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Upstanding Rashba spin in honeycomb lattices: Electrically reversible surface spin polarization
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The spin-split states subject to Rashba spin-orbit cogglintwo-dimensional systems have long been ac-
cepted as pointing inplane and perpendicular to the casrelipg wave vectors. This is in general true for
free-electron model, but exceptions do exist elsewherehilvihe tight-binding model, we unveil the unusual
upstanding behavior of those Rashba spins ardiirahd K’ points in honeycomb lattices. Our calculation (i)
explains the recent experiment of the TI/Si(111)x 1) surface alloy [K. Sakamotet al., Phys. Rev. Lett.
102, 096805 (2009)], where abrupt upstanding spin states iieare observed, and (ii) predicts an electrically
reversible out-of-plane surface spin polarization.

PACS numbers: 73.20.At,73.63.—b,71.70.Ej

The honeycomb lattice is one of the three types ofcombs we have, = 0, andd, # 0 describes a bilayer case.
two-dimensional regular tessellation—triangular, sguand ~ We begin with the4 x 4 tight-binding Hamiltoniat® of the
hexagonal tilings. In solid-state physics, the honeycoatb | Slater and Koster typet!
tice is described by two staggered triangular sublattidés
identity of the comprising atoms of the two sublattices dete H— ( Hyy Hio ) 1)
mines if the honeycomb is monoatomic or diatomic, and their HIQ Hap )
interlayer distance determines whether the honeycombitis fla )
or bilayer. Thus graphene and boron nitride are monoatomi¥ith off-diagonal element
and diatomic flat honeycombs, respectiveBi(111) bilayer ,
surfacé is a monoatomic bilayer honeycomb, and TI/Si(111)- [, — ( . U(1+2F) —itg(1 = F = v/3G) ) :
(1 x 1) surface alloy is a diatomic bilayer honeycomb. —itr(1 - F +/3G) U(1+2F) ®

Among these honeycomb lattices, graphene has been unq%eretR is the Rashba hopping strengt, = 2V, +
the most intensive investigation due to its unusual Dirlae-I (1 -~ ZQ) v .. being the direction cé)s_inez g%m .
z) Vppmy lz

electronic excitation$.When deposited on a substrate, theest neighbors I{ — 0 for flat and I. # 0 for
structu_ral Inversion symmetry perpen_dlcular to the graghe bilayer), is the two-center interactionzintegral involv-
plane is broken, and th? Rashlba spin-orbit cou]!ﬁllmgnhcbe ing p. atomic orbitals, and the compact functions are
emerges. Recent experimental measurement of Ras as@venzb _ ] ) _
R . ; . yF:exp—z\/gka2cos,kza2 and G =
spll_ttlng in graphene on Ni(111) substrate itmd W|th<_)uf exp(—iv/3k,a/2) sin ((k a/2)yT/he)diag§0naI/eiements o Eq
an intercalated Au monolayer eventually drew theorists’ at 1p I —yE Twith Hmth 92 identit trixand — 1.2,
tention to the electronic structure, in the presence of Bash (1) areH; = pit W €sx2identity matrixand = 1, <.
For monoatomic honeycombs, we hagy = £, = E, but

coupling, of graphengj.e., nearK and K’ in monoatomic ; : ;
; : or diatomic honeycombsdy,; # E,». In the following we
flat honeycomb. In other honeycomb systems, Bi(111) bllaychonsiderEpl = E,»; straightforward generalization to the di-

surface is believed to contain strong Rashba couptmgl ex- . .

hibit interesting spin-Hall patterri8,and a more recent exper- atc')o‘nalc case x\”” be sho_vvl? I?tlgr. h§ 1 be reduced
imental effort even shows an unusual Rashba spin behavior?t Opt'ant 9lsame trick of Rashbdq. (1) can be reduce
K pointin TI/Si(111){1 x 1) surface alloy 0 a2 x 2 Hamiltonian,

In this Rapid Communication we present a unified tight- ]1-]112}]1{2
binding description to understand the Rashba effect in hon- Ha (E) = Epl + E_FE. 3)
eycomb lattices. To focus on the major effect brought by the b
Rashba coupling, we consider electron hopping up to the neafor sublattice A, which depends explicitly on its eigen-
est neighbors. Particular attention will be paid to the pin-  value E. The Schrodinger equation of Hamiltonia8) (is
figuration near’k’ and K’ points, which shows an abrupt up- H, (E) [1)4) = E|4). By solving the characteristic equa-
standing Rashba spin behavior, in good agreement with Refion det(H 4 (E) — E) = 0 the eigenvalues of Eq3) can be
3. Moreover, we show that the upstanding spins aléig written as
and K’ directions are opposite. Accordingly, we propose an
electrically reversible out-of-plane surface polariaatiwhich Eu =Ep+pEy, pv==1 (4)
will be numerically shown by Landauer-Keldysh formalism.

Consider a honeycomb lattice constructed by primitiveWlt
translation vectorst; = a(1/2,v/3/2,0) and t, = 5
a(—1/2,/3/2,0), and basis vectord; = 0 andd, = Trh+vy/(Trh)” — 4deth

a(0,1/+/3,d.), wherea is the lattice constant. For flat honey- By = 2 ’ ()
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where

hll h12

_ T
h = HypH, = ( e (6)

)

will play an important role in the following derivation. The
eigenvectors can be written as either of

v —-1/2 h
047 = (1ol + |22 = b (E ' ) e
~1/2 2 _
[Ph”) = (\Eﬁ - h22|2 + |h21|2> ( E'/hmhm ;

(7b)

which are independent gf. Both Eqs. {8 and (7b) are
valid for carrying out the spin expectatids) = (1/2)(5),

& = (0”,0Y,0%) being the Pauli matrix vector, except at the
symmetry pointd’, M, K andK’. With careful treatment at

those points, the spin directigi),., = (7i/2) (4" |54

near f

FIG. 2: (Color online) Spin configuration for the= +1 branche.
Each arrow is given by(c”),+, (c¥),.+) and the color shading is
determined byo*) .+ .

based on Eq. 7) subject to the four eigenstate branches are

shown in Figs1(a)-1(c); the band structure according to Egs.
(2)—(6) is shown in Fig.1(d). Clearly one can see an abrupt
upstanding componerS.),, nearK and K’ points. For

thev = +1 branch, we depict the spin configuration based

on Egq. () in Fig. 2, where each arrow is determined by
((6%) u+, (0¥) u4) and the color shading is big*),. .. The
bright (dark) region ofo*) ~ 1 ({(0*) ~ —1) aroundK (K’)
can be clearly seen in the main panel of Fyreflecting its
inherentC3 symmetry.
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FIG. 1: (Online color) The spin components (&) .., (b) (Sy) uv,

To provide deeper understanding of Fify. as well as the
zoomed-in plots of Fig2, below we give a series of discussion
of £, and(&),, around those symmetry points.

The I point. Assumingk = § = &(cos®,sin¢) with
da < 1, one can obtain

5%a® + V\/TgtRéa (8)

and (7)., (T + 0) ~ —v(sin ¢, — cos ¢,0) which is identi-
cal to the free-electron case. Equati@pié useful for deter-
mining parameters’,, U, andt¢r by matching with the free-
electron dispersio® (k) = Eo + h*k? /2m* + k. The band
offsetEy, the Rashba parameterand the curvaturé? /2m*
(or the effective mass*), as well as the lattice constantre
experimentally measurable. In the ustal< [U|* case we
haveE, = Ey+|3U]|, |U| = 2k%/m*a?, andtr = 2a/+/3a.
The M point. Let M = (27/a,0), i.e., M in Fig. 1.
Assumingk = M +§ = (27/a + 6,,0,) one obtains an
anisotropically free-electron-like dispersion,

E, (M +8) = /U2 + 4% — % (62 —367) a?
ﬁt;g“é% +95504,

2
which indicates thafl/ is a saddle point as one can see from
the different sign ofé? and d; in the second term. This
means that the effective mass of the electron at state Mear
has opposite sign when goiafpng andperpendicular to the
Brillouin-zone boundary. In addition, the latter has areeff
tive mass 3 times lighter and an effective Rashba parameter

+v (9)

and (c)(S.) .. of energy eigenstates of a Rashba spin-orbit-coupledhree times stronger than the former. Equati®ntlerefore

monoatomic honeycomb lattice with its band structure shimyd).
The parameters are et/ |U| = 0.12. The Brillouin zone is shown
in the inset in (d).

explains why we have band shape nEadentical with that
near)M; but not)M, [see Fig.1(d)].
The anisotropy ab/ also reveals in the corresponding spin



direction,
3sin ¢
) L v cos ¢
LV M 6 N g ’ 10
(0) (M +0) 5 — 4cos2¢ Qt_Rcosgb o
U]

where we keep terms up to first ordettig/|U|. Clearly from
Eq. (L0) thez component saturates 205 /|U| along the Bril-
louin boundary neal/ but vanishes when going perpendicu-
lar to the boundary [see Fig(c)].

The K and K’ points. Let K/ = (g; — g2)/3. Assuming

k = K’ +0 = (47/3a+ 6,0 + d,) we obtain

_ o 1 3t
E (K +5) ~ 5\/ (3tn)? +3026%2 + 0=, (A1)
in agreement with Ref8. The spin direction neak’, up to

second order ifida) , is given by

(12)

which shows atX” we have(o?),+ (K') = F1. Around
K the dispersion is identical to Eq11), and the spin con-
figuration has a reversed helicity, i.e., opposite outdafp
component,

<UZ>MU(K +0) = _<UZ>NV(KI +4), (13)
but unchanged inplane component.

So far the discussion is basically for sublattidesince
we have obtained reduced Hamiltoni&8) by expressing the
wave function of sublatticé3, ¢, in terms of that of sublat-
tice A, ¥ 4. We could have as well expresséd in terms
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FIG. 3: (Color online) Energy dispersion ad®),. (indicated by
arrows) for (a) monoatomic and (b) diatomic honeycombdati In
(a) the black dashed lines are the approximated dispergjives

by Eq. (1); Ex = /U? +4t%. In (b) we setA, = 0.1|U];

em = JAZ+ U2 +4t% andex = \/AZ+ (3tg)’. The inset
shows a six-terminal bilayer honeycomb channel with blagiay)
dots the upper (lower) sublattice.

spin aroundk and K’ described previously is therefore un-
changed.

To show the opened gap with unchanged spin direction,
we plot the energy dispersion curves wi*),, in Fig. 3
for monoatomic honeycomb neaf’ [panel (a)] and diatomic
honeycomb neak [panel (b)]. Figure3(b) readily explains
the recent spin-resolved angle-resolved photoelectres-sp
troscopy data for the TI/Si(111)F x 1) surface alloy? In such
surface alloy;?!® the Tl coverage on the Si(111) substrate is
one monolayer, and the topmost Tl (sublattifeand Si (sub-

of ¢p; the resulting reduced Hamiltonian then would be|attice B) layers form a diatomic honeycomb lattice of the

Hp (E) = E,I + Hl,H,,/ (E — E,), leading to identical
dispersion, identical inplane spin direction, but opp®é&it*)
component,

(alo®[a) = —(YBlo*|YE). (14)

bilayer type ¢. < 0). Thex = +1 branch in Fig.3(b) thus
resembles the band feature nééareported in Ref.3. It is
important to note, however, that for flat honeycombs such as
graphene, both sublattices and B will be silmultaneously
measured, leading to vanishig§. ), in view of Eq. (L4).

In addition, we have so far focused on the monoatomic hon-_ We have shown that the upstanding Rashba spin around

eycomb lattice. For different sublattice atomsand B, we

K and K’ points is a fundamental property of the spin

haveE,, # E,,. The energy dispersion can be straightfor- configuration in honeycomb lattices, whether flat or bilayer

wardly derived as,,, (k) = E, +pue, withe, = /A2 + E2,
E,=(En+Ex)/2,A, = (Epn — Eye)/2,andE, given by
Eq. (6). Noticing from Egs. 8), (9), and (1) that around the
symmetry pointss, # E_ occurs only atk’ andK’, we ex-
pect the modification to the band structure duéipappears
the most salient ak’ and K’. Indeed, withE, (k = K or
K'Y=3tgr(1+v)/2agaps;_ —e__ =2_ =2|A,|is
opened. At other symmetry points,+ remain degenerate.

monoatomic or diatomic. Next we illustrate how strikingsthi
property can be. For simplicity, let us consider a six-terahi
channel made of monoatomic bilayer honeycomb. See the in-
set in Fig. 3. Assume that the transport of this six-terminal
device is supported by the surface states so that electrens a
only allowed to hop within the surface bilayer, i.e., the hon
eycomb lattice. Let the Fermi enerd@ye lie just atE,. The
situation is like Fig.3(a). Recalling Eq. 14) we expect that
when driving the electrons alonfg’, the transport states with

Despite the opened gap, however, the eigenvectors surprigr = £, are+z spin polarized on sublatticé but —z spin

ingly remain the same as Ed7)( and the upstanding Rashba

polarized on sublattic&. Recalling further Eq.X3), the sur-
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F —— T 3 the surface (sublatticd). A positive (negative]o*) on each
() -~ -] WK1, 5 site will be denoted by a red (green) dot, with the dot size
\ g; EK?) = proportional to the magnitude @&*). The applied potential
1 X energy of+eV; /2 will be denoted as+,” and el = 0 as
o 2 “0” on each lead. The parametdts = 0, U = —1eV, and
Lo tr/|U| = 0.12 are identical to those used in previous figures,
1 and are within a realistic rang@The bias is2V; = 2 meV.
01 17 ;% First we drive the electrons from left to right, correspargli
—=-3 to K'. As expected, we have a positive average of surface spin
- P e LI polarization(c*) > 0, as shown in Fig4(a). When rotating
A4 1 the bias direction bg0° counterclockwise, the surface polar-
- 1oy, < ization becomess#) < 0 as a consequence of EQL [see
o o oo = Fig. 4(b)1. Reversing the bias of Figd(a) also switcheg<’
R ,o° 2 states td¥, leading to{c*) < 0, as shown in Fig4(c). In Fig.
AR 4 11 g 4(d) we drive the electrons from bottom to top, corresponding
\\\j?' 0 g to the M direction. The spin density distribution becomes
-Taly (M) wyon | = completely different and satisfies the intrinsic spin-+Hgin-
T o ol oz metry, which yieldgo =) = 0. Figuresi(a) and4(c) imply that
eV (eV) the out-of-plane surface spin polarization can be flipped si

ply by reversing the bias, which is also a direct consequence

FIG. 4: (Online color) Surface spin polarization in a 6-terat bi- of time-reversal operation. To show this e'g‘Ctrica' %OWO

!ayer honeygom_b (_:hannel with (aKf’biasi_ng, (b) and (c)< bias-  surface spin, we ploto=) and <0'||> = ((o*)" + (o¥) )1/2

ing, and (d)M biasing. Red{gray (g_reen_/llght gray)_dots repre_sent 335 a function of the biasV; in Figs. 4(e) and4(f) for KN

(o) > 0({o?) < 0) local spin density with the dot size proportional 54 v/ hiasing, respectively. Within the low bias regime [see

to [(o")|. (o) and{ol) as functions of the biasVy are shownin  yo jhqet hetween Figg(e) and4(f)], (o7) for K//K biasing

(e) for K/K’ biasing and in (f) forM biasing. . - . .
grows with eV, linearly, while other components are either
vanishing or relatively small.

face spin polarization (assumed to be contributed by stid@at In conclusion, we have presented a unified tight-binding de-
A only) is out-of-plane and can be electrically controlled byscription to understand the Rashba effect in graphene, ths we
either K or K’ biasing. as bilayer surfaces and surface alloys of the honeycomé-stru
To visualize this idea, let us calculate for the six-terrhina ture. Our results explain the recently observed abruptungist
bilayer honeycomb channel the local spin densities by eming Rashba spinin TI/Si(111) x 1) surface alloy around’,
ploying the Landauer-Keldy$f'® formalism, subject to and predictan electrically reversible out-of-plane stefapin
Hamiltonian,® = E, ", cl.c, + Z<nm> el [UTL+ itr(G x polarization, which may serve as a storage mechanism for fu-
dunn)=]en, With ¢, (c,) the creation (annihilation) operator of ture spintronic devices.
the electron on site. andd,,,,, the unit vector pointing from Financial support of the Republic of China National Sci-
site n to m. The total number of lattice sites in the honey- ence Council (Grant No. NSC 98-2112-M-002-012-MY3) is
comb channel is 480. For clarity we will pld&*) only on  gratefully acknowledged.
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