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We have studied the modification of Au(111) surface state parameters with Ag deposition. We unambigu-
ously evidence a continuous decrease in the spin-orbit splitting of the two surface state subbands upon increas-
ing Ag coverage. An annealing leads to the formation of a chemically disordered Ag-Au alloy. This alloy
formation is accompanied by an increase in the spin-orbit splitting. We established a quantitative correlation
between the amplitude of this splitting and the relative amount of Au and Ag atoms probed by the surface state
wave function proving the atomic character of the spin-orbit splitting. Control of the Ag-Au interface allows a
continuous fine tuning of surface state properties; in particular, thek-dependent spin polarization.
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The (111) surfaces of noble metals that present asp sur-
face state(Shockley state) close to the L point of the Bril-
louin zone,1 have been extensively studied by angle-resolved
photoelectron spectroscopy(ARPES) in the last two
decades.2,3 This electronic state is a paradigm of two-
dimensional electronic systems, and it has been used to study
fundamental interactions such as electron-electron or
electron-phonon interactions in solids.4,5 Recently, the effect
of spin-orbit interaction on the Shockley state has been
evidenced.6,7 In Au(111), this interaction yields a splitting of
the Shockley band and the formation of two spin-polarized
subbands.8,9 A similar behavior is observed on thed-derived
surface state in Li/Ws110d.10,11This splitting is, in principle,
forbidden in centrosymmetric solids due to combined time
reversal and inversion symmetries.12,13As an example, it ap-
pears in noncentrosymmetric semiconductors with blende
structure such as GaAs,14 but not in centrosymmetric semi-
conductors with diamond structure such as Ge.15 The Au
structure is centrosymmetric, but there is a breakdown of the
inversion symmetry due the surface potential. However, it
was shown that this surface potential cannot explain quanti-
tatively the magnitude of the splitting, and it was suggested
that atomic spin-orbit interaction plays an important role.16

This atomic origin explains the large splitting observed on
the surface state of Au(heavy metal and large spin-orbit
interaction), whereas a vanishing one is observed in the case
of Ag.17 In this paper, we will show that this splitting can be
continuously tuned by controlling the Ag/Au interface. Its
evolution with Ag film thickness and with annealing leads us
to the conclusion that the key parameter is the amount of Au
atoms probed by the evanescent surface state. This result
demonstrates that the spin-orbit coupling on the Shockley
state has essentially an atomic origin.

The measurements were carried out in a UHV setup com-
posed of a molecular-beam epitaxy chamber for the elabora-
tion and characterization of the surfaces and a photoemission
chamber with a high resolution Scienta SES 200 analyzer
(DE,5 meV andDu,0.5°). Ag ultrathin films were pre-
pared by molecular-beam epitaxy from a Knudsen cell
[rate.0.5 monolayer(ML )/mn] on a Au(111) substrate with

a miscut better than 0.1°. The sample was characterized by
low energy electron diffraction and Auger electron spectros-
copy. The substrate deposition temperature was 300 K to get
a sharp Ag/Aus111d interface and a layer by layer growth, as
actually claimed in the literature.18–20 However, an alloying
is observed with increasing temperature. All the ARPES
measurements have been carried out atT=80 K with He I
shn=21.22 eVd or Ar I shn=11.83 eVd excitation energies.
The measurement temperature has been chosen in order to
minimize contamination and to avoid interdiffusion.

The photoemission spectra as a function of energy and
momentum of the Shockley surface state of Au(111) sub-
strate, a 0.5 ML, and a 1 ML Ag film, are reported in Fig. 1.
The Au(111) spectrum exhibits a Shockley band whose en-

ergy at the center of the surface Brillouin zone(Ḡ point) is

FIG. 1. ARPES intensity as a function of wave vector and en-
ergy for the Au(111) substrate(a), a 0.5 ML Ag film (b), and a 1 ML
Ag film on Au(111) (c). Momentum distribution curves atEF (d)
and energy distribution curve atk=0.1 Å−1 (e) for the 1 ML Ag
film.
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E0=EsḠd−EF=−475 meV, in good agreement with pub-
lished data.7 This band is split by spin-orbit interaction into
two spin-polarized subbands. Due to the nearly free-electron-
like character of the Shockley state, its Fermi surface is com-
posed of two concentric circles in the first Brillouin zone.7

The dispersion relations of these subbands can be written as

EskWid =
"2ki

2

2m*
± aRki, s1d

where the Rasbha coefficientsaRd measures the magnitude
of the spin-orbit interactionsHS.O=aRseWz3pWd sW (Ref. 21)
andm* is the electron effective mass. From a fitting proce-
dure of the two dispersive subbands by parabolas, a value of
2aR

Au=0.66±0.08 Å eV can be estimated. This corresponds
to a difference in Fermi momentum of the two subbands
DkF= ukF

↑ −kF
↓ u=0.023±0.003 Å−1, as defined on the momen-

tum distribution curves(MCD’s) in Fig. 1(d), in perfect
agreement with the previous published value.17

Similar spin-orbit split bands are also observed in the
Ag/Aus111d system. This is illustrated in Figs. 1(b) and 1(c),
where we report the respective photoemission intensities for
0.5 and 1 ML Ag films deposited on Au(111). For the 1 ML

Ag film, the Shockley state at theḠ point is found to be
shifted by 170 meV toward the Fermi energysE0=
−305 meVd. This latter value can be understood as the sur-
face state energy of Au(111) perturbed by a modified poten-
tial in the last layer due to Ag atoms. The various electronic
parameters are also affected by the modification of the po-
tential. Firstly, we observe a significant increase in the elec-
tron effective mass from 0.26m0 for the bare substrate to
0.33m0 for the 1 ML film. Secondly, the value of the split-
ting measured by the momentum separationsDkFd between
the two subbands atEF is reduced by about 20% with respect
to pure Au(111) surface. However, due to the very different
effective mass, the energy between the two subbands at a
given momentum[Fig. 1(d)] is significantly reduced(about
40%) with respect to Au(111). An interesting behavior is
observed in the spectra of submonolayer films
s0,u,1 MLd. The normal emission spectra exhibit two
spectral features atE0=−475 meV andE0=−305 meV, as
shown in Fig. 1(b) for u=0.5 ML. Upon increasing the Ag
coverage, a balance of intensity of these two series of disper-
sive bands is observed. Such a behavior was previously ob-
served in similar systems like Ag/Cus111d.22,23 The two
structures can be interpreted by surface states confined in the
noncovered Au terracessE0=−475 meVd and in the Ag is-
lands sE0=−305 meVd.23,24 The Ag thickness dependence
follows an exponential behavior, as already reported.20

In Fig. 2, we focus on the evolution of the MDC at the
Fermi energysEFd. This spectrum corresponds to a cut of the
Fermi surface along a radial direction of the Brillouin zone.
The solid lines represent an adjustment of the experimental
spectra(with two lorentzians with the same width), which
allows an estimation of the momentum spin-orbit splitting
sDkFd at EF. This figure shows that two contributions are
resolved up to 3 ML films, whereas for larger thicknesses,
only a broad feature is observed. Nevertheless, the anoma-

lous large width, larger than the experimental resolution, re-
veals a remaining spin-orbit induced band splitting of the
surface state. From the Ag thickness dependence ofDkF, the
evolution of the Rashba coefficient can be obtained: 2aR,
equal to 0.66±0.08 for Au(111), tends to 0.11±0.08 in the
limit of large Ag thickness, in agreement with the value ob-
tained for Ag(111) single crystal 2aR<0.06.17

Auger spectroscopy indicates interdiffusion with increas-
ing temperature. Figure 3(b) illustrates this alloying effect by
showing the temperature dependence of the Au NVV Auger
intensity for 1 and 3 ML films. The interfaces have been
prepared at 100 K for the 1 ML film and 300 K for the 3 ML
film. In both cases, upon increasing temperature, the Auger
signal is at first nearly constant(with a slight negative slope)
and then exhibits a large increase above a characteristic tem-
perature. The negative slope is likely to be due to a smooth-
ing of the Ag layer. This behavior is especially marked for
the 1 ML because a deviation from a perfect layer by layer
growth occurs due to the low preparation temperature
s100 Kd. The strong increase in the Au Auger intensity above
a characteristic temperature reveals segregation of Au atoms
at the surface and the formation of a AguAu alloy. This
characteristic temperature is thickness dependent since it is
about 300 K for the 1 ML film and 450 K for the 3 ML film.
The influence of the alloy formation on the electronic prop-
erties is evidenced in Fig. 3 by comparing the dispersion of
the 3 ML Ag film surface state after an annealing at 510 K
[Fig. 3(a)] and after an annealing at 570 K[Fig. 3(b)]. Two
effects are clearly evidenced: first, a 200 meV energy shift to
lower energy in the 570 K spectrum and second, a correlated
increase in the splitting of the two spin-polarized subbands.
The values ofE0=−410 meV and 2aR=0.5 we obtained after
the 570 K annealing are close to those observed in a pure
Au(111) surface. This result suggests that the surface is es-
sentially composed of Au atoms after such an annealing.

Figure 3(d) shows the annealing temperature dependence

of the surface state energy at theḠ point s−E0d and the

FIG. 2. MDC’s taken atE=EF. The dotted lines correspond to
an adjustment with two lorentzians, which allows us to estimate the
momentum splitting of the two subbands.

BRIEF REPORTS PHYSICAL REVIEW B70, 193412(2004)

193412-2



Rashba coefficient for a 3 ML Ag film. Both quantities re-
main approximately constant for annealing temperatures
smaller than 500 K and present a pronounced change above
500 K. Such dependences can be easily interpreted by the
formation of a Au-rich alloy at the surface. What we would
like to point out is the existence of very well-defined surface
state dispersion in spite of the existence of an alloy, i.e., with
chemical disorder, at the surface. This robustness of the
Shockley surface state was previously observed at the(111)
surface of a disordered Cu0.9Al0.1 alloy,25 and is in agreement
with theoretical predictions. Although the wave vector is not
a good quantum number in chemically disordered alloys,
coherent-potential-approximation calculations show that the
spectral function exhibits well-defined peaks.26

It was proposed that atomic spin-orbit plays an important
role in the formation of the two spin-polarized surface state
subbands in Au(111).16 As spin-orbit interactions are larger
in Au atoms than in Ag ones, the Rashba parameter in
Ag/Aus111d could be proportional to the amount of Au at-
oms probed by the Shockley state. In the direction normal to
the surface, the wave function exhibits an evanescent shape
as shown in Fig. 4(a). We have reported the solution of a
one-dimensional Schrödinger equation simulating the poten-
tial of a 3 ML film according to the surface potential model
proposed by Chulkovet al.27 This figure shows that the sur-
face state is mainly confined in the three Ag layers, but also
extends slightly into the Au substrate. According to our as-
sumption that the spin-orbit interaction is essentially atomic-
like, the effective Rashba parameter can be expressed as the

mean value of the parameters of Au(111) saR
Aud and Ag(111)

saR
Agd surfaces weighted by the relative amount of Au atoms

spAud probed by the surface state:

aR = pAuaR
Au + s1 − pAudaR

Ag. s2d

The effect of the increase in the Ag film thickness is a large
decrease inpAu probed by the Shockley state. By using Eq.
(2) and the calculated wave functions for different film thick-
nesses, we can estimate the thickness dependence of the ef-
fective RashbasaRd parameter[dotted line in Fig. 4(b)]. A
good agreement is found with experimental results corrobo-
rating that the spin-orbit splitting is actually dominated by
atomic interaction.

Annealing temperature dependence of the Rashba param-
eter confirms this interpretation. In order to obtain thepAu

values after annealing in the disordered alloys, we have to
calculate the relative amount of Au atoms in each layer. This
is achieved in the framework of a simple one-dimensional
diffusion model.28 By taking n0=731016 s−1 for the diffu-
sion rate andEA=1.83 eV for the energy barrier, we have
calculated the concentration profile for 3 ML of Ag on
Au(111) corresponding to the experimental conditions(tem-
perature and duration of the annealing). This profile accounts
for the Auger intensity dependence of Fig. 3(b). Therefore,
from this profile and numerical solutions for the Shockley
state, we can estimate the number of Au atomsspAud probed
by the Shockley wave function and the corresponding
Rashba coefficient[Eq. (2)]. With increasing annealing tem-
perature, the amount of Au atoms increases in the top layers

FIG. 3. Photoemission intensity as a function of energy and
momentum for a 3 ML film after an annealing at 510 K(a) and at
570 K (b). (c) Annealing temperature dependence of the Au Auger
intensity for a 1 and a 3 ML Ag film on Au(111), the spectra have
been recorded with a time step of 30 s.(d) Annealing temperature

dependence of the surface state energy at theḠ point and Rashba
parameter[the horizontal dashed line represents values for the
Au(111)].

FIG. 4. (a) One-dimensional electronic potential and charge
densitysuCu2d of the Shockley state for a 3 ML Ag film(the white
and gray circles represent the Au and Ag layers, respectively). (b)
Experimental and simulated Rashba parameters for room tempera-
ture annealed Ag films.(c) Evolution of the Rashba parameter for a
3 ML film as function of annealing temperature.
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leading to an increase in the Rashba term. The good agree-
ment with experimental data demonstrates that the spin-orbit
splitting directly reflects the alloy composition close to the
surface weighted by the Shockley wave function charge den-
sity.

Deposition of noble gases on Au(111) yields an increase
in the spin-orbit splitting.17 A similar increase was also ob-
served on thed-derived surface state in Li/Ws110d with in-
creasing Li coverage.10 However, in this system, the evolu-
tion of the splitting has been attributed to the modification of
the the surface state extension. We take into account this

mechanism in Ag/Aus111d by calculating the wave function,
but it has a minor influence.

In conclusion, we observed that a continuous decrease in
the spin-orbit splitting of thesp-derived surface state occurs
with deposing Ag on Au(111) substrate. On the contrary, the
annealing of the interfaces leads to an increase in the split-
ting. Both dependences of the spin-orbit splitting can be sim-
ply correlated to the amount of Au atoms sampled by the
surface state. This behavior confirms the fundamental role of
the atomic spin-orbit interaction in the formation of spin-
polarized surface state subbands and sheds additional light
regarding the possibility of a fine tuning of the splitting.
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