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Bilayer (BL) transition metal dichalcogenides (TMDs) are important materials
in  valleytronics  and  twistronics.  Here  we  study  terahertz  (THz)  magneto-
optical (MO) properties of n-type 2H-stacking BL molybdenum sulfide (MoS2)
on  sapphire  substrate  grown  by  chemical  vapor  deposition.  The  AFM,
Raman spectroscopy and photoluminescence are used for characterization of
the samples. Applying THz time-domain spectroscopy (TDS), in combination
with polarization test and the presence of magnetic field in Faraday geometry,
THz  MO  transmissions  through  the  sample  are  measured  from 0 to 8 T  at
80 K. The complex right- and left-handed circular MO conductivities for 2H-
stacking BL MoS2 are obtained. Through fitting the experimental results with
theoretical  formula of MO conductivities for an electron gas,  generalized by
us  previously  through  the  inclusion  of  photon-induced  electronic  backscat-
tering  effect,  we  are  able  to  determine  magneto-optically  the  key  electronic
parameters of BL MoS2, such as the electron density , the electronic relax-
ation time , the electronic localization factor  and, particularly, the effective
electron mass  around -point in between the - and -point in the elec-
tronic  band  structure.  The  dependence  of  these  parameters  upon  magnetic
field  is  examined  and  analyzed.  This  is  a  pioneering  experimental  work  to
measure  around the -point in 2H-stacking BL MoS2 and the experimental
value is very close to that obtained theoretically. We find that 
in 2H-stacking  BL  MoS2 decreases/increases/decreases/increases  with
increasing magnetic field. The results obtained from this study can be benefit
to us in gaining an in-depth understanding of the electronic and optoelectronic
properties of BL TMD systems.
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 1   Introduction
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Two-dimensional  (2D)  transition  metal  disulfides
(TMDs) have been proposed as advanced electronic and
optoelectronic  materials  beyond  silicon  [1].  It  is  known
that  monolayer  (ML)  TMD  is  with  the  unique  valley
related  electronic  properties  which  can  be  utilized  to
realize  the  valleytronic  devices  for,  e.g.,  information
processing and storage [2]. Since the discovery of super-
conductivity in bilayer (BL) graphene [3], the fabrication
and investigation of BL TMD systems have become the
hot  and  fast-growing  field  of  research  in  condensed
matter  physics,  electronics,  optics  and  optoelectronics
[4–7]. The BL structures can provide one more degree of
freedom in achieving new lattice configuration via trans-
lation  and/or  rotation  of  one  layer  on  another  layer.
This has opened up a new field of research as twistronics
[8]. BL TMD materials are important not only in spintronics
and  valleytronics  but  also  in  twistronics  [6, 9],  evident
by  the  discoveries  of,  e.g.,  the  topological  mosaics  in
moiré superlattices [10], inter-layer excitons [11], anoma-
lous Nernst effect [12], and spin-layer locking effect [13].
At  present,  the  easy  way  to  realize  experimentally  the
high symmetric BL TMD is to fabricate the homogenous
TMD  BLs  via  superposing  two  ML  TMD  grown  by
chemical  vapor  deposition  (CVD)  on  a  dielectric
substrate [6]. The high symmetric homogenous BL TMD
structures  are  important  category  of  BL  electronic
systems.  ML  TMD,  such  as  MX  with  M  =  Mo  or  W
and  X  =  S  or  Se,  is  a  hexagonal  crystal  in  which  the
metal  atom  (M)  is  sandwiched  between  the  chalcogen
atoms  (X)  on  both  sides.  The  homogenous  TMD  BLs
with six types of high symmetric stacking orders can be
formed  as  or , , , , ,  and .  These
stacking  structures  satisfy  the  symmetry.  From  a
viewpoint  of  condensed  matter  physics,  the  electronic
band  structures  in  these  BL  TMD  differ  significantly
from that in ML TMD [14].  ML TMD is a direct band
gap semiconductor  in which the lowest/highest  conduc-
tion/valence band is around  point. As a result, the
strong  photoluminescence  (PL)  and  inter-band  optical
absorption  induced  by  inter-band  electronic  transition
can be observed experimentally from ML TMD [15].  In
contrast, the features of the direct band gap semiconductor
are  much  weaker  in  homogenous  BL  TMD  owing  to
inter-layer interaction [16]. Particularly, it is found that
the conduction band minima in -stacking BL TMD is
at -  or -point  [17, 18]  which  is  in-between  the 
and  point. Therefore, the electrons mainly occupy the

-point in n-type -stacking BL TMD in low electron
density samples.  For the application of -stacking BL
TMD as  electronic  and  optoelectronic  material,  it  is  of
significance and importance to investigate the basic elec-
tronic  properties  of -point  in  BL  TMD  with  high
symmetric -stacking configuration, which becomes the
prime motivation of the present study.
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From theoretical findings obtained from DFT calcula-
tions  [17, 18],  we  learn  that  in -stacking  BL  TMD
such  as  MoS ,  the  valence  band  around  the -point
shows a deep valley, indicating that the -point is with
an  indirect  band  gap  lager  than  2  eV  [18].  The  weak
feature of the direct band gap can be observed around -
point so that the weak PL emission can be measured [18,
19]. Due to these features of electronic band structure, it
is not easy and straight forward to extract the electronic
information  around -point  by  conventional  infrared
and  visible  optical  measurements  on -stacking  BL
TMD.  The  electronic  transition  accompanied  by  the
emission  and  absorption  of  photons  from -point  can
only be achieved via indirect channels mediated by, e.g.,
phonon  scattering,  evident  by  the  observation  of  an
extra “a” peak in Raman spectrum [18].  Thanks to the
development  of  terahertz  (THz)  optoelectronic  technol-
ogy,  now  it  is  possible  to  measure  the  free-electron
dynamics in electronic materials by using, e.g., THz time-
domain  spectroscopy  (TDS)  [20, 21].  Due  to  relatively
small  energy  of  THz  photons  (  THz  is  about
4.13  meV),  the  respond  of  electrons  to  THz  radiation
field can be achieved via intra-band electronic transition
around  the  Fermi  energy.  The  THz  radiation  do  not
induce inter-band transition and photon-generated carri-
ers. Therefore, THz TDS is very suitable to the study of
electronic properties induced by the occupancy of electrons
around  the -point  in -stacking  BL  TMD.  Very
recently,  we  have  applied  the  THz  TDS  to  study  the
THz optoelectronic properties of n-type -stacking BL
MoS  on  sapphire  substrate  [18].  The  key  electronic
parameters  of  the  sample,  such as  the  electron density,
the  electronic  relaxation  time  and  photon-induced  elec-
tronic  localization  factor  have  been  measured  optically.
The  temperature  dependence  of  these  parameters  have
been examined.  It  should be noted that at  present,  the
effective electron mass around the -point in -stacking
BL TMD has not yet been measured experimentally. We
used  the  theoretical  value  of  it  for  the  fitting  with  our
experimental results [18].

2 2

2 2

It is known that the magneto-optical (MO) measurement
is  a  powerful  technique  for  studying  and  characterizing
of the electronic materials [22], from which more details
and information of the electronic structure of the sample
can  be  obtained.  In  recent  years,  infrared  and  visible
MO techniques have been applied to study TMD based
BL structures.  For  example,  in  2022  Campbell  and  co-
workers  [23]  applied  the  visible  MO  measurements  to
reveal the anomalous Zeeman splitting of exciton polaritons
in  MoSe /WSe  twisted  heterostructures  induced  by
exchange interaction, demonstrating the rich potential of
the  MoSe /WSe  platform  in  Fermi–Hubbard  and
Bose–Hubbard  physics.  We  demonstrated  previously
that THz MO measurement can be applied to determine
the  effective  electron  mass  in  electronic  materials  such
as bi- and tri-layer graphene under non-resonant condition
[24]. In this study, we intend to apply THz TDS in the
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presence of strong magnetic field for the examination of
the THz MO properties of n-type -stacking BL MoS
and for the determination of the effective electron mass
around the -point.

 2   Samples and experimental measurements

 2.1   Sample preparation and characterization
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In  this  study,  BL  MoS  films  were  grown  on  sapphire
substrate by using the standard chemical vapor deposition
(CVD)  in  combination  with  the  poly-dimethylsiloxane
(PDMS)  wet  transfer  method  [25, 26].  The  procedures
and details for the growth and preparation of -stacking
BL MoS  placed on the sapphire substrate are the same
as  in  our  previous  work  (see Fig.  1 in  Ref.  [18]).  BL
MoS  on sapphire substrate fabricated by this technique
is normally the n-type [18], which was confirmed by our
Hall measurement. The areal size of the sample and the
thickness of the substrate are 1 cm × 1 cm and 0.3 mm,
respectively. The realization of -stacking BL MoS  on
the  substrate  was  verified  by  the  measurements  of  the
AFM [27, 28], Raman spectroscopy [27, 28] and photolu-
minescence  [29, 30].  The  results  obtained  from  sample
characterization are presented in Supplementary Materi-
als.

 2.2   Terahertz magneto-optical transmission in Faraday
geometry

The THz MO measurements in this work are carried out

2

2

B

2

in  the  standard  Faraday  geometry,  where  both  the
magnetic  field  and  the  incident  THz  light  beam  are
applied  perpendicularly  to  the  surface  of  BL  MoS
sample,  as  shown  in Fig.  1.  In  this  configuration,  the
linearly  polarized  radiation  field  can  couple  with  the
magnetic field through electrons in the measured sample.
The details of the experimental setup for the measurement
are  as  follows.  i)  1560  nm femtosecond  (fs)  laser  beam
(RIO  Optoelectronics.  The  repetition  rate  is  100  MHz
and pulse duration is 80 fs) is divided into two beams as
the  pump  and  detection  light  sources  respectively;
ii) The fs pump laser is focused on an InGaAs photocon-
ductance  antenna  (PCA,  Menlo,  Germany)  to  generate
pulsed THz radiation which is highly linearly polarized;
iii)  The  incident  THz  beam  is  applied  normally  and
focused on the  surface  of  BL MoS  sample  placed on a
sample  holder  in  a  cryostat  (ST-500,  Janis,  UK)  with
two  quartz  windows.  We  note  that  because  the  quartz
window  absorbs  the  high-frequency  THz  light  [31],  the
effective spectral  regime for the measurement is  limited
to  about  0.2  to  1.0  THz  in  the  present  study;  iv)  A
superconducting  magnet  (Gryomagnetics,  USA)  is  used
to apply and tune the strength of magnetic field  from
0 to 8 T; v) The fs detection laser is  focused, after the
time  delay  by  a  delay  stage,  on  another  InGaAs  PCA
for the detection of THz beam transmitted through the
BL MoS  sample via electro-optical sampling. Thus, we
can  record  the  THz  electric  field  transmitted  through
the  sample  as  a  function  of  the  delay  time;  and  vi)  a
wire  gird  polarizer  made  of  polyethylene  (TYDEX,
Russia)  is  used to examine the polarization of  the THz
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Fig. 1  Left panel: Schematic diagram of the THz TDS system for MO transmission measurement of BL MoS  on sapphire
substrate.  Here,  the  measurement  is  undertaken  in  the  Faraday  geometry  where  both  the  incident  THz  beam,  which  is
linearly polarized, and the magnetic field  are applied perpendicularly to the sample surface, and a polarizer is applied to
examine the polarization of the transmitted THz beam. Right panel: The electronic band structure of 2H-stacking BL MoS
[18], where the inset shows the electronic transition around the Fermi level  in the Q-band in an n-type BL MoS  under the
action of THz driving. The blue area in the Q-band presents the populated electronic states.
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transmission beam. In this measurement setup, the incident
THz beam and the  field are applied along the z-direction
and the polarization angles of the polarizer are set to be
at ±45° to the polarization direction of the incident THz
beam (taken along the x-direction). The system is sealed
in  a  nitrogen  gas  environment  to  reduce  the  effect  of
THz absorption by moisture and dust. In this study, the
measurements are conducted at 80 K with liquid nitrogen
in the cryostat.
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In the right panel of Fig. 1, we present the electronic
band  structure  of  2H-stacking  BL  MoS .  The  inset
shows a schematic diagram of electronic transition in the
Q-band  in  a  n-type  BL MoS  under  the  action  of  THz
radiation.  Because  the  THz  photon  energy  is  relatively
small  (f =  1  THz  ~  4.13  meV),  THz  pump  can  only
cause the electron transitions around the Fermi level 
and  THz  probe  can  detect  the  dynamical  response  of
electrons  around  in  BL  MoS .  Because  the  energy
difference  between  the K-  and Q-point  in  2H-stacking
BL MoS  is about 197 meV [18], the conducting electrons
predominantly  occupy  the Q-point  in  2H-stacking  BL
MoS .

E±45◦,j(t)

t j = sample 2

j = substrate B

E±45◦,j(ω)

E±45◦,j(ω)

Using  this  experimental  setup,  we  can  measure  the
THz  transmission  electric  field  strength  at  ±45°  polar-
ization angles of the polarizer, , as a function of
delay time  for the sample (i.e.,  for BL MoS
on  the  substrate)  and  for  the  bare  substrate  (i.e.,

) respectively at a fixed . By Fourier trans-
formation of these data, we can obtain the corresponding
electric field strengths of the sample and the substrate in
the frequency domain . Because of the Fourier
transformation,  is  a  complex  quantity.
According  to  the  Fresnel  theory  [24, 32],  the  linearly
polarized light field can be decomposed into the left- and
right-handed circular polarized (RHCP and LHCP) light
modes via [33]  (

E+,j(ω)

E−,j(ω)

)
=

1

2

( i− 1 i+ 1
i+ 1 i− 1

)
×
(

E+45◦,j(ω)

E−45◦,j(ω)

)
.

(1)

(+)

(−) 2

Thus,  the  transmission  coefficients  for  the  RHCP 
and LHCP  components of the BL MoS  can be evaluated
approximately by [32] 

t±(ω) =
E±,sample(ω)

E±,substrate(ω)
. (2)

 2.3   Terahertz magneto-optical conductivities

2

2

For an air/BL MoS /substrate/air  system in which the
thickness of  BL MoS  film is  much less than the wave-
length  of  THz  radiation  field  (1  THz  ~  300  μm),  the
relationship between the RHCP and LHCP transmission
coefficients  and  the  corresponding  MO  conductivities
can be found by the Tinkham formula [34] 

t±(ω) =
1 +Ns

1 +Ns + Z0σ±(ω)
, (3)

Ns

Ns 0

σ±(ω) = σ±1(ω) + iσ±2(ω) (+)

(−) σ±(ω)

2

where  is  the  refractive  index  of  the  substrate  (for
sapphire,  =  3.07), Z  =  377  Ω  is  the  impedance  of
free space, and  is the RHCP 
or LHCP  MO conductivity. Once  is obtained,
the  longitudinal  and  transverse  MO  conductivities  for
BL MoS  film can also be obtained via 

σxx(ω) = [σ+(ω) + σ−(ω)]/2,

and 

σxy(ω) = [σ+(ω)− σ−(ω)]/(2i). (4)

 3   Results and discussion

 3.1   THz MO transmission spectra and conductivities

2

E±45◦,sample(t)

E+45◦,sample(t)

E−45◦,sample(t)

E±45◦,sample(ω)

2

±45o

E±45◦,sample(ω) E±45◦,sample(ω)

The THz electric field strength transmitted through the
BL  MoS  sample  as  a  function  of  delay  time,

, is shown in the inset in Fig. 2 at different
magnetic  fields.  We  can  see  that  differs
from  and they both depend on the strength
of  the  magnetic  field.  The  amplitude  and  the  phase
angle of the THz electric field, , transmitted
through the BL MoS  sample as a function of radiation
frequency is presented in Fig. 2 at the magnetic field B =
0,  3,  5,  and  8  T.  We notice  that:  i)  the  magnetic  field
and the  polarization angles affect mainly the ampli-
tude  of .  The  phase  angle  of 
depends  very  weakly  on B and  the  polarization  angle;
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Fig. 2  Amplitude  and  phase  angle  of  of  the
THz electric field transmitted through the BL MoS  sample
as  a  function  of  radiation  frequency  in  different
magnetic fields as indicated. The results for the phase angles
coincide  roughly.  The  inset  shows  of  the  THz
electric field transmitted through the sample as a function of
delay time.
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|E±45◦,sample(ω)|
B E±45◦,j(ω)

B |E−45◦,sample(ω)|
|E+45◦,sample(ω)| 2

2

ii) the amplitude  decreases with increasing
of ;  iii)  the phase angles  of  decrease almost
linearly  with  increasing  THz  radiation  frequency;  and
iv)  at  a  fixed ,  is  larger  than

, indicating that the BL MoS  sample can
rotate  the  incident  THz  light  in  the  presence  of
magnetic field. These results demonstrate that 2H-stacking
BL MoS  placed on sapphire  substrate  can induce THz
MO response strongly.

σ±(ω)

σ1±(ω) σ2±(ω)

B σ1−(ω) σ2−(ω)

f = ω/(2π)

σ1+(ω) σ2+(ω)

σ1±(ω)

σ2±(ω)

σ±(ω) 2

2

In Fig.  3,  we  show  the  real  and  imaginary  parts  of
 obtained  by  Eq.  (3)  as  a  function  of  radiation

frequency.  It  can  be  seen  that  both  and 
increase  with .  decreases  and  increases
with  increasing  quite  markedly.  In  contrast,

 and  depend rather weakly on f.  It  should
be  noted  that  the  real  part  is  related  to  the
energy dissipation or light absorption caused by electron
–photon  interaction  when  scattering  centers  such  as
impurities and phonons are present, while the imaginary
part  corresponds to the energy exchange between
the  electron  and  the  externa  field,  during  which  the
energy of the electron field system does not altered. We
find that at T = 80 K and B = 0 to 8 T, no significant
quantum effects can be observed in the real and imaginary
parts of  for our BL MoS  sample (Fig. 3). This is
mainly  owing to  the  fact  that  BL MoS  is  of  relatively

B = 0

heavy  effective  electron  mass  and  our  sample  is  with
relatively  low  electron  mobility.  Therefore,  we  can
employ the theoretical formula of MO conductivities for
free-electrons in understanding our experimental results.
We  first  used  the  conventional  Drude  model  for  MO
conductivities [24, 35] to fit our experimental results and
found  that  the  fittings  were  poor.  In  this  study,  we
apply  the  MO  conductivities  obtained  from  Drude–
Smith  model  to  understand  and  fit  our  experimental
results. In 2001 Smith [36] proposed a modified model to
calculate  the  optical  conductivity  of  free  electrons  at

, which took into account of impulse response and
Poisson statistics for the inclusion of electronic backscat-
tering effect. Thus, the effect of photon-induced electron
backscattering or localization can be considered. In 2016,
we  generalized  this  approach  to  the  case  where  a
magnetic  field  is  present  in  the  Faraday  geometry  and
derived  the  corresponding  longitudinal  and  transverse
MO conductivities [35], which read 

σxx(ω) =
σ0(1− iωτ)

(1− iωτ)2 + (ωcτ)
2 +

cσ0

2

[
1

[1− i (ω + ωc) τ ]
2

+
1

[1− i (ω − ωc) τ ]
2

]
,

(5)

 

−

1±

2±

 
σ1±(ω) σ2±(ω)

2 f = ω/(2π)

σ+(ω) σ−(ω)

Σ0 = e2/(4ℏ) = 6.07× 10−5

Fig. 3  Real  (red  dots  and  curves)  and  imaginary  (blue  dots  and  curves)  parts  of  RHCP and  LHCP MO
conductivities for BL MoS  as a function of radiation frequency  in different magnetic fields as indicated. Here, the
results for  and  are shown respectively in the left and right panels, the dots are experimental results, the curves
are obtained from Eq. (7), and  S.
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and 

σxy(ω) = − σ0ωcτ

(1− iωτ)2 + (ωcτ)
2 +

icσ0

2

[
1

[1− i (ω + ωc) τ ]
2

− 1

[1− i (ω − ωc) τ ]
2

]
,

(6)

σ0 = nee
2τ/m∗

ne 2 τ

m∗

ωc = eB/m∗

τ

τ

where  is the D.C. conductivity at B = 0,
 is the electron density in BL MoS ,  is the electron

relaxation  time,  is  the  effective  electron  mass,  and
 is  the  cyclotron  frequency.  In  addition,  the

factor c = [–1, 0] represents the proportion of the original
velocity  of  an  electron  after  the  collision  event.  It  is
known  that  the  Drude-like  optical  conductivity  can  be
derived theoretically on the basis of the current response
function for an electron gas system [36], where the initial
current depends on band parameter such as the effective
electron mass and on electron density and decays expo-
nentially to its equilibrium value with a relaxation time
.  The  complex  form  of  the  optical  conductivity  in

frequency domain can be obtained by the Fourier trans-
formation of the current response function. After consid-
ering the fact that an electron in a material may suffer
the first and subsequent collisions due to backscattering
mechanism, the current response function can be modified
by the inclusion of a Poisson distribution on top of the
exponential decay in different backscattering events [36].
Thus, this model has been taken into consideration that
an  electron  experiences  collisions  which  are  randomly
distributed in time but with an average time interval 
between  collision  events.  Hence,  the  modification
proposed in the Drude–Smith model  or  the inclusion of
the  electronic  backscattering  in  the  current  response
function does not directly relate to the electronic energy-
band structure of the material, implying that the model
is generally independent upon the materials from a theo-
retical point of view.

−1

σxx(0) = σxy(0) = 0 c = 0

σxx(ω) σxy(ω)

In Eq. (5) and Eq. (6), we consider only the first collision
term  in  the  general  MO  Drude–Smith  formula  [35].
When c tends to  the electrons in the system are fully
localized so that , while when  the
MO conductivities become those given by the conventional
Drude–Smith  formula  [36].  From  and ,  we
obtain  RHCP  and  LHCP  MO  conductivities  simply  as
[32] 

σ±(ω) = σxx(ω)± iσxy(ω) = σ1±(ω) + iσ2±(ω)

=
σ0(1− iωτ ± iωcτ + c)

(1− iωτ ± iωcτ)2
. (7)

σ1±(ω) σ2±(ω)

σ±(ω) B

f

As can be seen from Fig. 3,  and  given by
MO  Drude–Smith  model  of  Eq.  (7)  can  correctly
describe the dependence of the real and imaginary parts
of  upon the strength of  and the THz radiation
frequency .

 3.2   Key electronic parameters

σ1±(ω) σ2±(ω)

τ ωc m∗ σ0 ne

c ne

τ

m∗

2

2

2

2

2 B

B

In this study, we use Eq. (7) to fit four groups of experi-
mental data (i.e.,  and ) and, thus, to obtain
four electronic parameters (i.e., ,  or ,  or , and
).  In Fig.  4,  we plot  the electron density  (red),  the

electron relaxation time  (black), the effective electron
mass  (orange), and the electron localization factor c
(green) for BL MoS  on a sapphire substrate as a function
of the magnetic field at a fixed temperature of 80 K. We
find that the electron density in BL MoS  decreases with
increasing  magnetic  field,  similar  to  the  case  of  ML
MoS  [37]. This is a typical feature of a 2D semiconductor
[38]. This effect is mainly caused by electronic localization
in  the  presence  of  strong  magnetic  field  and  of  the
charged impurity scattering [38]. Similar to the cases of
ML  MoS  [37]  and  bi-  and  tri-layer  graphene  [24],  the
electronic relaxation time in BL MoS  increases with .
This  is  mainly  due  to  the  fact  that  the  radius  of  the
cyclotron  movement  of  an  electron  decreases  with
increasing , which can reduce the strength or possibility
of  the  effective  electronic  scattering  from  phonons  and
impurities  [38].  It  is  shown  in Fig.  4 that  the  effective
electron mass increases slightly with B, which is another
typical feature of a semiconductor based 2D electron gas
[39] and is induced by magnetic confinement of electron
motion [39].

2 B = 0

2

We have shown that the effect of photon-induced elec-
tronic  backscattering  or  localization  can  be  present
rather strongly in BL MoS  at  [18]. This effect can
still  be  observed  in  the  presence  of  magnetic  field.
However, we can see from Fig. 4 that the absolute value
of  the  electronic  localization  factor  decreases  with
increasing B, which is also in line with the trend of ML
MoS  [37].  This  indicates  that  the photon-induced elec-
tronic  localization  effect  weakens  as  the  magnetic  field
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Fig. 4  The electron density  (red), the electronic relaxation
time  (black),  the  effective  electron  mass  (orange,  here

 is  rest  electron  mass),  and  the  electronic  localization
factor  (green) of BL MoS  as a function of magnetic field.
The curves are drawn to guide the eye.
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B

τ

τ

|c| τ

c

increases.  The physical reason behind this effect is that
the electronic relaxation time  (or the overall electronic
scattering  rate)  increases  (decreases)  with  increasing 
(see Fig. 4) so that the possibility of electronic backscat-
tering decreases with increasing . Within the mechanism
of the Drude–Smith model [36], under the action of optical
driving  an  electron  in  a  material  experiences  collisions
which  are  randomly  distributed  in  time  but  with  an
average time interval  between collision events. There-
fore,  a  longer  relaxation  time  can  lead  to  a  smaller
persistence of the change of initial velocity for an electron
after  a  backscattering  event,  namely  a  smaller  value  of

 can be achieved by a longer  in general. It should be
noted  that  we  normally  cannot  directly  measure  the
electronic  localization  induced  by  backscattering  using
the  conventional  transport  experiments.  Using  the
Drude–Smith  model  to  fit  the  experimental  results
obtained  from,  e.g.,  THz  TDS,  we  can  examine  this
effect optically and obtain quantitatively the localization
factor  in electronic gas systems.

ω → 0

With  the  MO  conductivities,  we  can  evaluate  the
corresponding  DC  MO  mobilities.  From  Eq.  (5),  the
longitudinal DC mobility at  is given by 

µxx(B) = µ0
(1 + c) + (ωcτ)

2
(1− c)

(1 + (ωcτ)
2
)
2 , (8)

µ0 = eτ/m∗ B = 0

B = 0 µxx(0) = µ0(1 + c)

τ ∼ 94 m∗/m0 ∼ 0.55 c ∼ −0.418

B → 0 µxx(0) ∼
174 2 ·V−1 ·s−1

2H 2

µxx(0) ∼ 107 2 ·V−1 ·s−1

2H 2

with  being the DC mobility at  and in
the absence of electronic localization. Thus, the mobility
measured  optically  at  is .  Using

 fs,  and  obtained from our
measurement  at  (see Fig.  4),  we  find 

 cm  at T = 80 K, which is a typical value of
electron mobility in -stacking BL MoS . We note that

 cm  at  room-temperature  was
reported  for -stacking  BL  MoS  [40].  The  electron
mobility  at  80  K  should  be  larger  than  that  at  300  K
due to the reduction of electron–phonon scattering.

m∗

ω ∼ ωc = eB/m∗

σ1±(ω) σ2±(ω)

2H 2

m∗ Q

B

ωτ ∼ ωcτ > 1 τ

2

B = 8

m∗

Q 2H 2

The  effective  electron  mass  is  one  of  the  most
important  electronic  parameters  in  an  electronic  mate-
rial,  which affects  most of  the electronic,  transport and
optical  properties  of  the  material  and  device.  It  can
normally  be  measured  via  cyclotron  resonance  (CR)
effect  [38, 41]  where  an  optical  absorption  peak  is
observed when . From Fig. 3, we do not
see  the  CR  effect  in  both  and .  This  is
because  the -stacking  BL  MoS  is  with  a  relatively
heavy  around the -point. The measurable CR effect
needs the application of  field larger than 8 T and/or
the  measurement  in  a  wider  frequency  regime  larger
than 1.0 THz. Moreover, another necessary condition to
observe the CR effect  is .  Because  in our
BL MoS  sample is less than 0.14 ps (see Fig. 4) even at

 T and T = 80 K, this condition is not satisfied in
radiation frequency regime from 0.1 to 1.0 THz. In this
study, we use MO THz TDS to measure  around the

-point  in -stacking  BL MoS  via  fitting  the  experi-

m∗/m0 ∼ 0.566

m∗

m∗

m∗

mental  results  with  theoretical  formulas.  The  value  of
 obtained  here  is  very  close  to  that

obtained  from  DFT calculation  [18, 42].  Together  with
our  measurements  of  in  bi-  and  tri-layer  graphene
[24], we find that MO THz TDS is a powerful technique
for  determination  of  in  electronic  materials  with
heavy  and low electron mobility under the non-reso-
nance condition.

 4   Conclusions

2H 2

2

2H 2

2H 2

m∗ Q

2H 2

m∗

2

In this study, we have investigated the THz MO properties
of -stacking BL MoS  on sapphire substrate by using
THz  TDS  in  combination  with  the  polarization  test  in
the presence of magnetic field in the Faraday geometry.
The  measurements  have  been  conducted  at  a  fixed
temperature of 80 K and magnetic fields ranging from 0
to 8 T. The real and imaginary parts of the MO conduc-
tivities for the BL MoS  sample have been obtained. We
have  applied  the  generalized  MO Drude–Smith  formula
for MO conductivities, developed by us previously, to fit
these  experimental  results.  Through  fitting,  we  have
determined magneto-optically the key electronic parame-
ters  of  the -stacking  BL  MoS  such  as  the  electron
density, the electronic relaxation time, the effective electron
mass,  and  the  photon-induced  electronic  localization
factor  in -stacking  BL  MoS .  The  magnetic  field
dependence of these parameters have been examined. In
particular, the effective electron mass  around the -
point in -stacking BL MoS  has been measured exper-
imentally  for  the  first  time  under  the  non-resonance
condition. The  obtained here is very close to theoretical
value calculated by the DFT approach. We believe that
the  findings  from  this  research  work  can  provide  the
valuable insights into the fundamental physical properties
of BL MoS  and other BL TMD structures to be applied
as advanced electronic and optoelectronic materials and
devices.
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