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We show, by way of tight-binding and first-principles calculations, that a one-to-one correspondence between
an electron’s crystal momentum k and nonzero orbital angular momentum (OAM) is a generic feature of surface
bands. The OAM forms a chiral structure in momentum space much as its spin counterpart in Rashba model does,
as a consequence of the inherent inversion symmetry breaking at the surface but not of spin-orbit interaction.
This is the orbital counterpart of conventional Rashba effect and may be called the “orbital Rashba effect.” The
circular dichroism (CD) angle-resolved photoemission (ARPES) method is an efficient way to detect this new
order, and we derive formulas explicitly relating the CD-ARPES signal to the existence of OAM in the band
structure. The cases of degenerate p- and d-orbital bands are considered.
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I. INTRODUCTION

Rashba effect,! in the usual sense employed in surface
science, refers to the breaking of spin degeneracy due to
the inversion symmetry breaking (ISB) at the surface and
the consequent formation of chiral spin angular momentum
(SAM) structure in momentum space. How the loss of
space symmetry leads to the breaking of spin degeneracy is
customarily understood in the relativistic picture of a moving
electron with momentum k in the xy plane. In its rest frame, the
moving electron sees the perpendicular electric field E = £7 as
the magnetic field B = —(v/c?) x E = —(iik/mc?) x E. The
Zeeman energy, —ipo - B (up = efi/2m = Bohr magneton),
for the electron then reads

h

zea k xE = (apa;)’so -k x E
— ] zo- = (apays) =0 - .
mc) 2 BT 2

(1.1)

Bohr radius and fine structure constant are introduced as agp
and oy, respectively. On a typical surface its strength may
be estimated as ~af£(a3k)(eé'a3), with agk <1 and efagp
of the order of the surface work function, eV. The estimated
Zeeman energy (Rashba-splitting energy) is therefore a% times
the work function, admittedly a tiny splitting. ‘

Experiments show a contrasting picture. Surface energy
splitting due to the putative Rashba effect has been experi-
mentally observed on the surface of several simple elements,
such as Au(111) (Refs. 2-5), Bi (Ref. 6), Sb (Ref. 7), and some
alloys as well,® all of which produced energy scales in excess of
100 meV. A lot of theoretical effort in the last decade in surface
science has been to bridge the discrepancy in the energy scales
between experiments and the naive Rashba theory.”

On the conceptual side, the prototype Rashba model
assumes a free electron model even though typical surface
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systems where Rashba splitting has been observed consist of
multiple p orbitals. Besides, crystal field splitting is minimal
with simple elements like Au, Bi, and Sb, so all three atomic p
orbitals will be nearly degenerate in their on-site energies.
Such orbital degeneracy naturally opens up the possibility
of the internal degrees of freedom of the orbital system,
that is, orbital angular momentum (OAM), being an active
participant in the determination of surface band structure. The
main theme of this paper is to exploit this point in relation to
the emergence of chiral OAM structure. It will be shown that
electrostatic interaction leads to the momentum (k)-dependent
lifting of the orbital degeneracy, in a way that gives rise to
chiral OAM structure and what may be termed the “orbital
Rashba effect.” For strongly spin-orbit-coupled systems the
chiral OAM gives way to chiral structure of the total angular
momentum,'? but with the basic energetics still dictated by
the same electrostatics consideration. We emphasize that the
phenomenon of chiral OAM can take place in the absence of
spin-orbit interaction (SOI), as the only symmetry requirement
for its existence is the loss of inversion symmetry. The
mechanism by which the chiral SAM structure (conventional
Rashba effect) arises on top of the pre-existing chiral OAM
(our orbital Rashba effect) as the SOI is added is explained.
An important and essential ingredient of our proposal
is the detection scheme by which one can unambiguously
identify the surface bands that carry OAM. Spin-resolved
angle-resolved photoemission (SARPES) is often employed to
confirm the predicted chiral spin polarization of the Rashba-
split bands.'"'> Here we show that a similar criterion exists
with the dichroism experiment, in which left- and right-
circularly polarized (LCP and RCP) lights are employed in the
photoemission experiments. The dichroism signal, defined as
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the difference of the photoelectron intensity from the k-vector
position in momentum space with the incident light being LCP
or RCP, is shown to be proportional to the average OAM (L) of
the quasiparticle state at that momentum. Hence, the nonzero
signal in the circular dichroism ARPES (CD-ARPES) is a di-
rect proof of nonzero OAM in the band structure being probed.
This paper is organized as follows. In Sec. II the electro-
statics view of both spin and orbital Rashba splitting is sum-
marized. Following it, we present a microscopic tight-binding
calculation supporting the general electrostatics-driven picture
in Sec. III. A model first-principles calculation is made for
a single layer of Bi atoms where a complete agreement in
the band-dependent OAM structure between first-principles
LDA calculation and tight-binding model result is obtained.
Analysis of dichroism for OAM-carrying bands is given in
Sec. IV where some CD-ARPES formulas for p- and d-orbital
systems are presented. A brief summary is given in Sec. V.

II. ELECTROSTATIC ENERGY PERSPECTIVE

The tiny energy splitting expected from the relativistic
free-electron argument and the contrasting observation of a
significant Rashba-splitting energy of a few hundred meV
on actual surfaces argue in favor of a completely different
mechanism at work. A feature of the degenerate orbital system
is that it allows the introduction of an orientation vector 7 char-
acterizing the degeneracy manifold. One can show that Bloch
states formed from Wannier states of different 72 generally carry
different dipolar moments. In the presence of the electrostatic
field normal to the surface, such dipolar moment tends to be
oriented along the normal to save electrostatic energy. This, in
turn, leads to the momentum-dependent selection of preferred
i1 direction of the quasiparticle state. We show that the resultant
energy splitting is exactly of the Rashba form, ~#t x k - Z.

First we need to define the internal quantum number 7
of the state in some fashion. In a single-band model, Bloch
eigenstate is derived from the Wannier state as (N is the
number of lattice sites)

f Zel'”f .1

where ¢(r —r;) = (r|i) would be a featureless, localized
wave function centered at the atomic site r;. The situation
changes dramatically in a degenerate, multiorbital system
because the degenerate Wannier orbitals can be mixed in a
coherent fashion. For illustration we choose J = 1/2 doublet
where the two Wannier states are'”

1
= —(p L) +ilpy ) +1p: 0H—v2[14)
|ue) ﬁ(lp. D+ilpyd)+lp )= f(l N—v2| ¢(22)
. .
d) = —(|pA)—i A= —=G2[T1)—10])
|d) ﬁ(lp M —ilpyt) —Ipzd f( 2[11) =101 ),

expressed in the p-orbital and angular-momentum bases, re-
spectively. One can easily check that J = L + (1/2)0 satisfies
all the standard spin-% algebra in this restricted Hilbert space:

Jilu)y = L), J|d) = —1|d),
J+|u) =0, J*ld) = |u), 2.3)
J7|u)y =1|d)y, J|d)=0.
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A coherent state can be formed in the standard fashion:

0 1
) = cos—|u) + €' sin - |d) J -naln) = §|iz), 24

where #t = (sinf cos ¢, sm@ sin¢g, cosf). With such a
coherent Wannier state |71,i) localized at each site i, a Bloch
state can be constructed as

|7A,k) = XY,
55

As long as the underlying Hamiltonian preserves the p-orbital
degeneracy, the energy of the Bloch state will be invariant
with respect to the orientation of 7. As the following exercise
shows, however, the surface-normal electric field breaks this
degeneracy to give rise to i1 dependence in the energy.

In first-quantized form the Bloch wave function labeled by
two quantum numbers k and 71 becomes

Yax®) =) e ga(r — ).

2.5)

(2.6)

Boldface is used to emphasize the spinor nature of the wave
function, for example,

() [0
b= () win=(5)

Each ¢, (r — r;) ~ (r — r;); f(Jr — r;]) is the Ath orbital Wan-
nier function, with A = x,y,z. The density of the Bloch wave
function is

Vi OV k@) =

Q2.7)

Zfbii,(r —r)¢a(r —r;)

+ Z eik‘("i—r/)¢:[l(r — l‘j)¢fl(r - r’)
i#j
(2.8)

The first term is the sum of the local densities of individual
Wannier orbitals, which turns out to be isotropic and inde-
pendent of #. The second part, on the other hand, depends
explicitly on # and carries nonzero dipole moment. The
electrostatic energy due to surface electric field E = £Z can
be written as Eq(it,Kk) = —e& fd%zl//lkk(r)ilih,k(r) for each
Bloch state. Upon detailed calculation one finds the energy

Ee(itk) = n(e€a) Y sin(k - vy xri;-2)e” @ " (2.9)
i#j

In order to arrive at this formula we assumed a Gaussian
envelope ¢ (r) ~ x;e~"/2¢" and the atomic layer in the xy
plane with z; = 0. With a more general prescription ¢, (r) ~
X, f(|r]) we obtain some other fast-decaying envelope function
replacing the Gaussian in the above formula. The numerical
constant 1 of order unity can be fixed as well with an explicit
envelope function f(|r]).

The above sum can be brought to a transparent form if we
restrict it to the nearest-neighbor sites. For two-dimensional
square lattice they are r;; = af and ay, and

E(,k) ~ (e€a)ln, sin(kya)—n, sin(kca)]
~ (e€a*h x k-2, (2.10)

the second line following from the first in the small-k limit.
To save electrostatic energy, ## = (k|J|k) needs to be oriented
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along k x Z, which will result in the chiral angular momentum
pattern 71 || k x Z in the Brillouin zone close to the I" point.
In an effective spin-% system considered now, only two
orientations of 71, parallel and antiparallel to k x z, will be
allowed. They form the upper and lower branches of the
Rashba-split bands. In the strong-SOI band, it is therefore the
total spin 71 which should behave as anticipated in the original
Rashba picture. Being electrostatic in origin, however, the real
driving force for Rashba splitting is not the electron’s spin, but
rather its orbital dipole moment.'”

It is not surprising then that Rashba-like splitting can occur
even in the complete absence of SOI. Indeed, the above simple
energetic argument rests only on the ISB effect arising from
the surface-normal electric field. To check this idea we assume
spinless p-orbital system where the coherent state is formed
in terms of |1),]0),|1) = |—1) basis states as

. 0 6 .06 , 0 —
|7t) = e cos? §|l) + /2 cos > sin §|O) + €'? sin? §|1).
(2.11)

This state satisfies the coherent-state condition L - #t|it) = |#i1).
Repeating the same steps as before, we obtain the dipolar
energy of the Bloch state that depends on 71 in exactly the
same way as Eq. (2.10). In this extreme, it is the OAM, not
SAM, that forms a chiral pattern in the momentum space.

Although we do not extend the calculation any further,
it is clear that the dipolar energy Ec(fi,k) ~ Wi xk-Zisa
generic result, with W ~ e&a of the order of the work function,
for surfaces subject to ISB. For one thing it is the only scalar
quantity involving three vectors 1, k, and Z and preserves
time-reversal symmetry but breaks inversion. When SOI is
very weak, the role of 7 is taken up by the OAM L. For strong
SOL it is replaced by the total angular momentum J. In both
instances the orbital degeneracy is an important ingredient
in forming the degenerate manifold of states spanned by
orientations of 7. The breaking of such degeneracy due to
the surface potential gradient then results in the Rashba-type
energy splitting. In the following sections we largely focus on
cases of weak SOI where chiral OAM effect dominates and
provide further microscopic justifications for its existence, as
well as a theory for its detection.

III. p-ORBITAL SURFACE

A generic tight-binding Hamiltonian consisting of p,, p,,
and p, orbitals can be constructed with the aid of Slater-Koster
parameters,

(px|px) = -V COS2 9() +V, sin2 90,
(pylpy) = —V1 sin’ 6o + V> cos’ 6o,

. 3.1
(pclpy) = (Vo — Vi) cos by sinby = (pylpx),
(p:lpz) = Va.
We choose the convention
(cos By, sin Bp) = (x0,30)/1/ x5 + Y5 (3.2

for the relative vector ro = (xg, yo) of the two Wannier orbitals.
The symbol (p;|p;) refers to the matrix element (p;|H|p;)
between adjacent p orbitals, with the p; orbital at the origin and
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pj atrg. Surface character is implicitly introduced by assuming
a Hamiltonian that breaks inversion symmetry, which therefore
allows the following matrix elements:

(p:1ps) = 3y cos by = —(p«|p.),
3.3)

(p:lpy) = 3y sinfy = —(py|p.).

Nonzero y is an indicator of the ISB. To the tight-binding
model we include the local spin-orbit Hamiltonian, Hgo =
(@/2)Y ", L; - 0; to complete the construction of the model.
A similar Hamiltonian was studied previously.'> We analyze
two extreme situations in the two sections below, one where
SOI is dominant (@ >> y) and the other where ISB prevails
(y > a). Most of the results in Sec. Il A are already reported
in Ref. 10. They are included here for completeness and to
define the notations to be used through the rest of the paper.

A. SOI over ISB

In the limit where SOI interaction dominates over the
energy scales arising from ISB, J = 3/2 atomic states can
be regarded as completely decoupled from those spanned by
J = 1/2 manifold. When restricted to the J = 1/2 subspace,
the tight-binding Hamiltonian, on a square lattice of unit
spacing, becomes

H=-2%" Ci( fextey)

K V(Sy_isx)

y(sy+isy)

Hextey) )Ck, 34

with ¢ = (V; —3V,)/3, and shorthand notations are ¢,y =
co8 ky(y), Sx(y) = Sinky(yy. The effect of SOI is already incor-
porated through the J = 1/2 eigenstates forming the basis
states. Cy refers to the Fourier transform

Uk 1 _ik. (u,>
Cx = = — e KT .
k (dk> VN lZ d;
Here u; and d; are the annihilation operators for the |u) and

|d) Wannier states introduced in Eq. (2.2). Note that the off-
diagonal elements are entirely due to ISB.

3.5)

Defining e'% = (—s, + is,)/,/s2 + s2, the eigenstates are
1
V2

for the upper and lower bands with energy —2t(c, +
cy)E2y (s2 + s2)!/2, respectively. Near the I' point the two
energy bands are split as rk? & 2y |k| in accordance with the
phenomenological Rashba theory. Average SAM and OAM
for |k,=%) are given by the expectation values of

1 1
azﬁzi:a,-, L:NZLi'

Here o, and L; are the spin and OAM operators acting
on the particular atomic site r;. It is easily shown that
(k,xlo%|k,+) = (k,£|L*|k,£) = 0, while

(k, £loT|k,&) = £1e7i%,
(k, £ LT[k, &) = FFe %,

Lt =L*+4+iL?, ot =0 +ic”. The upper Rashba-split
band carries SAM/OAM which are opposite to those carried

Ik, £) = —=(lux) £ e'™|dx)) (3.6)

(3.7)

(3.8)
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by the lower band. Within each band, SAM and OAM are
oppositely oriented as a result of the strong SOI that favors
antiparallel alignment of L and o. The electrostatics argument
of the previous section helps clarify that the magnitude of y is
of the order of the work function.

B. ISB over SOI

It is useful to consider &« = 0 band structure as a zeroth-
order solution and include effects of « perturbatively when SOI
strength « is much smaller than the ISB parameter . We find
that the @ = 0, y # 0 band already supports the chiral OAM
structure. The perturbative influence of SOl is to spin split each
OAM-carrying band according to the conventional Rashba
scheme. The result is a pair of bands having the common OAM
orientation, with opposite SAM orientations in each band.

Spin states are degenerate for o« = 0, and we obtain spinless
3 x 3 Hamiltonian on a square lattice,

2(Vacy —Vicy) 0 —3yis,
H=Y ¢} 0 2Vac,—Viey  —3yis, |Cx,
k 3yisy 3yis, 2Volex+cy)
3.9)
where, in obvious notation,
Px .k 1 Dx.i
_ _ —ik-r;
Pz x ! Pzi

Each p,; (A = x,y,z) expresses an annihilation operator for
the A orbital at site i. It proves useful to study the linearized
Hamiltonian, valid near the I' point, and return to the full
problem numerically. For the linearized Hamiltonian,

2(V2—V1) 0 —3)/ikx
H=Y ¢ 0 2AVa=Vy) =3yik, |Cy, 3.11)
k 3yik, 3yik, 4V,

the eigenstates and energies can be obtained in closed form.
Using the degeneracy of p, and p, orbitals, the three y =0
eigenstates can be organized as

I) = ky| ) kx| )
= % P TP
k, k
[II) = ?|Px) + %|Py), (3.12)
L) = |p.),

where k = |Kk|. The y terms in Eq. (3.11) mix states |II) with
|II), leaving the state |I) decoupled from the rest. The influence
of y is summarized as a 2 x 2 Hamiltonian,

2(V2—V]) —3i]/k c1n
] 3.13
Cm)( 31)/]( 4V2 ) (Cm> ’ ( )

where cII,(cH),cITH,(cm) denote the creation (annihilation)
operator of the states |II),|II). It assumes the massive Dirac
Hamiltonian where the mass term is a consequence of different
hopping amplitudes among the in-plane (p, and p,) and

H = (CITI
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out-of-plane (p,) orbitals. To arrive at the Dirac form, however,
the basis states themselves are chosen to corotate with the k
orientation as prescribed in Eq. (3.12). It differs significantly
from the conventional way of writing down the Rashba
Hamiltonian, which is done in the fixed spin-up and spin-down
basis states. There is a potentially intriguing issue of the
Berry phase related to the chiral orbital structure and its
physical manifestation, which we hope to pursue in a future
presentation.

Finally, the eigenstates and their energies of the linearized
Hamiltonian are obtained, A = V| + V5,

lk,1) = I),

3ivk
k,2) = |II) — ——|1II),
lk,2) = [II) ZA| )

k.3) = (1 — >
9 - 2A 9
Ei(k) = =2V +2V,,

(3.14)
Ex(k) = —2V, +2V. LS
2 - 1 2 IA s
9y%k?
Es(k) = 4V .
3(k) 2+ A

Two of the bands carry nonzero OAM,
" 3iy . +
(k,2|L"|k,2)= T(kx +iky,)=—(k,3|L"|k,3). (3.15)

The remaining band has (k,1|L*|k,1) = 0 and the net OAM is
Z€ero: 2;31:1 (k,n|L|k,n) = 0. OAM obtained from numerical
diagonalization of the full Hamiltonian (3.9) is shown in Fig. 1.
The net OAM is exactly zero everywhere in the Brillouin zone.

(b) EEEERK M|
| ~ N R Ry s |
| A
e .
Lo L WY f ¥
- o o
b
| y AA
e r 1ix
| =¥ ¥ kW
|- AN
/ | = » # . . . %
\ ¥ , - “~ %
o/ / . A e
~— | «:1-\‘\

-4 Eax| U 1 vy
(EERERE pAAM E(d)““‘ tyy ' M
;.,’,’,r,.xlkt\\-_ I ) .
|y oy ¥ LS L N e A e
e P P P YAt W A A A A A
- pp Y A Y Y - A A A A A aly ey
e Py T PR S S Jl(((r-“.\““

- L - dddd 4.

siall 4 1, £ =t - =% 3 71%1)
‘_‘"]_“‘.ll- X Alllﬂxr"""X
L R R Llll\\.”’rr,
AR, e e LA e N
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R N Y YT LA N T g g g
R S R P A Py

FIG. 1. (Color online) (a) Band structure obtained from the
Hamiltonian (3.11) with the parameter (Vy,V,,y,«) = (1,0.1,1,0).
(b)—(d) Calculated OAM in the Brillouin zone [—m,7] X [—m,7]
for each band. E,; through E;; denoting the different bands are
indicated with arrows in (a) and their corresponding OAM are shown
in (b) through (d), respectively. The total OAM summed over all
bands is zero for each k in the Brillouin zone.
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As the above perturbative and numerical results indicate,
the presence of OAM is tied to nonzero y, or ISB. The amount
of OAM grows with y, as shown in Eq. (3.15). This is in
contrast to the spin Rashba model which displays perfect
spin polarization irrespective of the strength of the Rashba
parameter. The difference between the continuous growth
of chiral OAM with the ISB parameter y and the sudden
emergence of chiral SAM can be understood as follows.
Even the non-Rashba-split bands already have perfectly spin-
polarized quasiparticle state. It is the energy degeneracy of the
oppositely oriented spin states which mask their spin-polarized
nature. Now, the ISB removes the energy degeneracy in such
a way that spin orientations of opposite chiralities occur at
different energies. In the spin-Rashba case it is the energy
difference of spin-split bands that scales with y. On the
contrary, chiral OAM is endowed upon nondegenerate bands,
such as E,(k) and E3(k) in Eq. (3.14). The initial OAM value
for each band is strictly zero for inversion symmetric case.
Upon imposing y # 0, OAM grows in proportion to it.

Let us insert SOI Hy, = («/2) Y. L; - 0; as a perturbation
now. For each band obtained above, Hy, couples states of the
same momentum k but different spins (we ignore interband
coupling induced by H,,). The matrix elements arising from
H, are

(k,l;o'/|Hso|ksl;0'> =0,

3ay 0 ky+ik,
—— , (3.16
o (R B

ey (0 ktik
28 \ky—ik, 0 )

One recovers exactly the Rashba-type spin splitting as induced
by SOI. Combined with the previous conclusions on OAM, we
arrive at the following picture. The OAM-carrying band has,
say, a CCW (counterclockwise) sense of OAM near the I
point. The two spin-split bands in turn have one CCW and
one CW (clockwise) rotation of spins. Each band is therefore
characterized by a pair of rotations for OAM and SAM,
which reads (CCW, CCW) and (CCW, CW), respectively.
For the other OAM-carrying band the assignments would
be (CW, CCW) and (CW, CW). For the non-OAM-carrying
band there is no splitting of levels by H,, and hence no
spin-Rashba splitting. This calculation thus points out that
the presence of OAM is a prerequisite in the further splitting
of spin degeneracy induced by SOI. To obtain Rashba spin
splitting in the orbital-quenched band (such as graphene) is still
possible, but its magnitude will have to be derived from a truly
relativistic argument which, as we saw in the Introduction,
gives a prohibitively small number.

(k,2;0'|Hy|k,2;0) =

<k73;0—/|H§0|k53;0> =

C. Triangular lattice

Several elements with partially filled p orbitals showing
the Rashba phenomena have the fcc crystal structure and have
the triangular-lattice surface along the [111] direction.>%!4
We show that the previous chiral OAM structure found in the
square lattice also exists in the triangular lattice. In the same
basis used to define the square lattice model Cx [Eq. (3.10)],
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we find for the triangular lattice the small-k Hamiltonian

ak? + k2 (a — B)kiky —idyk,
Hy = | (@ — Bkky  ak? + Bk: —i3yky
i3yk, i3yk, da — B) — 2Vok?

(3.17)

Here,a = 33V, — V»)/8,8 = 3(V; — 3V»)/8,and k* = kf +
kg. The lattice constant is taken to be unity. To diagonalize Hy,
as before, it is convenient to choose a new set of basis vectors,

) = (ky/ K| pe) — (ke /B py),
) = (ke/K)| px) + Gy /K py),
L) = e "*|p,),

(3.18)

k = |K|, % = (ky + iky)/k. The state |I) remains decoupled
at energy E;x =3V, -3V, +3(V, — 3V,)k?/8, while |II)
and [III) combine to form eigenstates which, to leading order
of y/A, A=V, + V,, are

(ke — ik,

k,2) ~ |IT) — %un),
(et k) (3.19)

Ik,3) ~ |y — Ty

2A
with energies
Erx ~3(Vo — V1) + 3[(3Vy — V2)/8 — y?/AAIK?,

(3.20)

Esx >~ 6Vy 4+ (32 /4A — 3V, /2)k>.

As in the square lattice case, two of the bands obtained above
carry nonzero, chiral OAM:

(k,2|LT|k,2) = %(kx+iky)= —(k,3|LT|Kk,3). (3.21)

The two OAM-carrying states |II,k) and |III,k) obey a reduced
2 x 2 Hamiltonian,

Hoam = —4Bhys + M7'K* + 32 - (yk x T — A1),

M-l — o 0
N0 —3w%,)2

the effective mass tensor and t the pseudospin matrix.

(3.22)

with

D. Comparison to LDA

A check on the existence of chiral OAM is performed
by employing the first-principles local-density approximation
(LDA) calculation for a Bi single layer forming a triangular
lattice. The choice is inspired by Bi being a prototypical
p-orbital band material. An external electric field of 3 V/A
perpendicular to the layer was imposed by hand to mimic the
surface potential gradient without having the complication of
dealing with the bulk states. We also performed calculations
for the physically more realistic case of a Bi bilayer'* with
a perpendicular electric field, with results that are entirely
in accord with the statements made below for the single-
layer case regarding the emergence of chiral OAM. For the
density-functional theory (DFT) calculations within the LDA,
we used the DFT code, OPENMX,!> based on the linear-
combination-of-pseudo-atomic-orbitals (LCPAO) method.!®
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-1

FIG. 2. (Color online) OAM and CD from first-principles and
tight-binding calculations of Bi monolayer without SOIL. (a) LDA
band structure for Bi monolayer with SOI turned off. A perpendicular
electric field of 3 V/A was imposed externally. Three dashed
curves represent the tight-binding energy dispersions around the I"
point. (b)—(d) OAM vectors (green arrows) and NCD signals (color
backgrounds) for the three bands, E; (b), E; (c), and E5 (d), over the
whole Brillouin zone are marked by solid hexagons. The largest OAM
has a magnitude ~17 for bands E, and E;. NCD is calculated with
kp, =227 AL, (e),(f) NCD calculated with kr, = 0 in Eq. (4.8)
for E, (e) and E; (f) bands. The opposite color assignments between
(c) and (e) is a consequence of photon energy dependence of the
scattering intensity.

LCPAO coefficients at the specific k points were used to
calculate the OAM. To emphasize the relevance of ISB we
again chose to investigate the spin-degenerate case by turning
off SOI in the LDA calculation. The resulting electronic
structure for a spinless case consisting of three p-orbital-
derived bands is shown in Fig. 2(a). As the external electric
field is turned on, a level repulsion between the middle [E,
in Fig. 2(a)] and the bottom [E3 in Fig. 1(a)] bands occurs
as indicated by circles in Fig. 2(a). These two bands exhibit
the chiral OAM patterns with the maximum OAM vector
[(L)| = 0.96h, as shown in Figs. 2(c) and 2(d), while the third
one, shown in Fig. 2(b), carries much less OAM around the
I' point. The OAM chiralities of the two bands are opposite,
in accordance with the previous TB analysis. An excellent
fit of the LDA band structure near the I" point was possible
with the TB parameters V; = —0.725eV, V, = —0.11 eV, and
y = 0.2623 eV [Fig. 2(a)]. The OAM magnitude is seen to
decrease continuously upon approaching the I'" point in the
LDA calculation [Fig. 2(c) and 2(d)], as predicted by the TB
calculation [Eq. (3.15)]. It reaches a maximum value around
the k points, where the level repulsion is the greatest [blue
circles in Fig. 2(a)].
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IV. CIRCULAR DICHROISM

In the previous sections, emergence of OAM was predicted
to be a general occurrence in surface bands due to the
lack of inversion symmetry. In this section we argue that
such OAM structure can be probed readily with the current
ARPES technique, provided one uses two opposite circular
polarizations of incoming lights to measure the photoelectron
intensity.

Circular dichroism (CD) refers to phenomena in which the
physical response of a system to probing light depends sys-
tematically on the light polarization being LCP or RCP.'"~!° In
ARPES, CD manifests itself as different scattering intensities
of the photoelectrons depending on the helicity of incident light
being RCP or LCP. The CD-ARPES signal can be quantified
through the normalized CD (NCD) defined as

>, [IXP (k) — 1X°7 (k)]
ZU [I(]}CP(k) + ]&Cp(k)] .

D(k) = 4.1

The sum over the final state spin o reflects the spin-integrated
nature of the detection scheme. The spin index is restored in
the following derivation of the NCD formula.

The initial state |I) is the Bloch state of momentum
k constructed as |k,m) = N~'/2 > e®Ti|i,m). In turn, the
Wannier state |i,m) at site r; is given by

liom) =" my o (K)|ih.0), 4.2)
Ao

as a linear combination of constituent atomic orbitals labeled
by A, and spin o, with k-dependent coefficients m,_, (k). Plane-
wave forms are assumed for the final state®®: yrp ~ e’*FT.
The transition amplitude into the final state of spin o is
evaluated as
(F,olp - A|l) ~ (F,o|r - All) NZm,\,G(k)(Flr CAi A ek
i

(4.3)

Given the localized nature of the Wannier state, it is useful to
rewrite r- A =(r —r;)-A+r; - A. One immediately finds
that (F|r; - A|I) = (r; - A)(F|I) is zero from the presumed
orthogonality of the initial and the final states. To proceed
further, we treat the cases of p-orbital and d-orbital bands
separately as they require somewhat different strategies for
evaluation of the NCD formula. For p orbitals the Wannier
states are assigned the hydrogenic wave function (r|i,A) ~
r—r)yf(r—r;]) (X = x,y,2), and with these we find that
the transition amplitude becomes

(F,o|r - A|I)
o Y ek (Z ;. o (K) / e M. A]xxf(lrl))
i A

Yo mo®) [ ¢ TIe - Al £ (4.4)
A

The sum Y, e/® %07 = skl — k + G) simply yields in-
plane momentum conservation up to the reciprocal lattice
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vector G and is dropped in the last line. Making use of the
fact that f(|r|) depends only on the radial distance, one can
rewrite the second line of Eq. (4.4) as

a0 / T (e = —A - Vi, g (ki), (4.5)
where we have introduced
f(ke]) = / e KT f(r)d’r,

8o (Kp) = mq - Vi, f(IKp|),

and m, = (my 5,myq,m; ). The set of coefficients m,
introduced in the p-orbital Bloch state can be used to calculate
its OAM (L). A simple result is obtained:

(4.6)

(km|Llkm) = (L) =i ) mo(K) x m}(k). (4.7)

Of great importance is the fact that nonzero OAM is possible
even with spin degeneracy, m, = m, where one would obtain
(L) =2im x m*. It is commonly perceived that complex
coefficients m, # m. are associated with the SOI. Our theory
of the previous sections shows, on the other hand, that only
ISB is required to generate complex coefficients in forming
the Bloch state, which then gives rise to nonzero OAM.

We can now proceed to show that NCD is fundamentally
related to (L). Equations (4.4) and (4.6) allow the NCD
formula (4.1) to be recast in the compact, suggestive form:

(AxA*)-Y Vg, x Vgt
Do [(A-Vgo)(A*-Vgr)+(A*- Vg, )(A- Vgl
4.8)

D(k)=

Gradients in the above are with respect to k. The vector
potentials are A = (&; + iez)/ﬁ for RCP and A* for LCP,
with A x A* = —ije| x &3 = —il?Ph giving the incident pho-
ton direction. The remaining task is to evaluate the quantity
>, Vg, x Vg* which governs the CD response of the given
initial state. The denominator, by definition, is always positive
and plays a minor role in characterizing the OAM structure.
For p orbitals, inserting g, = m, - V f gives

> Vg x Vgl

1
= Es“ﬂy <ngmg X mi) Vogf x Vo, f

- —%s"‘ﬁy(La)Vaﬂf X Vi, f. (4.9)
where Eq. (4.7) has been adopted in the final line. Clearly, this
is proportional to the components of OAM in the initial state.
The remaining “form factor” Vg f x V0, f depends on kp,
which in turn depends on the incoming photon energy. Both
(L) and the form factors can be obtained by faithful LDA
calculations of the wave functions. Analytically, a reasonable
choice of f(r) ~e~"/% would yield f(kr) ~ 1/(1 + k%a*)?
and all the form factors can be worked out. The central feature
of our NCD formula, of course, is its proportionality to OAM
carried by the initial state.
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Next we turn to the case of degenerate d-orbital bands.
Now g, = (m, -D)f involves the inner product between
the five-dimensional coefficients m, and the corresponding
differential operators D, matching the given orbital basis.
Explicitly, they are Dy, = d,d, and its two permutations,
D3 2 = (202 — 07 — 92)/2v/3 and Dyo_y2 = (3,2 — 0y2)/2.
Although the dichroism formula (4.8) in its general form still
applies to the d-orbital case, we are no longer able to transform
its numerator to a simple shape like Eq. (4.9).

At this point, however, recall that in realistic ARPES
experiment the incident photons carry energies of several tens
of eV, delivering, however, at most an eV of energy to the
occupied electrons.”’ After subtracting what amounts to the
surface potential energy barrier, there is still a lot of energy
imparted to the final photoelectron, whose energy is typically
in excess of 10 eV. Due to in-plane momentum conservation
(ignoring higher-order scattering), the in-plane component
of photoelectron momentum can carry only a small fraction
of this energy, which means most of the kinetic energy is
contained in the z component, (kp,z)2/2m. As a result, the
typical situation in ARPES experiment is the one in which
kr . dominates over the planar components, and kf a is rather
larger than unity, a being the typical radius of the orbital wave
function. In computing g, = (m, - D) f, therefore, the orbitals
containing at least one power of z will be dominant over those
that contain none, due to extra powers of k¢ a produced by the
differentiation. Such reasoning reduces the number of relevant
orbitals from five to three, that is, d.,, dy., and d3_,>. This
is irrespective of particular crystal-field symmetries of the d
orbitals and is rather dictated by the experimental conditions
of ARPES. We also introduce the notion of “partial OAM,”
which is obtained by assuming only the three, labeled 1 = zx,
2 = yz,and 3 = 372 — r2, out of the five d orbitals contribute
to the wave function:

(L,) = V3i Z (myz,f’m;ztrz,o — m;z,amhz,rz’(,),
o
(Ly)' =30 Y (myopoomly , — My o Mo g), (4.10)
o
(Lzy =i Z(mzx,am;z,g - m;‘x,(,myz,(r)
o

The prime is a reminder that contributions to OAM from d,,
and d,>_,» are being ignored. For completeness we give the
full expression for OAM in the d-orbital band which reads

(Ly) = (Lx>, +i Z [mxy,om:xﬁ - mi)v,gmzx,a
o

*
-2 myz,amxzfyz,a]’

(Ly) = (Ly) +i Z [Myzomyy o — My, oMy o

o

*
+ Myz,0M,2

k
2—y2o

(Lo} = (L) 420 ) Ime_y gmly ;= m_p Myl

+ My om - m;(x,amxzfyz,a]a
@.11)

Following the same calculation procedure as in the p-orbital
case, we find the CD formula for d orbitals valid for k. ;a > 1,

195401-7



PARK, KIM, RHIM, AND HAN

assuming f(r) ~ e~"/4,

lgph : (2<Lx)/x,\ + 2<Ly>/§’ - (Lzyz)

PHYSICAL REVIEW B 85, 195401 (2012)

Dy(k) =

Y [Aum1 o + Ayma e — 28/3Ams JN(A ) my , + (Ay)yms , — 24/3(Ayms 14 (A < A%)

4.12)

On a technical note, the form factors are expanded in powers of (kra)~2, so that even a moderate factor like kra ~ 2 is adequate
to justify the large-kra formula above. The OAM shown in the numerator refers to those in partial OAM. Again, nontrivial
CD-ARPES signal is predicated on the existence of OAM. In the same limit, kr ;a > 1, the p-orbital formula simplifies to

Skon + (L) —6(kpn - kp)(kp - (L))

D,(k) =

The case of £, bands involving the three orbitals, m, =
(Myz o,Mzx 5,Myy o), can be worked out as well. Referring
to the general OAM expression in Eq. (4.11), OAM in the
f, band reads (L) = —i ZU m, x m. [Note the opposite
sign compared to the p orbital result in Eq. (4.7).] The factor
>, Vg x Vg* in Eq. (4.8) becomes

1 *
Eeaﬁy(Zma x m(,) VDsf x VD, f

— %g“ﬂV(La)VD,gf x VD, f, (4.14)
where D = (D,.,D,,,D,,). Again, nontrivial OAM is respon-
sible for NCD for f,, bands. The actual task of evaluating the
form factors leads to cumbersome expressions which we omit.
For practical applications, it is better to evaluate form factors
such as VDgf x VD, f in the above numerically using
LDA-obtained wave functions and their Fourier transforms.
We illustrate how the various formulas derived in this
section can be adopted in the LDA calculation to yield NCD
for realistic materials. The OAM of the Bi bands shown in
Fig. 2(a), for instance, can be used to obtain D(k) according
to Egs. (4.8) and (4.9). Employing the exponential function
f(r) ~ e"/% with the radius a = 1.6 A to evaluate the form
factors, Figs. 2(b)-2(d) show D(k) overlaid with local OAM
whenkr = 2.27 A~!isused (kra ~ 3.6). In-plane component
of kr is chosen to match the quasiparticle momentum k. The
z component of Kz is then uniquely fixed. The next set of
figures in (e) and (f) is obtained with ky = 0 A~! (kpa = 0)
for E, and E3 bands. Incident photon direction is chosen
IEPh = (cos 60°,0, —sin 60°) in both sets. The photon energy

0.2

-0.2

FIG. 3. (Color online) (a) First-principles electronic band struc-
ture of Cu(111) 30-layer slab. Red dashed lines indicate the two
surface bands. (b) Calculated OAM and CD corresponding to outer
energy surface bands. Inner surface band shows basically the same
OAM and CD patterns. Maximum OAM vector is ~0.077%.

S 16k - A)kp - my) — (my - A)[6(kp - A)kp - m2) — (m% - A)] + (A < A*)

4.13)

dependence of the NCD is obvious by comparing the two sets
in Fig. 2. LDA calculation for light-element d-orbital bands of
Cu are shown in Fig. 3. In this calculation the ISB electric field
is generated spontaneously through self-consistent electronic
structure calculation and not imposed externally as in the
Bi monolayer case. Despite these differences we found a
clear, chiral OAM pattern around the I" point as shown in
Fig. 3(b). Even though the makeup of the surface bands
receives substantial contributions from both p and d orbitals,
OAM arises predominantly from the d-orbital components;
hence, we used the d-orbital formula in Eq. (4.12) to obtain
3(b). A recent CD-ARPES experiment on a Cu surface is
consistent with our prediction,21 where a similar CD result on
a Au surface is also reported. We comment that a potential
modification of the NCD formula may be necessary for heavy
elements due to significant SOI in the Hamiltonian and the
consequent modification of the current (momentum) operator
coupling to A (Ref. 22). Our present results are, however,
free from such complications as we exclusively focus on
spin-degenerate band structures. Nontrivial OAM and NCD
features are only due to the degenerate multiple-orbital nature
of the eigenstates.

V. SUMMARY

The general notion of “orbital Rashba effect” is presented
in this paper. As a direct counterpart of the well-known
spin Rashba effect, the orbital version arises in the presence
of ISB as commonly occurs in typical surface bands and,
as in the recent case of BiTel,?® in the bulk band of non-
centrosymmetric crystals as well. Careful arguments are given
as to why, in reality, the orbital Rashba effect is the more
generic phenomenon associated with ISB and how the spin
Rashba splitting follows on top of the pre-existing chiral orbital
structure as a consequence of added SOI. We have further
presented some formulas for CD-ARPES experiment which
clearly indicate that CD-ARPES is but a direct probe of the
existence of OAM, much as the spin-ARPES is the direct
probe of spin polarization in the band structure. We believe
both the general ideas of chiral orbital Rashba effect and its
detection scheme through CD-ARPES is a widespread feature
of metallic surfaces, interfaces, and non-centrosymmetric
bulk bands. A related emergence of chiral OAM in a time-
reversal symmetry-broken magnetic metallic surface is being
investigated.
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Before closing, we note the past extensive research in
magnetic CD, as well as magnetic linear dichroism phenomena
on magnetic surfaces.!”?* The CD phenomena and its obser-
vation through CD-ARPES as discussed in this paper is a
consequence of inversion symmetry alone, while for magnetic
surfaces time-reversal symmetry is also violated. A related
paper? pointed out the spin polarization of the photoelectrons
coming off the nonmagnetic surface by the polarized incident
photon. We, on the other hand, discuss the spin-integrated
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scattering intensity coming off the nonmagnetic surface. It
is to be emphasized that our findings are unrelated to spin
polarization effects.
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