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Toward a ferroelectric control of Rashba spin-orbit coupling: Bi on BaTiO3(001)
from first principles
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As demonstrated conceptually by first-principles calculations, the Rashba spin splitting in the 6p states of a
Bi adlayer on BaTiO3(001) can be manipulated by the electric polarization in the ferroelectric substrate.
Although this spin-electric effect is moderate, with a relative change in the splitting of about 5%, the absolute
splitting of about 0.24 A~' is unmatched. Further, the occupied 6p surface states display an anisotropic
dispersion and deviate significantly from the free-electron model of the Rashba effect. Our findings may pave

a route for spin-electronic devices.
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I. INTRODUCTION

A key issue in spin electronics! is the manipulation of the
electrons’ spins by an electric field. This goal can be
achieved for example by the magnetoelectric coupling in a
multiferroic>~* or by the tunable strength of the Rashba spin-
orbit coupling in a two-dimensional electron gas at a semi-
conductor interface.>®

In an isotropic two-dimensional electron gas, the Rashba
effect lifts Kramers’ degeneracy.’ As a consequence, the dis-
persion relations of the free electrons which are confined to
the xy plane become split,

ﬁ2k2
E-(k)=—— * wlk|+Ep ky=(kyk,). (1)
2m

Here, the electronic states are labeled by + and —, and m* is
the effective electron mass. The Rashba parameter yz which
quantifies the spin-orbit coupling strength comprises effec-
tively two contributions:'” The “atomic” contribution is due
to the strong potential of the ions and the “confinement”
contribution is due to the gradient of the confinement poten-
tial in z direction.

Surface states which are subject to the Rashba spin-orbit
coupling have gained considerable attention in the last
years.'"'> A particularly large Rashba  splitting
kg=|m*|yg/%?, which is defined as the mutual shift of the
split bands, is observed for adlayers of heavy elements with
p valence shell on noble metal and semiconductor surfaces,
e. g., Bi/Ag(111) (Ref. 13) and Bi/Si(111).'"* With regard to
the abovementioned contributions, the strength of the Rashba
spin-orbit coupling in an adlayer can be manipulated by al-
loying, for example of Pb and Bi (atomic contribution),' or
by changing the charge density in the surface region by ada-
toms (confinement contribution; e. g., Refs. 16 and 17).

In this Brief Report, we propose a third route for manipu-
lating the Rashba splitting of electronic states in an adsorbed
layer: While keeping a Bi adlayer, we use a ferroelectric,
here BaTiO5(001), in place of a metallic or semiconducting
substrate. The idea is to (ferro)electrically control the Rashba
splitting as follows. The reversal of the intrinsic electric po-
larization P in the perovskite by an external electric field is
equivalent to reversing the mutual displacements of Ti and O
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atoms in [001] direction. Consequently, the charge density at
the Bi/BaTiOj; interface is changed, leading eventually to a
modification of the Rashba splitting of the surface states in
the Bi adlayer. This scenario of a “spin-electric coupling” is
similar to the magnetoelectric coupling in a two-phase mul-
tiferroic, say in Fe/BaTiO5.!8-20

Rashba/ferroelectric systems have a number of advan-
tages. First, because the electric polarization P is changed by
an electric pulse (in contrast to a steady electric field),® the
Rashba splitting would remain switched permanently. This
feature makes such a system suitable for information storage
devices.2! Second, the deposition of adatoms could alter the
surface electronic structure significantly?? and switching of
the splitting may be difficult or even impossible.”> Thus,
Bi/BaTiO; and similar systems lend themselves support for
a new class of materials for spin electronics devices.

In this Brief Report, we demonstrate conceptually the pro-
posed mechanism for a complete monolayer of Bi on
BaTiO5(001). Using ab initio methods of computational ma-
terial science, we focus on (i) the strength of the Rashba
splitting in the 6p surface states of Bi, (ii) the effect of
switching the electric polarization in the ferroelectric sub-
strate on the Rashba splitting of the Bi surface states, and
(iii) their dispersion and spin polarization as compared to the
free-electron model of the Rashba effect.

II. COMPUTATIONAL ASPECTS

We follow the first-principles approach which has proved
successful in earlier studies of two-phase multiferroics?® and
of Rashba systems.!%13.24

We consider a BaTiO3(001) substrate with TiO, termina-
tion; the deposited Bi atoms form a complete (1 X 1) mono-
layer. The geometric structures have been obtained by the
Vienna ab initio simulation package (VASP).2> The adatoms
have initially been placed at different positions and are sub-
sequently relaxed to their equilibrium positions.

The structural data serve as input for the relativistic cal-
culations which aim at the Rashba splitting and rely on our
multiple-scattering theoretical codes for semi-infinite sys-
tems [Korringa-Kohn-Rostoker (KKR) and layer-KKR meth-
ods; e. g., Ref. 26]. A detailed analysis of the electronic
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FIG. 1. (Color) Geometry of Bi/BaTiO3(001). (a) Perspective
top and (b) side views of the Bi-covered BaTiO5(001) surface for
electric polarization P;. Spheres represent Bi (violet), Ba (green), Ti
(blue), and O (red) sites. A two-dimensional unit cell is displayed in
(a) as transparent square. Three BaTiO; stacks which each compris-
ing a BaO and a TiO, layer are depicted in (b).

structure is obtained from the Bloch spectral density
1
nls(E9kH) =- 7—TIm Tr G‘L(rls,rls;E,k”), (2)

which is determined from the site-diagonal Green function
G*(ry,ry;E k). The trace involves integration over the
muffin-tin sphere of site s in the two-dimensional unit cell of
layer I, with r;; being associated with this sphere.?® n;(E k)
can be resolved further with respect to orbital composition
and spin orientation.

We have checked that basic quantities are consistently
reproduced by the VASP and the KKR codes. These also
agree nicely with those obtained by our additional FLAPW
calculations.?’

III. SURFACE GEOMETRY

In the following, we consider two major configurations
which are distinguished by their intrinsic electric polarization
P in the bulk of the BaTiOj; substrate. In accordance with the
mutual displacement of the Ti and O atoms, P is along the
[001] direction which is taken as z direction. For P pointing
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FIG. 2. (Color online) Surface electronic structure of

Bi/BaTiO;(001) for P;. Bloch spectral densities (“SD”) n(E k) are
shown for the Bi adlayer (line) and for the adjacent BaTiO; stack
(filled) at T' (k;=0). The underlying rectangle marks the fundamen-
tal band gap; the conduction band minimum is taken as energy zero.
The Bi 6p surface states are indicated by an arrow.
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FIG. 3. (Color) Surface states in Bi/BaTiO3(001) for P;. (a)
Spin-integrated Bloch spectral density for Bi imaged as gray scale
(white 0, black 400 states/Hartree) along M-T-X of the two-
dimensional Brillouin zone. The Rashba splitting ki and the Rashba
energy Ey are indicated. The inset shows a quarter of the Brillouin
zone. (b) Spin-resolved density for Bi depicted as color scale. Blue
(red) indicates a positive (negative) difference n!—n!, with the spin
projection normal to k; and with extrema of £150 states/Hartree.
Energy scale as in Fig. 2.

toward -z, referred to as P, the z coordinates of Tio and O
sites in the same layer obey zr; <zo (z1i—20=-0.09 A). The
opposite case is referred to as Py, with zp;> z0.

A total-energy analysis shows that Bi forms a 1X 1 ad-
layer, with Bi on top of the Ba atoms of the subsurface BaO
layer (Fig. 1 for Py; all results for P| agree qualitatively with
those for Py and are therefore not shown).oTheir distance in z
direction to the surface Ti sites is 2.11 A for Py, which is

X
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FIG. 4. (Color) Spin topology of the surface states in
Bi/BaTiO53(001) for P;. (a) Radial and (b) tangential spin polariza-
tion components are visualized as the difference n'—n'! of Bloch
spectral densities at Bi in the entire two-dimensional Brillouin zone.
The energy is —1.30 eV (energy scale as in Fig. 2). Dark blue and
red indicate +150 and —150 states/Hartree, respectively. Arrows in
(b) give a visual impression of the total spin polarization.
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TABLE I. Rashba effect in Bi/BaTiOs. The splitting kg, the Rashba energy Eg, the effective mass m* (in
units of the electron mass ), and the Rashba parameter yg for both bulk electric polarization P; and P, are

given for the T —M and the T'-X direction of the two-dimensional Brillouin zone [inset in Fig. 3(a)].

r-m r-x
ZCR Ex m* R, okR Ex m* R,
(A7) (eV) (me) (eV A) (A (eV) (my) (eV A)
Py 0.22 0.16 ~1.14 1.45 0.25 0.18 -1.36 1.42
P, 0.23 0.16 -1.22 1.39 0.27 0.18 -1.48 1.36

equivalent to 52.9% of the bulk Ba-Ba z distance (3.99 A).
For P| we find a z distance of 2.16 A (54.0%).

It turns out that for both Py and P 1> the polarization at the
topmost TiO, layer is negative (i. e., zp;<<zo).2® However,
the relaxations of these atoms differ: zp;—zo=-0.13 A for
Py and -0.18 A for P |- In summary, the surface geometry
depends slightly on the orientation of the bulk electric polar-
ization.

IV. RASHBA SPLITTING IN THE Bi SURFACE STATES

The Bi adlayer gives rise to occupied 6p electronic states
in the fundamental band gap of the surface BaTiO; stack. At

I these show up at energies Ey=-0.82 eV for P, (arrow in
Fig. 2) and at —-0.84 eV for P, respectively. These are
mostly confined to the Bi layer but show also considerable
spectral weight in the adjacent layer, making them subject to
switching of P.

The dispersions of the Bi surface states show the typical
signatures of the Rashba splitting: kg and the Rashba energy
Er which are indicated in Fig. 3(a). Since the dispersion is
anisotropic, the characteristics of the Rashba splitting are
anisotropic as well (Table I). Although the origin of this an-
isotropy are higher-order terms in k;,>> we quantify the effect
by means of an anisotropic effective mass and Rashba pa-
rameter.

The switching of the electric polarization P affects indeed
the Rashba splitting kg (Table I), thereby confirming the
above motivation. The strength of this spin-electric coupling

is quantified by the relative change in kg; for [=M it is

about 4.5% whereas for T'—X it is about 5.5%. These num-
bers are qualitatively explained on one hand by the weak
polarization dependence of the surface geometry and on the
other hand by the strong localization of the Bi 6p states to
the adlayer. Both a larger relaxation and a stronger hybrid-
ization of the Bi states with those of the substrate could
enhance the effect. We would to like to stress that the relative
change in the surface magnetization of a single Fe layer on
BaTiO;(001) is 2.8%;%° this shows that the spin-electric cou-
pling is at least as large as the magnetoelectric coupling.
The average splitting kg of about 0.24 A~' is sizably
larger than the unmatched 0.13 A~' reported for
Bi/Ag(111).13 However, Ey is with about 0.170 eV less than
in Bi/Ag(111) (0.200 eV). Consequently, the effective
masses m*z—hzsz/(ZER) of Bi/BaTiO; are larger (in abso-
lute value) than in Bi/Ag(111) (=0.32m.). Because the

Rashba parameter of the free-electron model depends on m*,
the numerical values for yg=2|Eg|/kg in Bi/BaTiO; are con-
siderable less than that in Bi/Ag(111) (3.08 eV A), although
the splitting in reciprocal space is about as twice as large.

We note that relevant for applications is not the strength
yr of the Rashba spin-orbit coupling but the actual splitting
kgr. A large splitting in reciprocal space is equivalent to a
small wavelength in direct space. As a consequence, the spa-
tial range in which the electronic wave functions of the split
states can effectively interfere in a spin electronics device is
small as well. This feature is favorable since it allows re-
duced device dimensions.

V. MOMENTUM DISTRIBUTIONS AND SPIN TOPOLOGY
OF THE Bi SURFACE STATES

Momentum distributions which display the Bloch spectral
density versus k; at fixed energy E (Fig. 4) deviate signifi-
cantly from the circular momentum distributions of the free-
electron model, in accordance with the dispersion relations
(Fig. 3). The anisotropy shows up in particular for the outer
band (with larger |k;|) which reflects the 4mm symmetry of
the surface.

Another signature of the Rashba effect—besides kr and
Er—is the spin polarization S . of the split electronic states.
For free electrons, S lies within the confinement plane, is
tangential to the circular momentum distribution and is com-
plete (|S-|=100%). For Bi/BaTiO; we find in-plane S-. but
also distinct deviations from the free-electron model, as is
exemplified at E=—1.30 eV (Fig. 4). The inner state, with
small |k;|, compares well with the free-electron model; con-
fer the almost circular momentum distribution with small
radial component (a) and constant tangential component (b).
The outer state, with larger |k;|, shows a large tangential

component, in particular along I'-M, but significantly less

along T —X. This together with the shape of its sizable radial
component implies that its spin follows the curvature of its
noncircular momentum distribution [arrows in Fig. 4(b)].

VI. CONCLUDING REMARKS

Our theoretical investigation provides a proof of concept
for spin-electric coupling in an adlayer of a heavy p metal on
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a ferroelectric substrate: Switching of the intrinsic electric
polarization P in the ferroelectric (here: BaTiOs) affects the
strength of the Rashba splitting in the adlayer (here: Bi).

The present work predicts a moderate spin-electric cou-
pling but a large absolute Rashba-type spin splitting. Never-
theless, it is conceivable to increase the effect by larger
atomic displacements in particular at the ferroelectric/adlayer
interface. A possible candidate might be PbTiO; which
shows larger displacements and electric polarizations than
BaTiO;.28

PHYSICAL REVIEW B 81, 073406 (2010)

We encourage to search for improved Rashba-split/
ferroelectric systems in both theory and experiment. The ul-
timate spin-electric coupling would be a change in sign of
the Rashba parameter yr—and hence of the spin polarization
S—upon reversal of P.

We appreciate very much fruitful discussions with M.
Fechner and Chr. R. Ast. This work is supported by the
Sonderforschungsbereich 762 “Functionality of Oxide Inter-
faces.”
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