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sp-band tight-binding model for the Bychkov-Rashba effect in a two-dimensional electron system
including nearest-neighbor contributions from an electric field
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We present a tight-binding calculation for a two-dimensional electron gas (2DEG) including the spin-orbit
interaction as well as an electric field perpendicular to the system in order to model the Bychkov-Rashba spin
splitting. The associated potential gradient introduces two contributions to the tight-binding matrix: an on-site
contribution coupling orbitals of the same atom and a nearest-neighbor contribution. At the I" point the first-order
Rashba constant oz only depends on this nearest-neighbor contribution regardless of the lattices considered
(square, hexagonal, honeycomb). Applying the model to graphene reveals that this nearest-neighbor contribution
induces a significant increase in the zeroth-order Rashba constant Ay and introduces a spin-splitting component,

which varies linearly in momentum.
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I. INTRODUCTION

The Bychkov-Rashba (BR) model has been remarkably
successful in qualitatively describing the lifting of the spin
degeneracy in a two-dimensional (2D) electron gas by means
of a perpendicular electric field.! However, it is a phenomeno-
logical model that does not include the atomic spin-orbit
interaction or any details about the potential landscape of
the crystal lattice. Therefore the electric field that enters
the first-order Rashba constant oy has to be regarded as an
effective field whose magnitude cannot be predicted based
on the BR model. Petersen and Hedegéard have related the
first-order Rashba coupling constant op to the parameters
of a simple p-band tight-binding model including spin-orbit
coupling which enabled them to make quantitative predictions
for the size of the spin splitting.” In their model, the atomic
spin-orbit coupling enters through the L - S Hamiltonian and
the potential gradient results in a nonzero overlap of the
in-plane p, and p, orbitals with the out-of-plane p. orbital
of a neighboring atom. The first-order Rashba constant ag
then depends on the atomic spin-orbit coupling parameter
a as well as a parameter y accounting for the influence of
the potential gradient perpendicular to the 2D system. This
potential gradient may also be interpreted in terms of an
effective potential resulting from an asymmetric hybridization
of orbitals at the surface.

Recently, the tight-binding approach has also been used to
describe the Rashba-type spin splitting in graphene.>"¢ Here as
well, the effective spin-orbit coupling parameter Agp as well
as the zeroth-order Rashba parameter Az accounting for an
electric field perpendicular to the graphene plane have been
expressed analytically in terms of the tight-binding param-
eters. Konschuh et al.* also considered contributions from d
orbitals, but they did not directly consider the nearest-neighbor
contribution from the electric field. For graphene, so far, the
nearest-neighbor contribution of the electric field has only
been considered phenomenologically.® This phenomenologi-
cal model has already been successfully applied to honeycomb
lattices as well as the Au(111) surface.”® A contribution
from the electric field is expected from a coupling of orbitals
in neighboring atoms as already indicated by Petersen and
Hedegard® yielding the same effective Hamiltonian as the
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phenomenological model.®® The question arises how the
different on-site and nearest-neighbor contributions can be
unified on common grounds.

Here, we present a generalization of the sp-band tight-
binding models used for graphene®> as well as the one
presented by Petersen and Hedegérd.>? We calculate the effect
of a constant potential gradient £ in the direction perpendicular
to the 2D electron system (z direction) separated into a
contribution from the orbitals within the same atom as well as a
contribution from orbitals of neighboring atoms. While the on-
site contribution couples orbitals according to the well-known
dipole selection rules A/ = +1 and Am = 0, the contribution
from neighboring atoms also couples orbitals with Al = 0 and
Am # 0. We will discuss the findings for the model system
graphene, where additional interesting contributions to the
Rashba parameter emerge. Finally, we apply this model to
the band structure at the T point in different two-dimensional
lattices.

II. TIGHT-BINDING MODEL

The Hamiltonian that we employ can be divided into three
different contributions:

H = H®+ HC + H*. 1)

The first term is the tight-binding Hamiltonian describing the
band structure in the linear combination of atomic orbitals
(LCAO) approximation.'” Here, we will only consider s and
p orbitals with on-site contributions €; and €, respectively.
The tight-binding parameters describing the orbital overlap
from neighboring atoms are Vi, Vips, Vppo, and V. The
corresponding matrix is then

HY, = €800+ Y ™ E(0,0 R)). )

(i)
Here, o and o’ are the orbitals (s, p., py, p;) in the tight-
binding matrix and §,, , is the Kronecker §. In the second term
of Eq. (2), E(0,0',R;) = (0o|H®|0',R;) is an element from
Table 1. (i) denotes the sum over neighboring atoms with R;
being the vector connecting two neighboring atoms. If there
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TABLE 1. Matrix elements for the s and p orbitals (Ref. 10).
Values that are not given can be obtained by cyclic permutation. The
quantities u, v, and w, which depend on the vector R; connecting
two neighboring atoms, are the directional cosines in the x, y, and z
direction, respectively. It should be noted that matrix elements with
same (different) parity between orbitals transform even (odd) under
exchange of indices [E(0',0,—R;) = (= D'"1E(0,0’,R})].

Parameter Overlap
E(S,S,R,‘) Vssa
E(Sst’Ri) Mvspa
E(Px,Px,Ri) szppa +(1 _uz)vppn
E(vapvai) MU(Vppa - V[)pr[)

is more than one atom in the basis, the matrices have to be
adapted accordingly.

The term H5°€ in Eq. (1) is the atomic spin-orbit interaction
(see, e.g., Ref. 2),

HsoczaL-Sza[l(L Sy +LiS )+ L S]
D) —+ +0— z9z

0O — 0 0 0 1
i 0 0 0 0 —i
00 0 —1 i 0

=92l 0 Z1 0 i o 3
0 0 —i —i 0 0
I i 0 0 0 0

Here the basis of the matrix is {pyq,Pyt,DPz45PxlsPyisPzy )
The parameter « is the atomic spin-orbit coupling strength.

The third contribution H* in Eq. (1) takes into account the
potential gradient £ in the z direction perpendicular to the 2D
electronic structure, which resides in the xy plane:

H*=¢&z.

In order to adapt the Hamiltonian H* to the tight-binding
framework, we divide the contributions from the Hamiltonian
H? into an on-site part H%°™ a5 well as a part coming from
neighboring atoms H*"eigh,

In order to calculate the full integral, we use spherical
harmonics for the angular part of the wave function. The radial
part is approximated by the asymptotic radial wave function
R, as outlined by Slater in Ref. 11:

n*—1
r *
Ra(n*,Z - S,V) X Pl (a—> gf[(sz)/” ](r/ao). (4)
0

Here n* is an effective principal quantum number, Z is the
atomic number, s is a screening charge, and ag = 0.529 Ais
the Bohr radius (for details see Ref. 11). Further, we introduce
a sign parameter p,; = (—1)"'~! to ensure an asymptotic
approach to zero from positive or negative values. Here, n and
[ are the principal and orbital quantum numbers, respectively.
This asymptotic wave function R, gives a reasonable approx-
imation for the general behavior of the different tight-binding
parameters that will be discussed in the following.
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III. ON-SITE CONTRIBUTION FROM H*

The matrix elements for the on-site Hamiltonian HZosite
can be written as

H(f(’)?"s“e = (0|£z]0") = &(o|r cos B|0’). 5)
Here, r is the radial component in spherical coordinates and
z=rcosf = 2\/§rY10(9,¢>) represents the conversion from
Cartesian to spherical coordinates and to spherical harmonics,
respectively. The last step allows us to express the angular part
of the integral in Eq. (5) in terms of Gaunt coefficients.!> From
the properties of the Gaunt coefficients, we can directly deduce
that the matrix elements in H* are only nonzero, if Al = £1
and Am = 0. Furthermore, as the orbitals with m # 0 are a
linear combination of the spherical harmonics, some matrix
elements even cancel to zero for Am = (. According to these
selection rules the only nonzero elements are sp., p,d., pyd,,
and p,d.

In order to account for the effects of the potential gradient
on the on-site sp, contribution, we define a parameter y;, in
analogy to Ref. 2. Using Eq. (4), we find

(sl21pe) = —ap T2 ©)
Vsp 2Pz 02\/§(Z—s).
It serves as an empirical parameter similar to the tight-binding
parameters, €.g., V,,. The parameter y;, depends on the
effective principal quantum number n* through the radial part
of the wave function, which defines the spatial extent of the
orbital. The parameter y;, is shown in Fig. 1 as a function
of the principal quantum number n. The modulus for y;,
continuously increases with the effective principal quantum
number n*, i.e., the parameter becomes more important for
heavier atoms. The increase with n* can be understood by the
increasing spatial extension of the wave function, so that it
becomes more sensitive to the effects of the potential gradient.
The modulus of y;, is closely related to the position of the
principal maximum 7. = aon*?/(Z — s) of the radial charge
density p, oc r2R2.M
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FIG. 1. Overlap integral —y;, as a function of principal quantum
number n and for the elements of the fourth group.
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IV. NEAREST-NEIGHBOR CONTRIBUTION FROM H*

The matrix elements for the HZ"8" Hamiltonian between
two neighboring atoms are

,neigh ikR;
Hop ™ = ™ oléz]o Ry)
(i)
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These integrals can only be evaluated numerically even
for the rather simple wave function of the hydrogen atom.
Nevertheless, we can identify the nonzero matrix elements
in H»"¢h and find their angular dependence in terms of the
directional cosines. The resulting tight-binding matrix for the
contribution of the neighboring atoms to the potential gradient

= ZeikaE(0|rCOSG|0/,R,-). (7)  inthe basis {s, px, py,p.} is
(@)
|
0 uw(¥sp2 — Vop1) VW (Fsp2 — ¥Ysp1) (1 — w)yspr + wygm
Hz,neigh — Z e[kR,-E MUJ()/SI;Q - Vspl) 0 UYppi (8)
m) Uw()/spz - yspl) 0 VYppl
(1- wz)yxpl + wzkspz —UYpp1 —V¥Vppl 0

The quantities u, v, and w, which depend on the vector R;
connecting two neighboring atoms, are the directional cosines
in the x, y, and z direction, respectively. The parameters y;p1,
Ysp2> and y,,,1 are defined as

Ysp1 = {81z p;.dey),

d
pz’_ez>s (9)

“Pey

d
Vsp2 = s’_EeZ
Yopl = (Pxlzlpz.dey),

where d is the nearest-neighbor distance and e; are the unit
vectors in the respective directions. A matrix element in
H?%™ieh will transform even (odd) under exchange of indices if
the orbitals have different (same) parity, i.e., E, (0',0,—R;) =
(=DIF*YE (0,0, R;). The parameter ¥, accounts for the
nearest-neighbor displacement perpendicular to the xy plane.
To calculate y;,,, the xy plane (z = 0) has been set at an
equal distance between the neighboring atoms for the influence
of the potential on the two neighboring atoms to be equal.
Equation (8) applies to the general case of a corrugated 2D
system where the vectors connecting the atoms have a z
component. If the 2D system is completely flat, then w — 0
and the matrix in Eq. (8) reduces to

0 0 0 Vspl
Hz,neigh — Z gikRiE 0 0 0 UYppl
0 0 0 0 VYppl

Vspl. —UYppl  —V¥ppl 0

(10)

The matrix in Eq. (10) depends on the parameters y;,; and
¥pp1» Which account for a lattice residing in the xy plane. If we
further reduce the basis to the p orbitals in the lower matrix of
Eq. (7), we recover the parameter y from the potential gradient
that was used by Petersen and Hedegérd,” i.e., y = Evpp1. In
contrast to the on-site contribution of the potential gradient,
where only orbitals with A/ = %1 couple, the contribution
from the neighboring atoms also couples orbitals with Al = 0
and Am # 0.

The parameters y;,1, Vsp2, and y,,; all depend on the
distance d between the neighboring atoms. In order to plot this
distance dependence (Fig. 2) we use the asymptotic radial wave

function R, for the carbon atom. The parameters y;,; and y;,»
have a maximum at zero distance, which is expected as they are
closely related to the only nonzero on-site contribution y;,. The
third parameter y,,,; reaches a maximum for a certain distance
d between neighboring atoms indicating optimal overlap. For
larger distances all three parameters decrease to zero as the
overlap between orbitals diminishes.

V. APPLICATION TO GRAPHENE AT K

We apply this model to the honeycomb lattice of graphene.
A Rashba-type spin splitting has been discussed extensively
in the literature,’>'3 but the combined aspects of an on-site as
well as a nearest-neighbor contribution to the potential gradient
have not been considered so far.

The basis vectors a; and a, as well as the vector t
connecting the two basis atoms (A and B) can be defined
using the nearest-neighbor distance d:

31:§<_€>, a2=§<*/§>, r:d(?). (1)

With s and p orbitals, two basis atoms, and two spin
components, the resulting matrix will be a 16 x 16 matrix. In

Parameter Value (A)

0.0 -

Distance d (A)

FIG. 2. (Color online) Dependence of the parameters y;,1, Ysp2,
and y,, on the distance d between the neighboring atoms. The
calculations have been done for the valence orbitals of carbon.
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order to compare the results from the Hamiltonian in Eq. (1)
to previous results, we project, i.e., downfold, the Hamiltonian
in Eq. (1) onto the p, bands near the K point using a standard
theorem:

H"=PHP+ PHQ QHP. (12)

1
e—QHQ
Here, P is a matrix projecting the Hamiltonian near the energy

& onto the p, orbitals and Q = 1 — P. The denominator in the

2 Vppl(vspa Vsp T+ ypples)
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second term of Eq. (12) will be evaluated at the K point with
a = 0 and £ = 0. The elements of the resulting 4 x 4 matrix

Hy Hy H3s Hu

et _ H{, Hy Hy; Hipj (13)
HYy H3; Hy Hp |’
Hj, Hy Hj Hy

with the basis {p.1a, P18, Pz A, P28}, are to second order in
momentum Kk:

2 Vppl (2 Vspo Vsp + Vppl €s)

Hy = —d*(k2 + K ,
hE R e V2,
Hiy = 2k, — iky) (Vg + £2200700) 3 20 g 2y = agry (Tt Yol
2 X Y pp7 Vspa 8 X Y ppm pp Vppj‘[ _ Vppa Vspa‘ ’
. . ok Yppl Vspl . ok Yppl Vspl
Hiz = —id*(ky +iky)> —= [ — 22— 4+ 22 ) 4 dlik, + ky)— | —2 22 ,
a l ( * l }) 8 Vppr[ - VPPU VSPU (l ! )) 2 Vppn - VPPU VSPU
" 0 (14)
14 =Y,
Hyy = _dz(kz + kz)%_z Yppl (Vspo Vsp + Vpp1€s) T ISVSPUSZVPN Ysp (az + 9§2ypzp1)65
* Y ZVS%U 9VS%G ’
. s . (Vq (rys + )/ lE.y)
How — id® (12 + K2 o8 Ypp1€s 2 & (Vspo Vsp + Vop '
2 l ( * + y) 6Vs%’(r l 3VS%0

In order to better understand the origin of the different terms in Eq. (14) and their effect on the band dispersion, we compare
the matrix elements in Eq. (14) to the Hamiltonian expressed in terms of the basis functions of the trigonal graphene band

structure near the K point from Ref. 14:

HY™ = ayg + agi (k.0y + kyoy) + ay (K + k%) + a62[(k§ — k})oy + 2kckyoy | + o pars.o. + o po(k; + ki)szaz
+€ r62(sy0x - Sxay) + E rll(kxs)' - kysx) + E r64[(kxsx - kysy)ay + (kysx + kxsy)ax]

+Eri[(k; — k3)sy — 2kkysy |+ & res[2kekyscoy —

+Eres (ki + ki)(syax — 5,07).

For brevity, the superscripts of the coefficients in Ref. 14
as well as the unit matrices have been omitted. The s; and
o; (i =x,y,z) are the Pauli-spin and pseudospin matrices,
respectively. The coefficients a;;, p;;, and r;; refer to the
intrinsic band dispersion, the spin-orbit coupling «, and the
effects of an external electric field £ along the z direction,
respectively. We find a direct correspondence between the
Hamiltonian H* and HY™:

4 Zézyppl Vsp (Ol2 + 18§2szp1)65
10 Vipo 18v2,
= dzézyppl(vspaysp + Ypp1€s)
1n=- 5 ;
2Vspd
3 2§2Vpp17/spl
o1 = Ed <VPPJT * Vspa '
3 2|: 2 Yppl Vspl
0622__d V —25)/1 e ,
8 o ® Vpp” - Vppa VSPU
e
Pr= vz

(k3 = k3)sy0 — 2kykysyoy + (k> — k7)s.0y ]

(15)
[
p2n =0,
= —d (2oL,
2 Vpp” - VPPU Vsp”
: o VPP] yspl
rp = _le_ ( =+ —> s
8 \ Vopr = Vipo ~ Vipo
Vsp Vppl1€s
= —_— —|— _— ,
re2 (3vspa 32, )
res =0,
re3 = 0,
Vpples
= —d’a 2 16
res a 12v2, (16)

All terms in Eq. (16) are influenced by the electric field &
(through the parameters y,,,) and/or the atomic spin-orbit
coupling strength o to second order, i.e., a?, ok, or 52.
The coefficients for the unperturbed band dispersion a;; are
corrected by terms proportional to £2 and/or «? from the
nearest-neighbor contributions to the Hamiltonian H*. Terms
to second order in £ and « have not explicitly been considered
in the expansion of the basis functions in Ref. 14. They result
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from the projection of the Hamiltonian [Eq. (1)] and are thus
included for completeness. This affects the value of the band
velocity hvp related to ag; as well as second-order corrections
to the linear band dispersion from the coefficients a;; and
aep. The coefficient ajq is a constant offset corresponding to
a rigid-band shift, which has no further consequence for the
subsequent discussion. For the coefficients associated with
the spin-orbit interaction p;;, the present tight-binding model
contributes only to second order in the atomic spin-orbit
coupling strength « via the parameter p,;. This result has
been obtained previously.’

The coefficients r;; are related to the first-order contribution
of the electric field £. They also depend linearly on the
spin-orbit coupling «. The coefficient r¢; can be identified
with the zeroth-order Rashba constant Ag (see, e.g., Refs. 4
and 5). Aside from the first term in rg, which originates
from the on-site contribution in H?<, all other contributions to
r;; come from the nearest-neighbor contribution. The on-site
contribution in r¢; has been considered in previous models*?
and can be constructed from the effective on-site Rashba term:®

HR,onsile — VR(SyUX — SxO'y), (17)

where Vj is the corresponding effective coupling constant,
with Vi = af%. The second term in rg; has not been
spo

considered in previous models.*> It is of the same order of
magnitude as the first (on-site) term, but originates from the
nearest-neighbor contribution in H*. It can be constructed from
the effective nearest-neighbor Rashba term to zeroth order in
momentum Kk, which has been discussed in Ref. 6 and in more
detail in Ref. 14:

. 0 hpg i R;
HR,nelgh — ( ) : he =V, ielkR‘ (S X _l> . 2,
Wy 0 TR ; IR
(18)

where the sum is over nearest neighbors, V} is the corre-
sponding effective coupling constant, Z is the unit vector
in the z direction, and s is the vector of Pauli matrices.%!*
The second term in rg, opens up a new path in the effective
nearest-neighbor hopping of two p, orbitals in addition to
the one discussed in Ref. 4. This means that the effect
of the electric field £ on the spin-splitting in graphene is
larger than previously assumed. Further, the effective nearest-
neighbor Rashba term in Eq. (18) has nonzero coefficients,
which are zero in the tight-binding model (r¢3 and re4). The
coefficients extracted from Eq. (18) are up to second order in
momentum K:

Erer = 3V,
Eres = 3dVy, 1
Eres = =d*Vy, )
Eres = —3d*Vp.

Here, V; = aézgf"’,—’é:‘ when comparing the coefficients to the

tight-binding model. Other contributions not considered in
the present tight-binding model (e.g., higher-order orbitals)
may result in nonzero coefficients rg3 and rg4. On the other
hand, the coefficient r|; is nonzero in the tight-binding model,
but cannot be constructed from either Eqgs. (17) or (18).'*

PHYSICAL REVIEW B 86, 085105 (2012)

It can be assigned to the “linear” Rashba constant oz from
the “conventional” Bychkov-Rashba model,! as the corre-
sponding basis function shows the same linear momentum
dependence. It introduces a spin-dependent correction to the
band velocity hvg. The coefficients rj; and rgs both give
a correction to second order in momentum. In this way,
the tight-binding model unifies different phenomenological
descriptions [Eqgs. (17) and (18)] demonstrating that even
though they have similar effects on the band dispersion,
they actually have a different origin (the on-site and nearest-
neighbor contribution, respectively).

In order to make the effects of the different contributions
more obvious we reduce the Hamiltonian H® in Egs. (13)
and (14) to first order in momentum k. This enables us to
calculate the energy eigenvalues in an analytical form. We
find

Eu,)»(k)

= ayg + Mrey + K2 (ag) + AEr) 2 + (par — Aérg) 2,
(20)

where u = %1 refers to the valence/conduction band and
A = %1 is the index for the spin eigenstate. The origin of
the momentum k is set at the K point. We can associate the
coefficients of the basis functions with the band velocity Aivp,
the intrinsic spin-orbit splitting Ago, as well as the zeroth and
first-order Rashba constants Az and ag:

hvp = ag + A& 1y

3 2Yppt Vspl

Vspa
_M? (V ypplv - ;Spl )
pp ppo Spo (21)
A e
SOC = O Po| = ———>—,
18VSPU
afysp | a8 Yppl€s
AR =E8re = i ”51 )
3Vipo 3Vspa
[s23 Yppl Vspl
aR=$r11=—d7 (—pp - )
VpP” - VPP‘T VSP‘T

For a numerical evaluation of the parameters in Eq. (21), we
have to calculate the potential gradient parameters y;,, Yspi,
and y,, using Egs. (6) and (9). Again, we use the asymptotic
radial wave function R, for the carbon atom. Further, for the
atomic spin-orbit coupling strength we assume o = 8.5 meV, "
and for the electric field we estimate £ = 0.1 %, which is a
reasonable value for a graphene layer on a substrate. With
the potential gradient parameters y;, = —0.47 A, Yspl =
—0.16 A, and y,, = 0.17 A, as well as the tight-binding

parameters from Table II, we find at the K point

hvp = —6.46 eV A 4+ 1 x 107.7 peV A,

ASOC =1.14 /LCV,
(22)
A = 37.4 peV,

or = 6.46 ueVA.
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TABLE II. Tight-binding parameters of graphene with a nearest-
neighbor distance of d = 1.42 A (Refs. 5 and 16).

Parameter Value (eV)
€ —8.868
€p 0.000
Viso —6.769
Vipo 5.580
Vopo 5.037
Vopre —3.033

The band velocity vy agrees with experimental values (see,
e.g., Ref. 17). The band dispersion near the K point is shown
in Fig. 3 for different scenarios. It is clearly visible that
the nearest-neighbor parameters y;,; and y,, give a sizable
contribution to the spin splitting. Away from the K point,
we find for the momentum dependent energy splitting AE
between the spin-split branches

Therefore the nearest-neighbor contribution to the Hamilto-
nian H* does not only give a correction to the constant spin
splitting, but also introduces an additional term, which depends
linearly on momentum.

VL. APPLICATION TO p, BANDS AT T

We have carried out a similar analysis for the p, bands at
the T point, in analogy to the calculation presented for the K
point above. In addition to the honeycomb lattice of graphene
with two atoms per unit cell, we have also calculated the
corresponding Hamiltonians for a hexagonal and a quadratic
lattice with one atom per unit cell. As the symmetry at the T’
point is higher than at the K point, we expect the set of allowed
basis functions for the band dispersion to be smaller. The

T
—A— Ysp=or Ysp1=0’ Ypp1=0
- ’Yspiov Ysp1=0’ Ypp1=0
—0— Y5520, Y5p1720, Ypp1#0

Energy (meV)
o
o
o

-0.05
-0.10
-0.15
T T T T
-0.02 -0.01 0.00 0.01 0.02

Momentum (x10° A™)

FIG. 3. (Color online) Dispersion of the graphene bands near the
Fermi level at the K point for different contributions from the potential
gradient.
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energy dispersion, which we have found from the tight-binding
model presented here to second order in momentum Kk, is

2
By (K) = 2 + Aae [kl + Eo 4)
2m

with the origin of the momentum k at the T point. The
projection given in Eq. (12) has been carried out at & = nVppr
with n being the number of nearest neighbors in the respective
lattice. The different coefficients in terms of the tight-binding
parameters are

ﬁ _ _ldgn v B 2§2ypzp1 Zgzyspl(ys;: + nyspl)
2m 4 P Viopr — Vopo NVopr — NVsso — €5 ’
a2 52(7/5 + nYs 1)2
Eo = nVppr + + ., (25)
nvppn - nvppa nvppn —NVsso — €
do

ag = %_Vppl )

Vppﬂ - Vpptf

Here, d is the nearest-neighbor distance of the respective
lattice. Because of the high symmetry at the T point, the zeroth-
order Rashba parameter Ag is zero so that the lowest-order
contribution is the linear Rashba constant ag. It is equivalent
to the phenomenological description of the nearest-neighbor
Rashba term.®® The results for the different lattices (effective
mass and energy offset) only differ from each other by
the number of nearest neighbors involved, i.e., n =3 for
the honeycomb lattice, n = 4 for the quadratic lattice, and
n = 6 for the hexagonal lattice. A schematic of the band
dispersion is shown in Fig. 4. The characteristic offset can be
clearly seen. Since T is a time-reversal invariant point in the
two-dimensional Brillouin zone, the spin-split band remains
degenerate there. The atomic spin-orbit coupling strength o
and the electric field & introduce small corrections to the

60

50

40 —

30 —

Energy (meV)

20

10

I I I I I
-0.10 -0.05 0.00 0.05 0.10

Momentum (A™)

FIG. 4. (Color online) Dispersion of a two-dimensional state at
the T point for different contributions from the potential gradient.
The effective mass m is 0.4 m, (m,: free electron mass), the energy
offset E is zero, and the linear Rashba constant « is 0.33 eV A.
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effective mass and the energy offset. Interestingly, the linear
Rashba constant oz only depends on the electric field & through
the nearest-neighbor overlap of the p,, orbitals with the p,
orbital in agreement with Petersen and Hedegard;>'? it does
not depend on the on-site contribution y;,. Moreover, the linear
Rashba constant oy is independent of the details in the three
lattices. This gives the result a certain kind of universality.

VII. APPLICATION TO A CORRUGATED LATTICE

Many systems with a sizable Rashba-type spin splitting
have a corrugated surface structure (e.g., Bi, Sb, Ag, or
Cu based surface alloys with Bi, Pb, Sb).!925 The simplest
approach to describe a corrugated surface is a honeycomb
lattice where the two basis atoms are displaced by £Az from
the xy plane. This structure mimics the topmost surface layer
of, e.g., the Bi(111) or Sb(111) surface. The linear Rashba
constant ag in a corrugated honeycomb lattice amounts to

_ _dofyp
oK Vopr = Vopo 26)
and is identical to the one for the uncorrugated lattice [see
Eq. (25)]. It increases proportionally to the nearest-neighbor
distance d. As the values of the tight-binding parameters
decrease with increasing distance d (see, e.g., Ref. 26), we
expect a corresponding increase in the Rashba constant as well.

In the literature, a strong increase of the Rashba-type
spin splitting due to the corrugation of the surface has been
discussed extensively.?>2"-3" In particular, for the Ag and Cu
based surface alloys with Bi, Pb, or Sb, a correspondence
between the outward relaxation of the alloy atoms and the
strength of the Rashba-type spin splitting has been observed.?
However, for the tight-binding model presented here a corru-
gation of the lattice does not result in a particular enhancement
of the Rashba-type spin splitting. Obviously, a more detailed
model, possibly an inclusion of the d bands* or higher-order
contributions to the Rashba coefficient,?' is needed to describe
this enhancement by corrugation.

PHYSICAL REVIEW B 86, 085105 (2012)

VIII. CONCLUSION

In summary, we have presented an extended sp-band
tight-binding model for the Rashba-type spin splitting in
two-dimensional lattices by combining the on-site and nearest-
neighbor contributions from the potential gradient. Concerning
the conical band structure near the K point of graphene, it
combines the effective on-site and nearest-neighbor Rashba
terms [Eqgs. (17) and (18)] along with other Rashba terms
that are not included in the effective Rashba terms. The tight-
binding model thus further validates the already successful
phenomenological description at the same time pointing out
that it is not complete. The nearest-neighbor contribution from
the potential gradient gives a sizable contribution to the zeroth-
order Rashba constant Az as well as a nonzero linear Rashba
constant ag. Hence both the on-site and the nearest-neighbor
contribution should be considered in model calculations. At
the T'-point quadratic, hexagonal as well as flat and corrugated
honeycomb lattices all give the same simple expression for
the linear Rashba parameter ag, which only depends on the
nearest-neighbor contribution from the potential gradient. In
particular, it is independent of the details of the lattices giving
the result a certain kind of universality and confirms the success
of the phenomenological nearest-neighbor Rashba term. The
next step would be to combine this model with the results
from d-band contributions* and higher-order contributions to
the Rashba coefficient,>! which have been shown to add to
the Rashba-type spin splitting. Successively including more
components to this model will at the end lead to a better
understanding of the Rashba-type spin splitting at surfaces.
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