductivity of ML-MoSs is cal-
culated through the Kubo formulism with the dynam-
ic dielectric function under RPA. The numerical results
of optical conductivity for different doping types, carrier
density, the strengths of EZFs and Rashba SOC are pre-
sented and discussed in Sec. ITI. The concluding remarks
are summarized in Sec. V.

Il. THEORETICAL FRAMEWORK

In this study, we consider ML-MoSs placed on a fer-
romagnetic substrate such as EuO or EuS where the
proximity-induced interactions can lead to an enhanced
valley splitting and spin-orbit coupling (SOC)!'. The
low-energy effective Hamiltonian is written in the form
of a 4 x 4 matrix as

H(k) = %x
A+ df 24k 0 i(1—C)Ag
24k} —(A—dY) —i(1+{Ar 0
0 i(1+Ar A —dS 24k; |7
—i(1 = {)Ar 0 24k —(A+dp)

(1)
where k = (k;, ky) is the electron wavevector along the
2D-plane, kf = Ck, %iky, d = (A\g—Bg, and 8 = (c,v).
Here, ¢ = = refers to the K (K') valley, A = at with a be-
ing the lattice parameter and ¢ the hopping parameter?.
The intrinsic SOC parameters 2A. and 2\, are the spin
splitting, respectively, at the bottom of the conduction
band and at the top of the valence band in the ab-
sence of the Rashba SOC!22730 B_ and B, are effec-
tive Zeeman fields experienced by electrons in the con-
duction band and holes in valence band in the presence
of exchange interaction induced by the substrate. A is
the direct bandgap between the valence and conduction
bands'®!3:31and Agp = arA/(2at) with ar being the
Rashba coefficient®?33. After solving the Schérdinger e-
quation, one can obtain the eigenvalues and eigenfunc-
tions of electrons or holes in ML-MoS,.

The four eigenvalues Eés(k) are the solutions of the
diagonalized equation

E*— AE*+ AiE+ Ay =0, (2)
with
2 dv? + d¢?
Ay =%+)\%+2A2k2+7< T
A 02 c2 CA% v c
A2 A2
Ao =(F + A22)? + SR(A ) (A + ¢ad)
A2 c2 v2 A2k2 c Ju (dzdz))Q

and the corresponding eigenfunctions for electronic states
near the K and K’ points are

k; A >= Ag}s[Ch c2, 3, 4]’ (3)

where r = (z,y), A = (8,(, s),
c1 = iAglh1 +4A%(1 + C)(k2)2]7
ey = —4iANRk( ha,
cs = 24k hs,
cs = —[(A = 2E)* — (d§)*)|(A + 2E — &)
— (14 ¢)*AR(A = 2E + df)
—4A%K* (A — 2E — df),

and
A (k) = (lea]? + [eal + Jes|* + [eal®) T2,

is the normalization factor. Here, h; = (1 — {)[A —
2B (k) —dS][A+2E5 (k) —dY], hy = A—2E5 (k)+Cde,
and hs = [A—2Ej (k) +d¢][A+2E§ (k) —dg] +4A2k>.

Therefore, we consider the carriers in ML-MoS, as
spin-splitting 2D electron gas (2DEG) in the conduc-
tion band or 2D hole gas (2DHG) in the valence band
with a two band mode. Here, we use a simplified form
E$(k) = Eg}s(k) and AS(k) = A%’S(k) for both conduc-
tion and valence subbands. With the energy spectrum of
a spin-split 2DEG or 2DHG, the electron density-density
(d-d) correlation function can be obtained, in the absence
of e-e screening, as2?34

oy oy N~ AL QF(ES (k 4 @) — F(EE(K))]
HQ(Q,Q)—Zk: Eg/(kJrq),Eg(k)JthJrié

(4)

where

4
AS, (k,q) =[AS (k+ @) ASK)P2 D el (K)cs (k + q)
=1
< 3L (k+ q)cs, (k), (5)

J=1

is the structure factor. Here, a = (s's) is defined for
electronic transition channel from the s branch to the
s' branch with s==1 referring to different spin branch-
es. (==1 is for different valley, A€} is the excitation
photon energy, and q=(gs,q,) is the change of elec-
tron wavevector during an e-e scattering event. f(z) =
[e(z_EF)/kBT + 1]_1 is the Fermi-Dirac function with Ep
being the Fermi energy at zero temperature or chemical
potential at a finite temperature. The dynamical RPA
dielectric function hereby writes

€(Q,q9) =1+ a1 + as + az + aq. (6)

Here, (s's)=1=(++), 2=(+—), 3=(—+), and 4=(——)
are defined for different transition channels, (s's)=1 and



4 (2 and 3) are for intra-band (inter-subband) transitions,
asfs:—Vqﬂg,s(Q,q), and V,=2me?/kq with x being the
dielectric constant of the material.

The RPA dielectric function can be used to calculate
the effective interaction for optical response with different
scattering events. In the presence of e-e interaction, the
effective d-d correlation function becomes

16,2, q) = T15,(2, 9) /e(©2. q).- (7)

Using the Kubo formula in the absence of electronic s-

cattering centers (such as impurities and phonons), the

optical spectrum or optical conductivity of a spin-valley-

splitting 2DEG (2DHG) can be calculated through?34
e2Q

e T ¢
o() = - lim — CZaIm I,(2, g). (®)

In the present study, o(f2) is induced by current-current
correlation via electron-electron interaction with the ex-
ternal electromagnetic field, which normally does not
change the wavevector for a carrier. In the long-
wavelength limit (¢—0) and low temperature (7—0
K), the intra-band electronic transitions would not con-
tribute to the optical conductivity. Moreover, strong op-
tical absorptions can occur via inter-subband spin-flip
transitions, especially for transitions from an energy low-
er spin branch to an energy higher spin branch at K and
K’ valleys.

I1l. RESULTS AND DISCUSSIONS

In numerical calculations, we consider the case at low
temperature (T'—0 K) to calculate the optical conduc-
tivity and take the following parameters for ML-MoSs
with A = 3.5123 AeV, A = 1.66 ¢V, A\ = —1.5 meV,
and \, = 75 meV!33%, Usually, the Rashba parameter
Ar depends on the type of the substrate and can also be
tuned through, e.g., applying a gate voltage®®. A large
Rashba parameter Ag = 72 meV was found in ML-MoTes
placed on an EuO substrate®. The EZFs factors B, and
B, also depend on the types of substrates®”. For n-type
ML-MoS,y, we take the spin relaxation time for inter-
subband spin-flip transitions as 7. = 3 and 7, = 300 ps
for p-type ML-MoS,3®. With the energy relation approx-
imation, one can replace the § function in Eq. (4) with
a Lorentzian distribution: 6(E) — (E,/7)/(E? + E2),
where E, = h/7 is the width of the distribution3?.
It should be noted that energy relaxation time is a
frequency-dependent parameter and is usually set to a
constant for numerical calculation??. We take the dielec-
tric constants for air, bare ML-MoSs sheet, and bare EuO
substrate as kaiy = 1, kTvp = 3.3%, and Kgwo = 23.9%2,
respectively. The chemical potential ., for electrons in
n-type and holes in p-type ML-MoSs can be determined

through
oD AENK), 9)
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FIG. 1. Optical conductivity o(£2) as a function of radiation
frequency  at a fixed carrier density (a) n. = 10" cm™2 for
n-type and (b) nj, = 1.5x10™® em ™2 for p-type ML-MoSz with
B, = 10 and B. = 5 meV for different Rashba parameters
Ar as indicated. Here, 0o = €?/(4h) is the universal optical
conductivity of graphene.

and

Yo D - B, (10)

¢(=+1,s=+1 k

np =

respectively. As we know, the longitudinal optical con-
ductivity of ML-MoSs; on a ferromagnetic substrate in the
presence of proximity-induced interactions can be mea-
sured by the infrared spectroscopy and THz TDS mea-
surement. The theoretical model in this study provides
an excellent platform to examine the optical absorption
property by tuning the parameter such as Rashba pa-
rameter Ap, EZFs B, and B,, and carrier density.

In Fig. 1, we plot the optical conductivity of n-type
and p-type ML-MoS; as a function of radiation frequency
Q) at fixed carrier density n. = 10'2 em~2 for electrons
and np = 1.5 x 10'3 cm™2 for holes, B, = 5 meV, and
B, = 10 meV for different Rashba parameters Ag. In
Fig. 1(a), we find that there exist two absorption peaks
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FIG. 2. (a) The minimum of the four conduction subbands
(¢ = £, = +) and (b) the maximum of the four valence
subbands as a function of Rashba parameter Ar for fixed EZFs
B, =10 and B. =5 meV at k = 0.

where the lower left peak is induced by spin-flip electron-
ic transitions within K valley and the higher right peak
is attributed to spin-flip electronic transitions within K’
valley. With increasing Ag, for A < 35.5 meV, the low-
er left absorption peak blueshifts to higher frequencies
and the higher right peak redshifts to lower frequencies.
For Ap = 35.5 meV, there is only one absorption peak
because the band structure is valley degenerated in this
case. While for A > 35.5 meV, the higher peak red-
shifts to lower frequencies and the lower peak blueshifts
to higher frequencies with increasing Ag. In Fig. 1(b),
there are two roughly knife shaped spectral absorptions
in the infrared regime. With increasing \g, the widths
of the knife shaped absorptions decrease and the heights
of the knife shaped absorptions increase. In the absence
of Rashba effect (Ag = 0 meV), we notice that the opti-
cal conductivity approaches to zero because the spin-flip
transitions are prohibited in this case.

The interesting findings in Fig. 1(a) can be under-
stood with the help of Fig. 2(a) where we show the low-
est energies at the bottom of four conduction subbands
(¢ = £, s = %) as a function of Rashba parameter Ag for
fixed EZFs B, = 5 meV and B, = 10 meV. With increas-
ing AR, the energy spacing EI(O) — ET(0) in valley K
becomes larger and the energy spacing £_(0) — EL (0) in
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FIG. 3. The energy spacing between two spin splitting valence
subbands as a function of wavevector k in (a) K’ valley and
(b) K valley with different Rashba parameters Ag.

0.05

valley K’ decreases, which would result in the blueshifts
and redshifts of the two absorption peaks. In Fig. 2(b),
we show the highest energies at the top of four valence
subbands (¢ = 4,s = 4) as a function of Rashba pa-
rameter Ag for fixed EZFs B, = 5 meV and B, = 10
meV. As we can see, the Rashba parameter affects slight-
ly the top points of them. At a fixed carrier density, we
can see that the Fermi level for electrons/holes depend-
s weakly on Rashba parameter, which are in line with
the situation we had discussed previously'®. Thus, the
modification of the band structure by the Rashba effect
would change the energy spacing between spin splitting
subbands near the Fermi level and would result in the
tuning of absorption peaks or knife shapes in Fig. 1.
In Fig. 3, we also plot the energy spacing between two
spin splitting subbands in the valence band for K and K’
valleys to clearly clarify the Rashba effect on p-type sam-
ple. The Rashba effect would affect the energy spacing
between the spin splitting valence subbands. With in-
creasing Ag, the region of energy spacing near the Fermi
level becomes narrower. Thus, the knife shaped spectral
absorptions in Fig. 1(b) also get narrower with increas-
ing Ar. The right boundaries of the two knife shape
absorptions correspond to the highest energies in Figs.
3(a)-(b) for the largest electronic transition energies re-



quired by optical absorptions in p-type sample. As we
can see, the regions and values of energy spacings in Fig.
3(a) are larger and higher than those in Fig. 3(b). As a
consequence, the left and right knife shaped absorptions
in Fig. 1(b) are contributed by the spin-flip electron-
ic transitions in valleys K and K’, respectively, and the
right knife shaped absorption is more wider than the left
one. The strengths of the knife shaped absorptions al-
so increase with increasing Ar. It should be noted that
the electronic band structure in ML-MoSs modified by
EZFs and Rashba SOC have some differences from tradi-
tional 2DEG or 2DHG system in the presence of Rashba
effect. Thus, the optical spectrum has both commons
and differences with traditional 2DEG and 2DHG?24:26,
In general, the Rashba effect can play an important and
peculiar role in affecting and tuning the optical absorp-
tions in THz and infrared bandwidths for n- and p-type
ML-MoSs in the presence of proximity-induced exchange
interaction.

The optical conductivity of n- and p-type ML-MoS; is
shown in Fig. 4 as a function of radiation frequency € at
fixed carrier density and Ag for different EZFs. In Fig.
4(a), with a fixed B.= 10 meV, we find that the width of
absorption regime in optical conductivity curve increas-
es and both of the two absorption peaks blueshift with
increasing B.. The strengths of two absorption peaks
also become stronger with increasing B.. For B, = 0
meV, there exists only one peak because the conduction
bands in K and K’ valleys are degenerated in this case.
For the optical spectrum for p-type ML-MoSs shown in
Fig. 4(b), there is only one knife shape absorption when
B, = 0 meV because of the valley degeneracy of valence
bands in K and K’ valleys. For B, > 0 meV, there
are two knife shape absorptions. With increasing B,,
the left knife shape absorption redshifts and the width
of it becomes more narrower. Meanwhile, the right one
blueshifts and the width of it becomes more broader.

In Fig. 5, we plot the optical conductivity of n-type
and p-type ML-MoS, as a function of radiation frequen-
cy Q for fixed A\g = 18.75 meV, EFZs B, = 5 meV and
B, = 10 meV for different carrier densities. For ML-
MoSs,, n-type and p-type doping samples can be realized
through the field effect with different source and drain
contacts'”*3 and the doping levels can be tuned through,
e.g., applying a gate voltage. Usually, one can reach high
carrier density in experiment*?#* and we choose the car-
rier density with a magnitude of 10'? em~?2 and hole den-
sity 1013 em~2 in our numerical calculation. In Fig. 5(a),
we can see that both of the two absorption peaks have
blueshifts to higher frequencies and the strengths of them
become stronger with increasing electron density n.. T-
wo knife shaped absorptions in Fig. 5(b) become wider
and their left boundaries move to the low frequency re-
gion with increasing hole density ny,. The left bound-
aries of two knife shape absorptions are redshifts with
increasing carrier density because the chemical poten-
tial for holes in p-type sample decreases which allows the
spin-flip transitions in the lower frequency regime. The
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FIG. 4. (a) Optical conductivity o(Q2) as a function of ra-
diation frequency Q at a fixed carrier density n. = 102
cm™ 2, EZFs parameter B, = 10 meV, and Rashba parame-
ter Ar = 18.75 meV for n-type ML-MoSy with different EZF
parameters B. as indicated. (b) Optical conductivity o(€2)
as a function of excitation frequency 2 at a fixed hole densi-
ty np = 1.5 x 10*® cm ™2, EZFs parameter B, = 5 meV, and
Rashba parameter Ag = 18.75 meV for p-type ML-MoSs with
different EZF parameters B, as indicated.

width of the right knife shaped absorption in Fig. 5(b)
is wider than the left one because the region of ener-
gy spacing E” (k) — E7 (k) in valley K’ is larger than
ET (k) — E* (k) in valley K. The interesting findings in
Fig. 5 are due to the Pauli blockade effect with chang-
ing the carrier density?®. These theoretical results show
that the optical absorption of ML-MoSs in THz and in-
frared regimes can also be effectively tuned by varying
the carrier density.

It should be noted that in our present study, the opti-
cal spectrum is mainly determined by electronic transi-
tions through e-e interaction at low temperature which is
an ideal case where the electronic scattering mechanisms
(e.g., impurities and phonons) are not taken into account.
However, the shape and amplitude of optical conductivi-
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FIG. 5. Optical conductivity o(f2) as a function of radiation
frequency €2 at fixed Rashba parameters Ap = 18.75 meV,
EZF parameters B, = 5 meV and B, = 10 meV for (a) n-type
ML-MoSz and (b) p-type ML-MoS; with different electron
(hole) density n. (np) as indicated.

ty could be also affected by impurity or electron-phonon
scattering with the modification of self-energy*°.

IV. CONCLUSIONS

In this paper, we have investigated the infrared to THz
optical absorption property of n- and p-types ML-MoSs
in the presence of proximity-induced interactions such as
Rashba SOC and exchange interaction. The optical con-
ductivity is evaluated using the standard Kubo formula
under RPA by including the effective electron-electron
interaction. We have examined the roles of proximity-
induced interactions in affecting optical absorptions oc-
curring in different valleys for both n- and p-type ML-
MoSs. The main conclusions obtained from this study
are summarized as follows.

In the presence of proximity-induced interactions,
there exist two absorption peaks in n-type ML-MoSs and

two knife shaped absorptions in p-type ML-MoSs which
are contributed by the inter-subband spin-flip electronic
transitions at valleys K and K’ with a lifted valley degen-
eracy. The height and position of the absorption peaks
in n-type ML-MoSs can be effectively tuned by Rash-
ba parameter, EFZs parameter B., and electron densi-
ty. The width, height, and position of the knife shaped
absorptions in p-type ML-MoSs depend strongly on the
Rashba parameter, EFZs parameter B,, and carrier den-
sity. These features in optical conductivity curves can
be explained by the electronic transition channels and
the modification of conduction and valence bands by the
proximity induced Rashba SOC and EZFs. The obtained
results suggest that ML-MoS; in the presence of Rash-
ba SOC and EZFs has a wide tunable optical response
in the infrared to THz radiation regimes. The optoelec-
tronic properties of n-type and p-type ML-MoSs in the
presence of proximity-induced interactions can be effec-
tively tuned by the carrier density, Rashba parameter,
and EZFs which makes ML-MoS, a promising infrared
and THz material for optics and optoelectronics. The ob-
tained theoretical findings can be helpful for the under-
standing of optoelectronic properties of ML-MoS,;. We
hope the theoretical predictions in this paper can be ver-
ified experimentally.
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