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Abstract

We study the influence of the external magnetic field, temperature, and electron concentration on the
magneto-thermopower due to the phonon-drag effect,S2, in the MoSe, monolayer. The analytical
expression for S is found from I1-method. Our numerical results show that the density of state and S},
show an oscillation as a function of a magnetic field with its amplitude increases in the large magnetic
field region. The S increases with temperatures but decreases with electron concentrations. The
numerical calculations for S, are compared with those in the graphene monolayer.
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Tém tit

Chiing t6i khdo st anh hwéng ciia tir treong ngodi, nhiét do, nong do electron én céng sudt nhiét-tiv
do hiéu img phonon-drag, S¢, trong MoSe, don I6p. Két qua gidi tich ciia S8 dwoc thu nhdn tir phwong
phdp I1. Két qua tinh sé cia ching t6i cho thay rang mdt dé trang thdi va SJ dao dong theo tur truong voi
bién d¢ tang lén trong khodng tir truong Iom. S tang theo nhiét dé nhung giam theo nong do electron.
Két qua tinh s6 nay dwoc so sanh véi két qua thu dwge trong graphene.

Tir khéa: Twong tdc electron-phonon am, cong sudt nhiét-tir, MoSe, don 16p.
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1. Introduction

In recent years, interest in studying graphene,
a two-dimensional (2D) layer of graphite, has
developed speedily due to its extraordinary
electronic and optical properties as well as its
potential applications in optical-electronic devices
(Novoselov et al., 2005). The layered materials
provide a flexible platform to explore fundamental
physics and potential applications by combining
different two-dimensional (2D) crystals (Geim and
Grigorieva, 2013; Gang Wang et al., 2018). Among
these kinds of materials, transition metal
dichalcogenides are particularly suitable for basic
and applied optics, as they are semiconductors with
direct band dividers when thinned into monolayers
(Mak et al., 2010).

In a recent work, Back et al., (2017) reported
a strong paramagnetic response of a two-
dimensional electron system (2DES) in a charge-
tunable monolayer MoSe, sandwiched between two
hexagonal boron-nitride (h-BN) layers. Their
results showed that a magnetic field of 7 T leads to
a near-complete valley polarization of electrons in

a MoSe, monolayer with a density n, =1.6x10"

cm 2. Chow et al. (2017) investigated the role of
exciton—phonon interaction in exciton dynamics
using the model system of monolayer MoSe,. They
showed that the neutral exciton photoluminescence
intensity oscillates as a function of the excitation
energy with a period matching that of the
longitudinal negative phonon at the M-point.

It is well-known that two main parts
contributing to the thermopower are electron
diffusion and phonon-drag. The diffusion
thermopower, S°, is originated from the electron drift
motion caused by either a temperature gradient or an
electric  field. Meanwhile, the phonon-drag
thermopower, S% is generated as a result of the
interaction  between electrons and phonons
(Kubakaddi et al., 1989; Biswas & Ghosh 2013).
There exist in the literature two ways to obtain the
phonon-drag thermopower S? known as “Q-
method” by Cantrell and Butcher (1987a; 1987b),
and “ 7 -method” by Herring (1954). By establishing
the fundamental relationship between their formulas,
Tsaousidou et al. (2001) verified that these two
methods are equivalent. Nonetheless, since 7 -
method allows to establish a straightforward relation

between the phonon-drag thermopower, S , and the

XX !

acoustic phonon-limited mobility, ., Herring’s
formula can be used to directly estimate the .,

from the S? data (Tieke et al., 1998). For this

reason, the z-method has been used to study the
phonon-drag thermopower in 2DEG (Biswas and
Ghosh 2013) and in graphene (Kubakaddi et al.,
2017). In this work, we find the analytical
expression of the thermopower due to phonon-drag
effect in MoSe, monolayer in the presence of a
magnetic field. The effects of temperature, the
magnetic field, and the electron concentration on the
thermopower are discussed in detail.

2. Expression for magneto-thermopower in
MoSe, monolayer

Let consider a MoSe, sheet oriented in the
(xy)-plane. In the presence of a perpendicular

magnetic field B(x,y)=(0,0,B), Hamiltonian of
the system is given as follows (Hien et al., 2020;
Bich et al., 2021)

H=v. (TO‘Xﬂ'X +O'y7Zy)+AT'SO'Z +K, (1)

where z==1 is the valley index for K and K’
valley, respectively, o,,0,, and o, are Pauli
matrices, 7 =(p+eA) is canonical momentum
with A=(0,Bx,0) is the vector potential of the
magnetic field, A  =A/2-(4 —-A)rs/4, and
K, =(A +4)rs/4, with s=+1 being the spin

index, A relating to energy gap, 4, and A, being

the spin splitting energy for the conduction and
valence bands, respectively. The corresponding

energy spectrum is
E,=E;f =« .+ PE; )

n,s?

where n=0,1,2,... is the Landau level (LL) index,
p==1 is for the conduction and valence bands,

1/2
respectively, and E; :[n(ha)c ) +(A, )2} with

@, =VeN2 /e, being the cyclotron frequency,

a, =(h/eB)”” being the magnetic length. The
corresponding wave functions for the K valley are

7,p _ eikyy A:,Vsp n—l(X_XO)
l//n,s (X' y) - \/:( iB;:Sp¢n (X— XO) ] (3)
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Here, normalization

@, (X—x,) is the

harmonic function centered at x, = a’k,, and
E,,+A E..—A
z',sp — p n,s S ,Br:,sp — p n,s n,s . (4)
| 2pE;, 2pE,,

The corresponding wave functions for K’

valley are also derived from Eqg. (3) but with
replacing ¢, , by ¢,. The density of state (DoS) is
given as (Biswas & Ghosh, 2013)
1

> 5)

2nal S (e—E,)* + ¢

D(e) =

where y, = 7/\5 is the Lorentz broadening with »
being calculated in the unit of meV T2

When the electron-phonon interaction is taken
into account, the magneto-thermopower due to

phonon-drag effect, S2, is given as follows
(Kubakaddi et al., 2017)

M
s¢ =_—pr . (6)

where p,, is the Hall resistivity, T is the absolute

temperature and
qZ
q (HYJKOM' (q)’ (7)

where S is the area of the system, @, =Vv.q is the

My = SkT

phonon frequency with v, being the sound
velocity, ¢=(d,,q,) being the phonon wave
vector, 7, is the phonon relaxation time, and

K@ =223 £, E)ICE@F |3,

xNS(E, —E, —h@)S oy q,- (8)

Here, f(E,.E,)=f(E,)[1-f(E,)], the
matrix element C(q) describes the electron-phonon
interaction length, J,. (u) is the form factor with

u=aZg*/2, and N, :(e’”"*’kﬁT —1)71 is the phonon

distribution function. We consider the S? in the low-

temperature region where the interaction between
electron and acoustic phonon is dominant. In this
case, the matrix element for the electron-acoustic
phonon interaction is given as follows

38

C(q)f = 2P0 ©)

25 pyV,

where p,, is area mass density and D,_ is coupling

constant. Inserting the above expressions into Eq.
(7), we get
eT hDaCVS

In Eq. (10) we have denoted
|9, @] =e [(AP)2L,, (W) + (B:)L, W) ], (11)
() = [ded(s—E,)o(e ~E, + hav,)
x f(e)[1- T (e +ha,) ],

where L (u) are the Laguerre polynomials.
Inserting Eqg. (10) into Eq. (6) we obtain
A,hD’B

ac @ 2
S = Bt Lo G0 N[, 0 6, (@), (43
e B n

fm

(12)

where 7, =A /v, with A being the phonon-free

path. We can see that the result for S?, as shown in

Eg. (13) has the same form as that in graphene
(Kubakaddi et al., 2017).

3. Numerical results and discussions
In this section, we present the numerical
calculations on the S? in the MoSe, monolayer.

The parameters used for the numerical calculations
are given as follows (Mak et al., 2010; Hien et al.,
2020; Bich et al; 2021): #Av. =3.11 eVA’

A=074 eV, 4 ,=0184 eV, 4 =-0.021 eV,
D, =34 eV, p=2.01x10"° kg m?, v, =4.1x10

m/s, and A, =107 m. For convenience, we denote

n, =10 cm™,

(=)
¥

DoS [)(IlJ_'3 nm= mev )

5 10 15 3
B(T)

Figure 1. The density of states at Fermi level, D(e;),

as a function of magnetic fieldat n, =n, and y =0.2
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In Fig. 1, we show the dependence of the
density of state on the magnetic field for different

electron states. Here, K T+K'J and K| +K'T
are for the states with 7zs=1 and zs=-1,
respectively. It is seen that the DoS displays an
oscillatory behavior with the magnetic field in
which their amplitudes increase with the increase
of the magnetic field. This result is well-aligned
with that reported in graphene (Kubakaddi et al.,
2017). Besides, given its large spin-orbit
interaction coupling, the DoS in MoSe, are
significantly separated. Since the energy for the
rs=1 state is smaller than that for rs=-1, the
number of oscillations due to that state zs=1 is
bigger than that due to the state zs=-1.

In Fig. 2, we show the thermopower for
different states as a function of the magnetic field.

We can see that S? for both states with rs=+1

display oscillatory behavior with a magnetic field.
This result is in good agreement with that reported
in conventional systems (Biswas & Ghosh, 2013)
and in graphene monolayer (Kubakaddi et al.,
2017). It is clear that, due to the strong SOC in
MoSe,, the contribution to S; from different states

with zs=41 is completely separated, where the
contribution from states with zs=-1 is bigger but
less number of peaks in comparison to those from
states with zs=1. This oscillatory behavior of the
thermopower has a closed relation with that of DoS
as shown in Fig. 1. Note that this separation
behavior does not observe in graphene (Kubakaddi
et al., 2017) because of the fact that in graphene,
the SOC is very weak.
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Figure 2. Magneto-thermopower, S?, as a function

of the magnetic field at n, =n, and y =0.2
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Figure 3. Magneto-thermopower, S?2,, as a function of
the magnetic field for different Landau broadening

parametersat n, =n,, zs=-1, and T=2 K

In Fig. 3, we show the influence of the
Lorentz broadening parameter, y, on the profile of
the magneto-thermopower. We can see that when
the y increases the width (height) of the oscillation
peak increases (decreases). This can be explained
as follows: when the » increases, the peaks

become broader leading to the reduce of their
amplidue. For small values of y (indicating by
vertical arrows), the minor peaks are observed
significantly. These minor peaks will disappear
when y increases because in this case, the minor
peaks contribute to the sum to generate the wider
peak, similar to that of the resistivity in graphene
(Greenaway et al., 2019).
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Figure 4. Magneto-thermopower, S2, as a function

of the magnetic field for different temperatures at
y=0.2,7s=-1 and n,=n,

Figure 4 shows the thermopower as a function
of magnetic field for different temperature. The
results are calculated at »=0.2, zs=-1and
n, =n,. For convenience, the results for T = 4, 6,
and 8 K are multiplied by a corresponding factor.
We can see that when the temperature increases
both the width and amplitude of the oscillatory
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peaks increase, which supports the results obtained
in graphene (Kubakaddi et al., 2017).

VMH/_\\‘J 4
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Figure 5. Magneto-thermopower, S?2,, as a function
of the magnetic field for different electron

concentrationsat y=0.2, rs=-1, and T=2K

In Fig. 5, we show the dependence of the
magneto-thermopower on the magnetic field for
different electron concentrations at y=0.2,

zs=-1, and T = 2 K. It can be seen that when the
electron concentration increases, the amplitude of

S. decreases. This can be explained directly from
Eq. (13) that S? is proportional to the n*.
Besides, the numbers of oscillation peaks also
reduce with the increase of electron concentration.
This can be explained by the fact that the
oscillation frequency of the density of states is
directly proportional to the electron density.
Therefore, when the electron concentration
increases, the oscillation peak position (of the same
order) appear at the higher magnetic field range.
Consequently, at a given range of the magnetic
field, the numbers of oscillation peaks increase
with the increase of the electron concentration.
This has also been observed in 2D conventional
systems (Biswas & Ghosh 2013) and graphene
monolayer (Kubakaddi et al., 2017).
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Figure 6. Magneto-thermopower, S?2, as a function

of the temperature for different magnetic fields at
y=0.2, zs=-1, and n, =n,

40

In Fig. 6, we show the S}, due to the
contribution from the states of zs=-1, as a
function of the temperature for different magnetic
fields. The values of the magnetic field of B = 4.2,

5.8, 8.9, and 18.0 T correspond to the peaks as
shown in Fig. 4. We can see that S? increases with
the increase of temperature: in the low-temperature
region, the S? increases rapidly, then S? increases

slowly and reaches its saturation value at about T =
10 K. This confirms the results reported in graphene
(Kubakaddi et al., 2017). Besides, the amplitude of

S, is higher for the higher magnetic fields.

The S? as a function of temperature for
different n, is shown in Fig. 7at B =5.8 T. We can

see that when the electron concentration increases
the thermopower decreases, being in agreement
with that shown in Fig. 5.
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Figure 7. Magneto-thermopower, S2, as a function

of the temperature for different electron
concentrationsat y=0.2, rs=-1, andB=58T

4. Conclusion

We have studied the influence of the magnetic
field, temperature, and electron concentration on the
magneto-thermopower in the MoSe, monolayer. We

found an oscillatory behavior of S? with the

magnetic field. The magneto-thermopower increases
with the increase of temperature but decreases with
electron concentration. In contrast to what happens
in graphene, since the spin-orbit coupling in MoSe,
is significantly strong, the oscillatory peaks due to
different spin orientations are different. At the
moment, we do not find any experimental data
supporting our predations. However, our results

about the S?, with the values up to few mV/K, are

Xxx 1

in good agreement with experimental data observed
in MoS; (Buscema et al., 2013), another member of
TMDC family materials.
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