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Rashba spin orbit coupling (SOC) in noble metal surfaces is of great importance for the application
of metal films in spintronic devices. By combining the density-functional theory calculations with
our recently developed orbital selective external potential method, we investigate the Rashba SOC
in the Shockley surface states of Au(111) and Ag(111). We find that the large Rashba SOC in the
sp-character surface states of Au(111) is mainly contributed by the minor d-orbitals in the surface
states. While for the sd-character surface states, although they are dominated by the d-orbitals,
Rashba splitting is found to be rather small. Band structure analysis reveals that this is mainly
because the sd-character surface states are well below the Fermi level and can be less influenced by
the asymmetric surface potential. We demonstrate that the Rashba SOC in noble metal surfaces can
be effectively manipulated by shifting the d-orbitals in the surface states, which can be physically
implemented through surface decoration. Our investigation provides a deep understanding on
Rashba SOC in noble metal surfaces and could be helpful to their applications in spintronic devices.
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I. INTRODUCTION

The breaking of inversion symmetry in the surface of
solid or interface of heterostructure could result in many
spin-related phenomena, for example, the spontaneous spin
splitting without magnetic field (usually called Rashba
effect),’? the topological surface states,” and the surface
magnetic anisotropy of ferromagnetic metal films.>® In fact,
most of the spin-related phenomena at the surface/interface
are related to the spin-orbit coupling (SOC),”® which acts as
a bridge between spin, orbital, and charge degrees of free-
dom. Among various kinds of SOCs, Rashba-type SOC'
attracts growing research attention in both theoretical and ex-
perimental aspects,””'® because its strength can be flexibly
tuned through electric field,>*> which makes it possible to
electrically manipulate electron spins. Semiconductor heter-
ostructure with Rashba SOC opens up the possibility to
design all-electric devices,%_28 for example, the well-known
Datta-Das spin field transistor,?® in which the spin precession
can be controlled without the requirement of magnetic field.

Subsequent to the semiconductors,”*=* metal surfaces
become another important system with sizable Rashba
SOC.?™ Research interest in metal surfaces begins with
Au(111).* In 1996, LaShell ef al. observed the SOC induced
spin splitting in Au(111) surface by angle-resolved photoem-
ission spectroscopy (ARPES).** At the Fermi wavevector,
the splitting energy can reach up to 110meV.* In 2001,
Nicolay et al. reexamined Au(111) and Ag(111) surfaces by
the high-resolution photoemission and fully relativistic cal-
culations.** They observed a large spin splitting in Au(111)
surface; however, they found the spin splitting in Ag(111) is
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too small to be experimentally resolved. They attributed the
large difference between Au(111) and Ag(111) to the differ-
ent atomic SOC, as well as the potential gradient at the sur-
face. In 2003, Henk et al. demonstrated that the spin
polarization in the surface states of Au(111) is perpendicular
to the in-plane wavevector, which can be well described by
the Rashba SOC model.* Because the splitting bands in
Au(111) surface are around the Fermi level and mainly con-
sist of s- and p-orbitals, they are also called the shallow
sp-character surface states,46 and less attention has been paid
to the minor d-orbitals hybridized in the surface states. Till in
2006, Bihlmayer et al. pointed out that a surface state of
purely p- or d-orbitals shows no Rashba splitting at all, only
the hybridization of different-parity orbitals in the surface
state wave functions can result in the asymmetry of the wave-
function and induce Rashba SOC.*” This is the first time that
the contribution of the d-orbitals is pointed out. More recently
in 2012, Lee and Choi studied Au(111) and Ag(111) surfaces
and reported the exciting finding that the d-orbitals determine
the Rashba splitting.*” The proximity of 5d- and 6s-orbital
energy levels in Au increases the d-orbitals in the surface
states,*® which may be the genuine reason why Rashba split-
ting in Au(111) is much larger than that in Ag(111). In addi-
tion, Nagano et al. investigated the Rashba SOC in different
Au crystalline surfaces and found that the Rashba SOC in
Au(110) is much different from that in Au(111), because the
surface states of the outmost surface layer of Au(110) and
Au(111) are composed mostly of the surface-parallel and
surface-normal p-orbitals, respectively.**

Meanwhile, various approaches have been tried to tune
the Rashba SOC strength in metal surfaces.’*™> Ast er al.
designed the surface alloy Bi/Ag(111), in which a giant
Rashba spin splitting is obtained due to the coexistence of

© 2016 AIP Publishing LLC
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strong in-plane and out-of-plane potential gradient.’’

Mirhosseini and Abdelouahed et al. constructed the metal/fer-
roelectric (Bi/BaTiO3;) interface, in which they found the re-
versal of the ferroelectric polarization can change the Rashba
splitting.>*>> In our previous work, we found that the directly
applying electric field can tune the Rashba SOC in Au(111)
surface.’! However, due to the screening effect at the metal
surface, the impact of the electric field is relatively limited. In
the present work, by combining the density-functional theory
(DFT) calculations with our recently developed orbital selec-
tive external potential (OSEP) method, *7 we comparatively
investigate the sp- and sd-character surface states™® in noble
metal surfaces Au(111) and Ag(111, and reveal the orbital
dependence of Rashba SOC. Guided by the orbital analysis,
we can intentionally tailor the orbital components in the sur-
face states through surface decoration, whereby we can effec-
tively control the strength of Rashba SOC.

Il. COMPUTATIONAL METHODS

The calculations are performed within relativistic DFT
using the projector augmented wave (PAW) method imple-

mented

in the Vienna Ab-Initio Simulation Package
(VASP).” The exchange-correlation potential is treated in
the local-spin-density approximation (LSDA), with SOC

included. We use the energy cut-off of 400eV for the plane

wave expansion of the PAWs and a 21 x 21 x 1 I centered

k-point grid in the self-consistent calculations. For geometry
optimization, all the internal coordinates are relaxed until the
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FIG. 1. (a) The first Brillouin zone of a face-centered-cubic crystal, in which
I', X, W, L, and K are the high symmetry k-points. The orbital-projected
band structures of bulk (b) Au and (c) Ag, with the blue, pink, and green
dots indicating the s-, p-, and d-orbital states, respectively. The radii of
circles are proportional to the weight of the corresponding orbital. The
Fermi level is set to be zero.

Hellmann-Feynman forces are less than 1 meV/A. The vac-
uum thickness along the z axis is 20 A, which is thick enough
to avoid the interaction between adjacent slabs.
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FIG. 2. Orbital-projected band structures of bulk (a)—(c) Au and (d)—(f) Ag for hexagonal close-packed unit cell, with the blue, pink, and green dots indicating

the s, p,, and dz2 orbitals, respectively.
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We use the OSEP method”®*’ to investigate the orbital-
dependence of Rashba SOC in noble metal surfaces. This
method can introduce a special external potential on the
selected orbitals, which has some similarity with the DFT + U
method. Within the frame of OSEP, the system Hamiltonian
is written as HOSEP = HO.¢ + |inlma) (inlma|Vey, where HY
is the primary Kohn-Sham Hamiltonian, and V., is the
applied potential energy. The indices i, n, [, m, and ¢ represent
the atom site, principle, orbital, magnetic, and spin quantum
number, respectively. Since the strength of hybridization
between two orbitals is strongly dependent on their energy dif-
ference, we therefore can control the hybridization by apply-
ing an external field to shift the energy levels of the orbitals.
Here, we use this method to control the orbital hybridization
in the surface states and demonstrate the contributions of the
different orbitals to Rashba SOC.

lll. RESULTS AND DISCUSSION

A. Band structures of bulk Au and Ag for primitive unit
cell

Noble metals Au (54'%s") and Ag (4d'°5s") have the
same face centered cubic (FCC) structure, with the primitive
unit cell including a single atom. Fig. 1(a) shows the first

J. Appl. Phys. 119, 125310 (2016)

Brillouin zone (BZ) of a FCC lattice, with the high symmetry
k-points I', X, W, L, and K. In Figs. 1(b) and 1(c), the orbital-
projected band structures of bulk Au and Ag are shown, respec-
tively, with the blue, pink, and green dots indicating the s-, p-,
and d-orbital states, respectively. For both Au and Ag, we can
find the occupied s orbital below the Fermi level, which shows
a characteristic free-electron-like behavior around the I'" point.
We also notice the empty s orbital above the Fermi level,
because Au (Ag) atom has only one 6s (5s) electron. In addi-
tion, we can clearly see the nearly fully filled d orbitals below
the Fermi level and the empty p orbitals above the Fermi level.

B. Band structures of bulk Au and Ag for the
hexagonal close-packed (HCP) unit cell

The (111) surface is obtained by cutting the FCC struc-
ture in the way that the surface plane intersects the x-, y-, and
z- axes at the same value, which exposes a surface with hex-
agonal arrangement. The HCP unit cell has three times the
volume of the primitive unit cell, and the three k-points in
the first BZ, i.e., I'(0, 0, 0), G1(1/3, 1/3, 1/3), and G1'(—1/3,
—1/3, —1/3) shown in Fig. 1(a), coincide at the I" point in the
BZ of the hexagonal unit cell. In Figs. 2(a)-2(f), the orbital-
projected band structures of bulk Au and Ag for HCP unit
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FIG. 3. Orbital-projected band structures of (a)—(c) Au(111) and (d)—(f) Ag(111) slabs, with the blue, pink, and green colors representing the s, p,, and d,? orbi-

tals of the surface Au (Ag) atom, respectively.
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cell are shown, in which the blue, pink, and green dots indi-
cate the s, p,, and d,. orbital states, respectively. We spe-
cially present the p, and d,. orbitals, because these z-oriented
orbitals are sensitive to the surface potential and play the
critical role in forming Rashba SOC. Both in Au(111) and
Ag(111) surfaces, we can observe the bands around 8eV
above the Fermi level, which consist of s, p,, and d,. orbitals.
In addition, we also notice the bands around 6 eV below the
Fermi level, which are mainly contributed by s and d,. orbi-
tals. To simplify the description, we name the bands around
8eV and —6eV as S1 and S2, respectively. Bands S1 and S2
will evolve into the shallow sp- and deep sd-character sur-
face states, which will be discussed in the following.

C. Rashba spin orbit coupling in Au(111) and Ag(111)
surfaces

We then investigate the surface states of Au(l111) and
Ag(111). In Fig. 3, we plot the orbital-projected band structures
of the 22-layer Au(111) and Ag(111) slabs, in which the blue,
pink, and green colors represent the s, p,, and d,. orbitals of the
surface Au (Ag) atom in the slab, respectively. Both in
Au(111) and Ag(111), we can clearly observe the surface states
around the Fermi level, i.e., the well-known sp-character sur-
face states. Also, we can clearly see the deep sd-character sur-
face states, which are located well below the Fermi level. From
the orbital analysis, we know that the shallow sp-character sur-
face states are dominated by the p, orbital, and the deep sd-
character surface states mainly consist of the s and d,. orbitals.

Compare band structures of Au(111) bulk and its slab,
we notice that Au S1 bands are around 8 eV, and the sp-char-
acter Rashba splitting bands are around the Fermi level. Yet
the energy levels of Au S2 bands and the sd-character bands
do not show much difference, which means that the sd-char-
acter surface states are less influenced by the surface poten-
tial. To clearly show the sp- and sd-character surface states,
we select different energy windows in Figs. 4(a) and 4(b), in
which we can see that the Rashba splitting of the sp-character
surface states is much larger than that of the sd-character
ones. Similar comparison is also conducted between Ag(111)
bulk and its slab. A large energy difference between Ag S1
bands and the sp-character splitting bands is also observed;
however, the surface potential gradient does not induce the
large Rashba SOC in Ag(111) surface.

D. Orbital dependence of Rashba spin orbit coupling

Using our recently developed OSEP method, we can
artificially control the orbital components in the surface
states, and therefore reveal their contributions to Rashba
SOC. Due to the orbital angular momentum /=0, the s-or-
bital is believed to have no contribution to Rashba SOC. To
distinguish the contributions of the p- and d-orbitals, we con-
sider an external field selectively applied to the d-orbitals by
using the OSEP method. In Figs. 4(c) and 4(d), we show the
band structures of Au(l111) slab with V¢, =-3eV. We
notice that the sd-character surface states are shifted down,
with Rashba splitting greatly enhanced. While the sp-charac-
ter splitting bands are pushed upward, and the Rashba split-
ting is obviously suppressed. Because the total number of

J. Appl. Phys. 119, 125310 (2016)
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electrons is constant, the fact that more d-orbitals are occu-
pied due to the shifting down of the d-orbitals will conse-
quently result in less occupation of s- or p-orbitals. This is
the reason why the sp-character surface states are shifted
upward and thus become empty. In Figs. 4(e) and 4(f), the
Rashba splitting energy under different values of d-orbital
potential energy is presented. It is obvious that the Rashba
splitting energies of the sp- and sd-character surface states
show opposite behaviors, and both are closely dependent on
the d-orbital potential energy. We also notice the nonlinear
relationship between the Rashba splitting energy and the
wavevector, which has been discussed previously.****-2
Similar calculations are also conducted for Ag(111) sur-
face. To enhance Rashba SOC strength of the sp- and sd-char-
acter surface states in Ag(l11) surface, we should apply
different d-orbital fields. In Fig. 5(a), we show the Rashba spin
splitting of the sp-character surface states, with the red curves
representing V¢, =3eV. In Fig. 5(b), we show the Rashba
spin splitting of the sd-character surface states, with the red
curves representing V¢ = —3eV. The black curves in Figs.
5(a) and 5(b) represent fo, =0, which are provided for com-
parison. We find that the positive d-orbital potential energy
can increase the Rashba splitting of the sp-character surface
states, while the negative d-orbital potential energy can
increase the Rashba splitting of the sd-character surface states.

E. Surface decoration

From the above calculations based on OSEP method, we
confirm that the Rashba SOC in both Au(111) and Ag(111)

J. Appl. Phys. 119, 125310 (2016)

is sensitive to the d-orbitals in their surface states. How can
we physically modify the d-orbitals distribution? It was
reported by Sakong and Grof3 that the hydrogen adsorption
on Cu(111) surface can shift down the d-orbitals of surface
copper atom.® They found the top site adsorption, with the
hydrogen atom mainly interacting with one copper atom, can
induce the obvious shifting down of the d-bands, due to the
strong hybridization between H /s and Cu 3d,..%° Since Au,
Ag, and Cu are in the same column in the element periodic
table, they may have similar properties, based on which we
presently investigate the influence of hydrogen adsorption on
the surface states of Au(111) and Ag(111).

We consider the model that one surface of the noble metal
slab is adsorbed by hydrogen atom, with one hydrogen adatom
per unit cell, and the other surface remains clean. For both
H/Au(111) and H/Ag(111), we notice that the top site adsorp-
tion is not energetically favorable, yet it can induce the
obvious shifting down of the d-orbitals, which is similar with
the case of H/Cu(111). For top site adsorption, we present par-
tial density of states (PDOS) of the hydrogen adatom and the
surface Au atoms in Figs. 6(a)-6(c). To simplify the descrip-
tion, the Au atom on the clean Au(111) surface is labeled as
Au-1, and the Au atom on the adsorbed surface, which directly
contacts with hydrogen atom, is Au-22. Comparing PDOS of
Au-1 and Au-22, we find that the adsorption of hydrogen atom
pushes down the d-orbitals of Au-22. An obvious hybridiza-
tion between H 1s orbital and Au-22 5d orbitals can be
inferred from Figs. 6(b) and 6(c). The orbital projected band
structures will further demonstrate the hybridization between
H s and Au-22 5d,., which will be discussed in the following.
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FIG. 7. Band structures of (a) H/Au(111) and (d) H/Ag(111), in which the red and blue curves indicate the sd-character splitting bands of the clean and adsorbed
surfaces, respectively. The orbital-projected band structures of (b), (¢) H/Au(111) and (e), (f) H/Ag(111), with H 1s shown in blue and Au (Ag) d.” in green.
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The results of H/Ag(111) system are shown in Figs. 6(d)-6(f),
and similar effects can also be observed.

To observe the influence of d-orbitals shifting on Rashba
SOC, we plot the band structures of the H/Au(111) and
H/Ag(111) in Figs. 7(a) and 7(d), respectively, in which the
blue curves indicate the sd-character surface states of the
adsorbed surface, and the red ones represent the clean surface.
Both in H/Ag(111) and H/Au(111), we find the sd-character
Rashba splitting is greatly enhanced by hydrogen adsorption.
Even Rashba splitting in H/Ag(111) is comparable to that in
H/Au(111). We then show the orbital-projected band struc-
tures of H/Au(111) in Figs. 7(b) and 7(c), and H/Ag(111) in
Figs. 7(e) and 7(f), in which the H 1s orbital is shown in blue,
and the d,. orbital of the surface Au (Ag) atom is in green. It
can be clearly seen that the sd-character splitting bands of the
adsorbed surface mainly consist of the H 1s orbital and d,- or-
bital of the surface Au (Ag) atom. We believe that it is the
hybridization between H 1s and Au 5d,. (Ag 4d,-) that shifts
down the d-orbital bands and enhances the Rashba SOC.

IV. SUMMARY

In summary, we investigate the Rashba SOC in Au(111)
and Ag(111) surfaces. We confirm that the Rashba SOC in
the sp-character surface states of Au(l11) is much larger
than that of Ag(111), and the minor d-orbitals in the surface
states play the critical role in forming large Rashba SOC.
Although the sd-character surface states in both Au(111) and
Ag(111) surfaces are dominated by the d-orbitals, the
Rashba splitting in them is found to be rather small. Band
structure analysis reveals that this is mainly because these
sd-character surface states are well below the Fermi level
and can be less influenced by the asymmetric surface poten-
tial. Using the orbital selective external potential method, we
find that the Rashba splitting in both the sp- and sd-character
surface states can be effectively manipulated by shifting the
d-orbitals in the surface states. Furthermore, we find such
d-orbital potential energy can be physically implemented
through surface decoration. For example, the adsorption of
hydrogen atom can obviously shift down the d-orbitals in the
surface states and greatly enhance the Rashba SOC in the sd-
character surface states of both Au(111) and Ag(111). Our
investigation provides a deep understanding on Rashba SOC
in noble metal surfaces and would be helpful to their applica-
tions in spintronic devices.
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