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Gate controlled electronic transport in monolayer MoS; field
effect transistor
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The electronic spin and valley transport properties of a monolayer MoS, are investigated using the
non-equilibrium Green’s function formalism combined with density functional theory. Due to the
presence of strong Rashba spin orbit interaction (RSOI), the electronic valence bands of monolayer
MoS, are split into spin up and spin down Zeeman-like texture near the two inequivalent vertices K
and K’ of the first Brillouin zone. When the gate voltage is applied in the scattering region, an
additional strong RSOI is induced which generates an effective magnetic field. As a result, electron
spin precession occurs along the effective magnetic field, which is controlled by the gate voltage.
This, in turn, causes the oscillation of conductance as a function of the magnitude of the gate
voltage and the length of the gate region. This current modulation due to the spin precession shows
the essential feature of the long sought Datta-Das field effect transistor (FET). From our results, the
oscillation periods for the gate voltage and gate length are found to be approximately 2.2V and
20.03ap (ap is Bohr radius), respectively. These observations can be understood by a simple spin
precessing model and indicate that the electron behaviors in monolayer MoS, FET are both spin

and valley related and can easily be controlled by the gate. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914954]

I. INTRODUCTION

Recently, intense research efforts have been focused on
the atomically thin two-dimensional (2D) materials such as
graphene,l_3 silicence,4_6 and two dimensional (2D) transi-
tion metal dichalcogenides (TMDCs).””"® Bulk TMDCs,
which are denoted as MX, with M =Mo or W and X =S or
Se, are indirect semiconductors.'® With the decreasing of the
layers, TMDCs will change from indirect semiconductors
into direct semiconductors.'”'® Monolayer MoS has a direct
band gap ~1.90eV in the visible frequency range. It has
strong Rashba spin-orbit interaction (RSOI), which is re-
sponsible for a wide variety of novel physical phenom-
ena.'*'"2° It is well known that the Rashba effect can be
induced by breaking of inversion symmetry. Introducing
external electric field is a natural way to break this symmetry
and induce a strong Rashba effect based on the relation
HRushba = —%& -(VV(r) x p), where 6 is the Pauli
matrix, V(r) is the electronic potential, and p is the carrier
momentum.

Due to the Rashba effect, an electron moving with a mo-
mentum p in the electric field can feel an effective magnetic
field B,y = VV(r) x p/2mc?. For monolayer MoS,, there
are intrinsic internal electric dipole fields in the monolayer
plane which give perpendicular effective magnetic fields and
cause Zeeman-like spin up/down texture in most region of
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momentum space.14’15 Once an external electric field E,,,
perpendicular to the monolayer plane is turned on, an extra
effective magnetic field will orient the spin toward the plane
and an extra spin precession will be induced. As Hg,gpq 1S
proportional to the strength of the electric field, the spin can
be manipulated by E,,,. Recently, Gong et al.*’ have studied
the transport properties of WSe, based field effect transistor
(FET) and concluded that the transmission probability for a
carrier passing through such a FET depends critically on
whether the electron spin orientation is matched to the spin
orientations in the drain contact or not. In this paper, we will
study the conductance of MoS, based nano-devices from first
principles as a function of the voltage of the gate and the
length of the gate in the scattering region. Oscillatory behav-
iors for conductance were found which can be attributed to
spin precession of electron in the effective magnetic field
due to the gate voltage.

Il. COMPUTATION DETAILS

As shown in Fig. 1, our device consists of a central scat-
tering region coupled to source and drain which extends to
y = —oo and y = 400 where bias voltage is applied and cur-
rent is collected. The potential of the central region is con-
trolled by bottom gate voltage V,. The transport is in y
direction, which is along zigzag direction. Periodic boundary
condition is satisfied in x direction. In the numerical calcula-
tion, the size of central scattering region is set as
10.34ap x 47.77ag % 26.35ap including a vacuum of

© 2015 AIP Publishing LLC
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FIG. 1. Structure of monolayer MoS, field effect transistor with a bottom gate (side view). Source and drain extend to y = —oo and y = +00. Mo and S atoms

are shown in cyan and yellow.

thickness 20.36ap along z direction. In the calculation, we
have used density functional theory (DFT) within the non-
equilibrium Green’s function (NEGF) formalism?®% as
implemented in the first principles quantum transport pack-
age Nanodcal. SOI, non-collinear spin, and gate potential are
all included in our self-consistent calculation. For technical
details, we refer interested readers to references.”® % In the
self-consistent calculation, the generalized gradient approxi-
mation (GGA) is used as the exchange-correlation func-
tional,’! the standard norm-conserving nonlocal pseudo-
potentials as the atomic core,32 and a linear combination of
double-{ atomic orbital as the basis.”® We have used bulk
values for the structure constants because the crystal struc-
ture of isolated MoS, layers remain to be the same as stacked
layers within bulk crystals.'® We note that for the monolayer
TMDC, due to the strong spin-orbital interaction, spin is not
a good quantum number. Hence, it is a non-collinear spin
self-consistent calculation which is very time consuming.

To analyze the spin behavior in the presence of gate
voltage, we follow Ref. 33 to define a spin polarization vec-
tor P = (P, Py, P-), which is obtained by decomposing the
charge Q,, using the Pauli matrix o, Q, = Ol + P.o,
+Pyo, + P.o.. Here, n is the band index, k is the wave
vector, and I is the unit matrix. Then the tilting angle
®O(r) = arctan[P./(P? + Pg)]/ ?] is used to identify the spin
texture. One can, of course, define the total spin tilting angle
@ by averaging spin polarization vector first then calculating
tilting angle. When spin is polarized along the z-direction,
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FIG. 2. Electronic band structure of the monolayer MoS,. The Fermi level is
indicated by the horizontal dashed green line.

i.e., perpendicular to the 2D plane, we will have ® = 90° for
spin up and ® = —90° for spin down.

lll. RESULTS AND DISCUSSIONS

Using Nanodcal code,”®>° we find that the monolayer

MoS, has a direct energy band gap E,,,=1.73eV with the
valence band maximum located at K or K’ (see Fig. 2 and
Table I). Compared with experimental values, our result
underestimates the direct gap at K(K’) by about 0.2¢eV, but
the spin splitting ~0.15eV at the top valence band is in good
agreement with experimental value, as shown in Table I. To
see the spin texture around K or K’ clearly, we plot energy
band along the first Brillouin zone edge and the correspond-
ing total spin polarization vector ® of the top two valance
bands without gate in Fig. 3. The red valance band (see K,
in Fig. 2) has ® = 90° near K and ® = —90° near K’, while
the black valance band (see K, in Fig. 2) has ® = 90° near
K’ and ® = —90° near K. This indicates that the spin texture
is Zeeman-like and the spins are locked with valley index.

Next, we discuss the influence of the gate on the elec-
tronic transport of monolayer MoS, FET. We focus on the
spin transport in the energy range —0.85 to —0.70 eV near
the top of valence band, where the Zeeman-like spin splitting
occurs and electrons either pass through K, near K (spin up
electrons) or near K’ (spin down electrons). Fig. 4(a) gives
the conductance as a function of gate voltage at three differ-
ent Fermi energies with the gate length Ly =22.89ap. Fig.
4(b) gives the conductance as a function of the gate length
with a fixed gate voltage V,=—3.0V. One finds that con-
ductance oscillates with both the gate voltage V, and with
the gate length L. In Fig. 4(a), the maximum conductance
happens at about V,=-1.6V or V,=-3.8V, while the
minimum conductance appears at about V,=-2.8V and
Ve=-5.0V.

TABLE I. Interband transitions near K in monolayer MoS,.

Transition energy (eV)

Transitions Calculated Previous calculation®* Experiment
K, to K, 1.73 1.60-2.82 1.90*
K» to Ky 0.15 0.146-0.193 0.10°

“Reference 9.
PReference 35.
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FIG. 3. Energy band (upper panel) and total tilting angle ® (lower panel)
along the edge of the first Brillouin zone for the uppermost two spin splitting
valence bands. The red and black lines correspond to the two splitting va-
lence bands marked in the same colors in Fig. 2.
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FIG. 4. (a) Conductance G versus the gate voltage V, for the monolayer
MoS, FET with the length of gate L =Ly =22.89ap; (b) G versus the length
of gate at V, = —3.0 V. ag is Bohr radius.
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To understand the oscillatory behavior, we calculate the
spin polarization vector P at the energy £ = —0.725eV and
the spin tilting angles in real space. In Fig. 5, we plot the
spin tilting angle ®(y), which is averaged over x in xy-
plane,36 as a function of y-position along the scattering
region at several different gate voltages V, near K’ valley. To
see the effect of the gate voltage clearly, we perform fast
Fourier transform (FFT) filter using 25 points on the original
data to smooth the curves (see the red dashed lines in Fig. 5).
As mentioned earlier, the spin texture is almost Zeeman-like
with ®(y) close to —90° [see Fig. 5(a)] when V,=0.0V.
The small departure from —90° in real space comes from the
intrinsic spin precession due to internal electric field among
S and Mo atoms. If we average the spin polarization vector P
over all scattering region and then calculate the tilting angle,
we will get ® = —90°. From Fig. 5(a), we find that the tilting
angle shows small quick oscillation in real space, and the
oscillation period along the transport direction is almost half
length of the y-coordinate difference between the nearest
neighbor Mo and S atoms. The quick oscillation in Fig. 5(a)
implies that the internal electric field is very strong.'> When
V, is turned on, an external electric field in the z-direction is
added. It is perpendicular to the internal electric field which
is in the xy-plane. So additional spin precession due to RSOI
caused by the gate voltage will appear. Compared with the
strength of internal electric field,'” the strength of the gate
electric field felt by MoS, is much smaller giving rise to
a much slower spin precession. It can be observed from
Figs. 5(b)-5(e) that for V,=—1.6V or —3.8V, ®(y) returns
to its initial state of entering the scattering region when the
electron leaves the scattering region, resulting a conductance
peak. While for V,=—-2.8V or —5.0V, ®(y) has obvious
departure from its initial state after electron traversing
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FIG. 5. Tilting angle ® averaged over x in xy-plane along the transport y-
direction (the zigzag direction) for (a) V,=0.0V, (b) V,=—-1.6V, (c)
Ve=-28V,(d) V,=-3.8V, and (e) V,=—5.0V. ag is Bohr radius. The
red dashed lines are smoothed tilting angle obtained by 25 points fast
Fourier transform filter on the original data (black lines).
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through the scattering region and the electron conductance
reaches its minimum.

Such spin transport cross the central region can also be
understood by the concept of spin precessing along a magnetic
field.>” We suppose that the electron has an initial spin with
polar angles 0 and ¢ in spherical coordinate. In o, representa-
tion, the state of the electron would be [yy) = | T)a1 +| |)aa,
where a; = cos $e/2, a, = sin §¢*¢/2 and | 1),|]) are
the eigen states of s, = *= % When a magnetic field B in z-
direction is turned on, the states of the electron can be obtained
from the Schrodinger equation ih%—‘f =Hy with the
Hamiltonian H = —puzBo,, where up is the Bohr magneton.
Then |y(1)) = | T)ajet B/ 4| |Vaye sB/" After a period
T, the angle ¢ is changed by 2ugBT/h and the angle 0 is
unchanged. The quantum mechanical results of the spin direc-
tion variation can be viewed as that one just rotates the spin
direction around the axis of B with the vector angular velocity
® = 2ugB/h.

In our FET, the external gate V, gives rise to an effective
magnetic field B,ss pointing to the direction according the re-
sultant electric field. When the electron reaches the gated region,
its spin starts to precess along the effective B, until leaving the
gate region. Because the angular velocity = 2uzBs/h
depends on the B, or V,, for a fixed length of gated region,
the precessing angle of the spin depends on the value of V,. As
shown in Figs. 5(b) and 5(d), after the spin precessing in the
gate region, the spin polarization tilting angle ®(y) in the drain
side matches with @(y) in the source side, which is responsible
for the maxima conductance in Fig. 4(a) for £=—0.725¢eV.
However, in Figs. 5(c) and 5(e), a large deviation occurs
between the spin polarization tilting angles ®(y) in source and
drain. In this situation, the conductance is small and reaches its
minima in Fig. 4(a). On the other hand, the length of the gated
region along the y direction determines the time of the spin pre-
cession, therefore the number of complete precession cycle.
Thus, the transport of the spin can also be modulated periodi-
cally by the length of the gate, as shown in Fig. 4(b).

IV. CONCLUSIONS

In summary, using DFT within the framework of NEGF,
the behavior of electron through a monolayer MoS, FET is
investigated from first principles. The Rashba effect due to
external electric field on the transport properties is examined.
Our first principle calculations show that with a fixed length
of gated region, the conductance of electron oscillates with
V. On the other hand, once V, is fixed, the conductance also
shows an oscillatory behavior with the length of gated
region. Such interesting behaviors of electron modulated
by the external electric field can be well understood by the
dynamics of electron in the effective magnetic field.
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