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We investigate the effect of Rashba spin—orbit coupling (RSOC) on photoconductivities of rectified currents in mono-
layer graphene with exchange field and sublattice potential. The system shows that the photoconductivities of resonant shift
and injection current contributions are nonzero, while the photoconductivities of non-resonant shift current contribution
are zero. We find that the RSOC induces a warping term, which leads to the nonzero rectified currents. Moreover, the
photoconductivities of resonant injection (shift) current contribution are (not) related to the relaxation rate. The similar
behavior can be found in other Dirac materials, and our findings provide a way to tune the nonlinear transport properties of

Dirac materials.
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1. Introduction

Graphene has attracted a great deal of attention in recent
years because it emerged as the first truly two-dimensional
crystal ever discovered.!! Its unique band structure, high elec-
tronic mobility, and ultra-thin dimensionality make it become
a unique material for exploring transport properties, >3] which
is important to the future generation of nanoelectronic and
nanophotonic devices. Understanding the transport proper-
ties of graphene is critical to realize the corresponding ap-
plications. Various physical mechanisms about engineering
transport in graphene have been studied, including disorder,
interaction, magnetic field, spin—orbit coupling (SOC), strain,
and so on. Quantum anomalous Hall conductivity,[*3 spin
Hall conductivity,!>”! and valley Hall conductivity®-101 in
graphene are intimately related to the topological properties of
the system. Recently, Hall effect in strained graphene has be-
come a new active field of research.!' ] Moreover, some recent
works have investigated nonlinear transport in graphene.[!>-18]
Nonlinear optical conductivity in graphene has been studied
by solving the Bloch equation.!!>!6 Mikhailov!!”! has devel-
oped an analytical theory of the third-order nonlinear effects
and calculated the local third-order conductivity in graphene.
However, the rectified current resulted from spatially uniform
ac electric field in graphene has rarely been taken into account.

On the other hand, two-dimensional materials with SOC
have attracted wide interests due to the possibility of con-
trolling and manipulating both electronic and spin transports
in various optoelectronic and spintronic devices. The intrin-
sic SOC of graphene is present when an inversion symmetry
with respect to graphene plane is broken. The Rashba spin—
orbit coupling (RSOC) arises when the electric field is applied
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perpendicular to the graphene layer. In graphene, the intrin-
sic SOC and RSOC are weak. However, recent works have
suggested that the RSOC can be strong. A much stronger
RSOC can be induced in a graphene layer which is deposited
on a heavy metal substrate.!'>2") Balakrishnan et al.>!! have
demonstrated that the RSOC interaction in graphene can be
markedly enhanced by introducing a small concentration of
covalently bonded adatoms. First-principles calculations have
also predicted that strong RSOC can be induced by hydrogen

e.??l By proximity coupling with exfoli-

adatom on graphen
ated transition metal dichalcogenides or WS,, strong RSOC
can be acquired in graphene.?>24!

In this article, we study the effect of RSOC on nonlin-
ear transport properties of monolayer graphene with exchange
field and sublattice potential. We focus upon the effect of
RSOC on rectified currents in monolayer graphene with ex-
change field and sublattice potential. The RSOC can induce a
warping term in gapped monolayer graphene, which leads to
the nonzero photoconductivities of resonant shift and injection
current contributions.

This paper is organized as follows. In Section 2, we firstly
describe the model with RSOC, analyze the band structure,
and present the low-energy effective model. In Sections 2 and
3, we provide the results of photoconductivities of resonant
shift and injection current contributions with RSOC. Finally,
we give a brief conclusion in Section 5.

2. Model and formula
2.1. Model Hamiltonian

In the tight-binding approximation, the Hamiltonian for
graphene in the presence of RSOC, exchange field, and sub-
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lattice potential is written as(>>)
H=—t Z C,T(xcj(x +1AR Z c;fa(s X dij)fxﬁcjﬁ
(ij)e (ij)ap
+ MY cloSopCiap + A Y HiclyCia- M
iaf i

.
Here, ci'oC and cjq are creation and annihilation operators for
The first term is the

usual nearest-neighbor hopping term, and ( ) runs over all

an electron with spin & on site i.
the nearest-neighbor hopping sites. The second term repre-
sents extrinsic RSOC terms, and d;; is the unit vector point-
ing from site j to i. The third term denotes the exchange field.
The last term corresponds to the staggered sublattice potential,
+1 depends on the A/B sublattice. Figures 1(a) and
1(b) show the distribution of energy in momentum space near

and U; =

the corners of the Brillouin zone without and with RSOC at
M = A = 0, respectively. When RSOC is present, the energy
bands have a threefold rotational symmetry near the corners
of the Brillouin zone. The RSOC induces a warping term in
monolayer graphene, which deforms Fermi surface. Due to the
change of energy band dispersion and corresponding eigen-
vector, the group velocity is modified. Therefore, the RSOC
induces important modifications on Berry curvature, and the
corresponding transport properties will be changed.

) 2 (b) 2
- ' A ). v s

. . ‘—15\0 —1.5
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Fig. 1. Distribution of energy in momentum space near the corners of
the Brillouin zone without (a) and with (b) Rashba spin—orbit coupling
atM =A=0.

In order to further analyze the physics of the electronic
behavior near the Dirac cones, we start our discussion about
the effective low-energy Hamiltonian. In the presence of ex-
trinsic RSOC and |M| ~
tonian of our system can be written as

|A], the low-energy effective Hamil-
[26,27]

H(k)=d(k)- 6, )

where d = (d((k),dy(k),d.(k)), 6 = (0x,0y,0:), di(k) =
—vso(ky + 2v/3NAkiky), dy(k) = veo [Nk + V3A (K2 — K2)],
d.(k) =A—nM(1—Ak*); vo = V3AR /2, N = sgn(AM), and
A =2v%/(4|MA|+923). The corresponding eigenvalues and
eigenvectors are given as follows:

EN

n

= (=1)"y/d?+d? + d?

= (1) BZ AT 42BN AL (3R —2) +d2, (3)

o _. ot
[1) = {sinze_“?, fcosz} , €))

~ [eos %, sinZeio]’
[2) = {cosz7 sin e } ) ®)

where n = 1,2 denote the valence and conduction bands,
superscript T denotes the transpose of the matrix, tano =
\/d? +d2/d;, and tan¢ = d, /d,. In Eq.(3), cos 6(3 sin® 6 —
cos 82) = —cos(36), the bands are threefold rotational sym-
metry, which is in agreement with Fig. 1(b). Therefore, the
low-energy effective Hamiltonian (2) is enough to capture the
physics in our system.

2.2. Rectified current formula

Based on nonequilibrium Green’s function technique and
Floquet’s theory,!?$%] the rectified currents responding to os-
cillating electric fields in monolayer graphene at |M| ~ |A| can
be decomposed into three contributions, i.e.,

J=h+Ih+J3, ©6)
@k S(h-1)
h 271: eysy h2 +I—~2/4 ( yVx — Vyhx)7 (7)
@k ha(f— 1)
h (2m)2 h2 F2/4 (hvy + Vyhy)v (3)
a2k hE4R

S TR Trs ST U

Here, the three terms denote the resonant shift current, the non-
resonant shift current, and the resonant injection current; f is
the Fermi—Dirac distribution function, subscripts v and ¢ stand
for valence and conduction bands, respectively; and I" is the
relaxation rate. We consider that the electric field and I are
small. Therefore, hy — ihy, = i £ (%IZ Jves hy = (E]' — EJ +
h) /2, vy —ivy = 1hm(a ak)"»c’ and v, = (E] —EJ)/2. In
next sections, we will discuss the effect of RSOC on the three
contributions.

3. Shift current

In this section, we investigate the resonant and non-
resonant shift currents in monolayer graphene with RSOC
when |M| ~ |A].
ductivities of resonant shift current (J;) and non-resonant shift

In the perturbative regime, the photocon-

current (J,) can be rewritten as!?®!

ol (w)_i/ &k F/Z IV, o[R!
507 | 2n? (51 BT — oy + L el
(10)
, e d’k (O
Grll{sc(w) :W/WRe{V;’C(Tkj)C,V}
E! —E] —ho (1)

X 5
(E}—E} —ho)? + T

Here, vi7c represents the matrix elements of velocity along i

direction corresponding to conduct and valence bands; R’ =
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8,<¢C"7V +ré —ryy is the shift vector; ¢!, is the phase factor
of the Berry connection ¢, ; and ry,, = 'i<n|8,'m) is the Berry
connection between energy bands n and m.

Furthermore, the electric field is assumed to be suffi-

W ~ w8 (E) — EJ! — ho) is ob-
(s G
tained. Then we get

3 2
Te d<k | .
W/WM.CFR’S(E‘?

ciently small,

Glféc(w): _Ey_hw)’ (12)

which is in accord with the results in Refs. [30-32], and

il (0) =0. (13)

Figure 2(a) shows the photoconductivities of shift current
o () as a function of @ in units of oy = 2¢3 /7 for Ag = 0.2¢
and A = 0.2t at M = 0.18¢ (red curve) and M = —0.18¢ (blue-
When the RSOC is absent, the photocon-
ductivity of shift current is zero, which can be confirmed by

dashed curve).

straightforwardly calculating R = 0 of Hy,—o = ve(ThkiOx +
kyoy) + Ao, + sM. In the presence of RSOC, the RSOC in-
duces a warping term [see Eq.(2)], which modifies the ve-
locity vQ’C between conduct and valence bands. Moreover,
R = —1[(d,)? + sin? a(9.9)*] # 0. Therefore, Fig.2(a)
shows that nonzero 675 (@) emerges suddenly at the top of the
valence band, and decreases with the . Finally, 675 (®) dis-
appears at larger @. Moreover, the amplitude of 675 (@) can
be controlled by changing the sign of M. For fixed @, 675 ()
increases with the strength of RSOC [see Fig. 2(b)].

(a) (b)
i
]
0.6 A=0.2t
. M=-0.18t
S . ___A=o02t S
33 0.4m M=0.18t 33
oo ¥
n
n
0.2hn
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AN
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HAN
ob—=t- 0
0 1 2 3 1 2 3
hw/t hw/t

Fig. 2. (a) Photoconductivities of shift current 75 dependent on ® in
units of oy = 263/h at AR = 0.2t, A = 0.2t, M = 0.18¢ (blue-dashed
curve), and M = —0.18¢ (red curve) respectively; (b) or. dependent on
o at M = —0.18¢ and A = 0.2r with Ag = 0.2r (red curve), Ag = 0.3¢
(dashed magenta curve), and Ag = 0.47 (dash-dotted black curve).

4. Resonant injection current

In this section, we investigate the resonant inject current
in monolayer graphene with RSOC when |M| ~ |A|. In the
perturbative regime, the photoconductivity of resonant injec-
tion current (J3) for sufficiently small electric field can be
rewritten as

ol (o) = me’ / d’k E] — OE) P
Tic 2hw? (271?)2 (Ecn —EJ’ —ha))2 v %2 v,c
3 2
e d&*k | ; s
~ Frar | Gy Meel GED A

x 8(EN — EN — ho). (14)

When the RSOC is absent, the photoconductivities of res-
onant injection current, ) (®), is zero due to |V, .|*(E! —
QEY) ~ kzk?. Figure 3(a) shows the photoconductivities of
resonant injection current, 675 (®), as a function of @ in units
of opic = 2¢3/hI" for Ag = 0.2t and A = 0.2t at M = 0.18¢
(red curve) and M = —0.18¢ (blue-dashed curve), when the
RSOC is included. When @ sweeps the top of the valence
band, o3 (@) exhibits a peak, and then decreases with the .

At larger o, the effect of RSOC is negligible due to the large
o
- Tic
plitude of &2 () can be changed with reversing the sign of

momentum. Therefore, 6 () disappears. Moreover, the am-

M. These behaviors are similar to 6 (®). However, 6. (o)

is related to I", while o (®) is not. For fixed @, Fig. 3(b)
shows that 67 (@) increases with the strength of RSOC.

Tic

(a)0.03 (b) 0.02
A=0.2t
M=—-0.18t
0.015
. 0.02 .
S S
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29 2L
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Fig. 3. (a) Photoconductivities of inject current, 6., dependent on ®

in units of o = 2¢3 /A" at Ag = 0.2, A = 0.2, M = 0.18 (blue-
dashed curve), and M = —0.18¢ (red curve); (b) 62>. dependent on @ at

M =—0.187 and A = 0.2 with Ag = 0.2 (red curve), Ag = 0.3 (dashed
magenta curve), and Ag = 0.4¢ (dash-dotted black curve).

5. Conclusions

In summary, we have studied the photoconductivities of
rectified currents in monolayer graphene with exchange field
and sublattice potential due to the Rashba spin—orbit coupling
(RSOC). Our results show that there are nonzero photocon-
ductivities of resonant shift and injection current contribu-
tions, and zero photoconductivities of non-resonant shift cur-
rent contribution. Moreover, the photoconductivities of in-
jection current contribution are related to the relaxation rate,
while the photoconductivities of resonant shift current con-
tribution are not. The photoconductivities of resonant injec-
tion and shift current contributions can be controlled by the
interplay between exchange field and sublattice potential. The
RSOC in our system leads to a warping term [see Eq.(2)],
which has an essential role for the rectified current. The warp-
ing term can also be found in other Dirac materials including

[34.35] The simi-

strained graphene*3! and monolayer MoSs.
lar nonlinear behavior can be found in other Dirac materials,
and our findings are useful in explaining the effect of RSOC
on engineering the nonlinear transport properties in monolayer

graphene and other Dirac materials.
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