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Electronic transport in a graphene junction is considered theoretically. Graphene is assumed to be deposited
on a substrate which generates Rashba spin-orbit coupling. However, the Rashba parameters in the two parts of
the junction are assumed to be generally different. Additionally, different gate voltages are applied to the two
parts, which allow tuning the Fermi level and potential step. We analyze the probabilities of electron transmission
through the junction and electrical conductance in the linear response regime.
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1. Introduction

Graphene was the first two-dimensional free-standing
crystal available for investigations [1]. After its discov-
ery, one could observe a growing interest in other two-
dimensional crystals. Nevertheless, graphene is the most
thoroughly investigated two-dimensional crystal so far.
This is because graphene has outstanding electromag-
netic properties, like a long spin coherence length [2] and
excellent charge carrier mobility [3], which are promis-
ing for future applications [4]. What makes graphene in-
teresting is also its high sensitivity to external perturba-
tions, which sometimes is useful, because it allows adjust-
ing graphene properties to a desired application [5], but
sometimes it is undesirable, as it requires extra care to
keep stability of a graphene-based device [6]. In this pa-
per we consider two tunable properties: the charge carrier
concentration [1] and Rashba spin-orbit coupling [7-9]
(RSOC). The former can be tuned by an electrostatic
gate potential, while the latter one by a proper atomic or
molecular cover layer and a substrate [10-11]. RSOC
may be important for future spintronics, mainly be-
cause it allows for electrical manipulation of electron spin
state [12]. It has been also shown that RSOC can play
a crucial role in such phenomena as the spin Hall ef-
fect [13], anisotropic magnetoresistance [14], etc. On the
other hand, RSOC can lead to undesired spin relaxation
in graphene [15].

RSOC appears in graphene due to asymmetry between
the cover layer and substrate. An obvious consequence
of this is that the coupling should be antisymmetric with
respect to the mirror plane which coincides with the
graphene plane [16]. In other words, the sign of the
Rashba parameter depends on the system configuration.
In this paper we consider a graphene junction, in which
the Rashba parameters in the two parts of the junction
are generally different [17]. We determine transmission
across the junction and electrical transport characteris-
tics in the linear response limit.
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2. Model

To describe charge carriers in pristine graphene we em-
ploy the effective continuous model introduced by Wal-
lace [18]

Hy = —ilwp(0;0; + 0,0y) @ so, (1)
where v is the electron velocity, o, and s, are the Pauli
matrices (for a = x,y, z) and unit matrices (for o = 0)
in the pseudospin and spin spaces, respectively.

Hamiltonian of RSOC as derived by Kane and Mele
reads [19]

Hr = X0, ®@ sy — 0y @ 55), (2)
where A is the Rashba parameter. The full Hamiltonian
of a homogeneous system, H = Hy + Hp, has the follow-
ing eigenvalues:

E=I\+ WZ + (k2 + k2)v2 b2, (3)
where the upper (lower) sign corresponds to the conduc-
tion (valence) bands. RSOC leads to band splitting, with
I = 41 being the corresponding band index. For A > 0
the conduction (valence) sub-bands with [ = 1 are of
higher energy than their counterparts corresponding to
I = —1. The sub-bands interchange their positions when
A < 0. The sign of A\ can be changed, for example, by
interchanging positions of the cover layer and substrate.
Fig. 1 depicts the band structure of graphene for A < 0
and A > 0.

Fig. 1. The band structure of graphene for indicated
Rashba parameters. The solid (dashed) lines correspond
to the band index | =1 (I = —1). The Fermi energy is
Er = 40 meV and in the right panel there is an addi-
tional gate potential V' = 80 meV which results in the
up-shift of the band structure. The other parameters
are typical of graphene.
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Agssume the two parts of the junction are joined at
x = 0 in the zy-plane. We assume the Rashba parameter
has different values in the two parts of the junction. We
also assume that gate voltages are applied to both parts
of the junction, which generate a relative shift of the
bands, see Fig. 1, and also allow tuning position of the
Fermi level. Thus, Hamiltonian of the junction has the
following form:

H=Hy+ 9(—.13)HR71‘ + 9($)HR¢ + 9(1‘)‘/, (4)
where Hg ; and Hg describe RSOC on the incident (z <
0) and transmitted (z > 0) sides, respectively. In turn
V' describes the potential step at the junction and the
relative shift of the bands.

3. Electronic transport

We consider transmission probability from the inci-
dent to the transmitted (left to right) side. The eigen-
values in the left (x < 0) are given by E; = I\; +
A2 + (k2 + kz)v%hz]lﬂ, while in the right part they are
E, =V 41N+ [N+ (k2 + ki)v%fﬂ]l/z, where \; and
A+ are the Rashba parameters on the left and right sides.
The corresponding eigenfunctions have the form

l(ky — iky)
_ 1 ie/vph -
w(w) - N lE/'UFh € 9 (5)
ik, — ky

where N = v/2[k, |2 + |ko|? + (¢/vph)?]"/2, while ¢ = E;
for x < 0 and ¢ = E; — V for x > 0. In the linear re-
sponse regime, the relevant transmission corresponds to
the Fermi energy, so we assume F; = F; = Ep. Let
the wave vector component along the junction be £, and
the incident wave corresponds to the band index [. Since
k, is conserved, the scattering problem is effectively one
dimensional. The wave function for z < 0 includes the in-
cident wave as well as the intraband reflected wave (with
the reflection amplitude 7;;) and the interband reflected
wave (with the reflection amplitude r_; ),

U, (x) = 1#’#) (x) + m,zw,kg) (x) + T—l,lwk;*l) (x). (6)
In turn, the wave function on the transmitted side is a
combination of the transmitted wave with the conserved
index ! (with the transmission amplitude ¢;;) and the
transmitted wave to the band corresponding to —I (with
the transmission amplitude t_; ),

Fig. 2. Conductance of a graphene junction with uni-
form Rashba coupling A = 30 meV (blue dashed curve),
and with opposite Rashba parameters on both sides (red
solid line); A = 30 meV on left and A = —30 meV on the
right. In both cases Er = 40 meV.

\Ilt(w) = tl,lwq;l) ((IJ) + t_qu;fz) (:I:) (7)

In the above equations, kg(fl) and kg(g_l) are the x-
components of the wave vectors for x < 0, whereas
qf(xl) and qf([l) are the x-components of the wave vec-
tors for x > 0. By utilizing the boundary condition
U,z = 0,y) = ¥y(z = 0,y) we find the transmis-
sion amplitudes. Taking into account the group veloc-
ities one obtains the transmission probabilities T, ; =

(vt(l/)/vl(l))\tm\Q. Finally, integration over the incidence
angle ¢ gives the conductance of the junction, G =

1

GoY, [ d¢%(1},l +T_1,) cos(¢), where k‘g) is the Fermi
wave vector of the incident electrons, kp is the aver-
age Fermi wave vector of the incident electrons when
the Fermi level crosses the two sub-bands on the inci-
dence side and ¢ = arcsin(k,/k\Y). The normalization
constant is Go = 2e*Wkp/(hr), where e is the electron
charge, and W is the sample width.

4. Numerical results

Consider first the uniform RSOC (A; = );) and ana-
lyze the conductance dependence on the potential step V,
see Fig. 2. The Fermi level is assumed to cross the lower

conduction subband only (I = —1) on the incidence side.
For V' = 0 the system is uniform and the conductance
reaches a maximum, G/Gy = 1. When V is growing

(decreasing), the band structure in the right part moves
upwards (downwards), see Fig. 1. The most character-
istic feature is the conductance suppression, G = 0, at
the point where the potential step is equal to the Fermi
energy, V' = Er. The Fermi level on the right side inter-
sects then the point where the bands touch each other.
When V departs from this point, the conductance grows,
because the range of angles for which there are states
on the right side to which the electrons can be transmit-
ted increases, see Fig. 3 (the plots of T} ; are symmetric
with respect to ¢ = 0). The slope for V' < Ep is steeper
because the transmission occurs then between the bands
with equal index [ (intraband transmission) and therefore
the wave function matching is better than for V' > Ep,
where only the interband transmission is allowed (com-
pare (a) and (b) in Fig. 3). For V' < 0 the transmission
probability of electrons incident at large angles is reduced
(see Fig. 3a). Accordingly, the conductance is reduced
below its maximum value, and drops gradually with de-
creasing V. Additionally, for V' < Er — 2\ the states
belonging to the band with opposite [ become available
for transmission (see Figure 3b), but this transmission
is rather small and does not result in any significant in-
crease in the conductance. This is due to relatively poor
wave function matching between the states with oppo-
site [. In turn, when V grows above EFy, the conductance
also grows due to the interband transmission, but the
wave function matching is poor, so the increase in con-
ductance is rather small. The intraband transmission is
possible only when V' > Er 4 2\, and this results in an
abrupt increase in the conductance slope.However, this
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Fig. 3. Transmission probability 7. _ (a) and T+ _ (b)
through the graphene junction for A\; = A\ = 30 meV
and Er = 40 meV. 1
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Fig. 4. Transmission probability T4+ — (a) and 7_ _ (b)
for A\; = 30 meV, Ay = —30 meV and Er = 40 meV.

slope becomes reduced to zero with a further growth of

V (G saturates).

Let us consider now the conductance for the nonuni-
form RSOC, A\; = —\;. From Fig. 2 follows that there
are then two additional points where the conductance
is suppressed, V. = 0 and V = 2Fp. As before, the
suppression takes place also for V' = FEp. However, the
slope for V close to V = Er is now steeper for V > Ep
because only intraband transmissions are then allowed.
In turn for V < Ep only the interband transmission is
possible, which results in a relatively low conductance.
When V drops to zero, V = 0, the transmission is to-
tally suppressed again. In the transmitted part the only
available states at the Fermi level are then exact coun-
terparts of the incident states but with opposite I, hence
they are orthogonal, and all incoming waves are reflected,
see Fig. 4b. For V' < 0 the transmission is again nonzero.
Moreover, when V drops below Er — 2|)\;|, intraband
transmission becomes admitted and the conductance in-
creases faster. Let us get back to V' > Ep (interband
transmission). The rapid initial growth of conductance
with increasing V' is quickly reduced and changes sign so
the conductance becomes totally suppressed at V = 2Ey.
To find the origin of this suppression one needs to analyze
the corresponding expression for the transmission ampli-
tudes. From the boundary conditions follows that the
transmission amplitude ¢;; is proportional to the factor

& = Be(kS0 4+ ¢8) — KOV, where (K ((657Y))
is the xz-component of the wave vector corresponding to
the wave reflected (transmitted) to the band with oppo-
site band index. Around V = 2FEF both reflection and
transmission is possible only to the states with the same

band index as the incoming wave, therefore kg(g_l) and

(=

q{l are both imaginary. Moreover, they are equal for

V = 2Fr. Thus, the transmission probability ¢;; vanishes for
allincidence angles for V = 2FEr, which leads to suppression
of the conductance, G = 0, at this point.

In conclusion, we have investigated a specific class of
graphene junctions, in which spin-orbit Rashba interaction in
the two parts of the junction corresponds to opposite Rashba
parameters. Electrical conductance of such junctions is sup-
pressed at three different values of the potential step height
V;V =0,V = Er and V = 2Er. Physical origins of the con-
ductance suppression at these points are generally different.
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