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Reflection anisotropy spectroscopy of the NaÕCu„110…„1Ã2… surface reconstruction
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The optical technique of reflection anisotropy spectroscopy~RAS! has been used to study the Cu(110)-
(132) surface reconstruction induced by Na adsorption. Room temperature deposition of submonolayer
coverages of Na onto the Cu~110! surface results in the (132) reconstruction and is known to induce energy

shifts in both the occupied and unoccupied surface states at theȲ point on Cu~110!. Transitions between these
surface states have been associated with a peak observed at 2.1 eV in the RA spectrum. We report RAS studies
of the reconstruction and relate changes in the RA spectra at 2.1 eV to changes in the surface states induced by
Na adsorption.
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Surface reconstruction of fcc~110! metals induced by
alkali-metal adsorption has been studied extensively both
perimentally and theoretically.1 Similar phases are observe
for comparable coverages of the adsorbates Na, K, and C
the late 3d and 4d transition and noble metal~110! surfaces.
Low-energy electron diffraction~LEED! has been used to
chart the progression of the reconstruction as a function
adsorbate coverage2–4 and scanning tunneling microscop
has shown that the mechanism of reconstruction is initia
by local nucleation involving only a single alkali-met
adatom.5,6 The Na-induced (132) missing row reconstruc
tion of the Cu~110! surface has received particula
attention7–10 and it has been established that the reconst
tion induces shifts in the energies of both the occupied
unoccupied surface states.7,10 The contributions from the ad
sorbate bonding and the reconstruction mechanism to
energy shifts of the surface states at theȲ point of the sur-
face Brillouin zone~SBZ! have each been identified.7

Reflection anisotropy spectroscopy~RAS! probes as a
function of energy the optical response of a surface w
linearly polarized light by measuring the difference in refle
tion at normal incidence of two perpendicular directio
(Dr ) normalized to the mean reflection (r ). The complex
reflection anisotropy is defined in terms of Fresnel reflect
amplitudes:

Dr

r
5

2~r [11̄0]2r [001]!

r [11̄0]1r [001]

. ~1!

Materials possessing cubic crystal structures have isotr
bulk optical properties and RAS, when applied to a cu
crystal, becomes a sensitive optical probe of anisotropy
the surface electronic structure.

The RAS spectrum of the Cu~110! surface has been stud
ied by a number of groups11–16 and significant progress ha
been made in the interpretation of the spectrum. A pea
the RA spectrum at 2.1 eV was first assigned to the surf
local-field effect17,18 in detailed calculations for the Cu~110!
surface by Hansenet al.13 It has since become clear th
there is an additional strong contribution to the 2.1 eV pe
arising from a transition between surface states at theȲ
point.11,16 The contribution from surface states disappears
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expected upon oxygen adsorption;11,15,16 however, the sur-
face retains anisotropy in this region following oxyge
adsorption11,15,16 and also under ambient conditions.15,16

RAS work on metals has focused upon the study of clean
molecular-adsorbate-covered noble metal surfaces. We
port here a RAS study of a metal surface reconstruction
duced by alkali-metal adsorption.

The experiments were carried out in an ultrahigh vacu
~UHV! environment of base pressure in the 10211 mbar re-
gion. The mechanically polished Cu~110! single crystal was
aligned using Laue x-ray diffraction to,0.25° before intro-
duction into the vacuum chamber. A clean Cu~110! surface
was prepared by cycles of Ar ion sputtering and subsequ
annealing to 850 K. Surface order was confirmed by a sh
(131) LEED pattern and cleanliness was monitored us
x-ray photoelectron spectroscopy~XPS!. Na was deposited
from a fully outgassed commercial SAES dispenser w
pressure rises during evaporations of less than
310210 mbar. All depositions took place at room temper
ture. Coverage was determined from the relative intensi
of the Na 1s and Cu 2p core-level photoelectron lines an
supported by LEED analysis.2–4 We define Na coverage a
the ratio of Na atoms to Cu atoms in the unreconstruc
surface layer, i.e.,u51 ML ~monolayer! corresponds to
1.131015 Na atoms/cm2. The RA spectrometer of the de
sign of Aspneset al.19 projected and received light through
low-strain window on the UHV system. Experimental ar
facts were removed from the spectra using a correction fu
tion obtained by measuring spectra with the sample in t
orthogonal positions. Spectra of the real part of the comp
RA were taken over a photon energy range of 1.5–5.0 e

The RA spectrum for the clean Cu~110! surface at room
temperature is shown in Fig. 1~a!. The spectral profile of the
unreconstructed surface exhibits the main characteristics
ported by a number of independent studies,11–15 namely, an
intense peak at energy 2.1 eV and a bimodal feature aro
4 eV. The peak at 2.1 eV is thought to arise from a com
nation of two different contributions. The first is electron
transitions at theȲ point of the SBZ. At room temperature
transitions occur between an occupied surface state at en
0.4 eV below the Fermi level (EF) and an unoccupied sur
face state that has been variously located at energies a
15 417 ©2000 The American Physical Society
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EF of 2.5 eV,20 2.0 eV,21 and 1.8 eV.22 The transition atȲ
that generates the 2.1 eV feature is induced solely by l
polarized along@001#, leading to the observed reflectan
anisotropy.11,23 The assignment of this transition to surfa
states is supported by the decay of the signal upon molec
absorption. However, the surface retains anisotropy in
region under ambient conditions15,16 and upon the formation
of the O/Cu(110)-(231) reconstruction.11,15,16 It has been
suggested that there is also a contribution to the 2.1 eV
feature originating from transitions from surface-termina
bulk d states toEF ,13,16 and due to intrinsic anisotrop
caused by the surface local-field effect.13

The peak at 3.8 eV is also suppressed upon molec
adsorption whereas the peak at 4.2 eV appears insensiti
both adsorption and reconstruction.11 It has been suggeste
that anisotropy around 4 eV may arise as a result of
surface local-field effect.13 In a recent study, the observatio
of a sharp peak at energy 4.2 eV was attributed to transit
at theX̄ point between an occupied surface resonance an
unoccupied surface state.16 Bremer et al.14 and our own
studies24 indicate that anisotropy around 4 eV is sensitive
surface disorder and we suggest this is an important co
bution to the signal in this region.

The effect of increasing Na coverage upon the Cu~110!
RA line shape is shown in the sequence of spectra in Fig
While the energy of the 2.1 eV peak remained constant
intensity was found to decrease with increasing Na covera
The feature observed at 3.8 eV on the clean surface was
suppressed with increasing Na coverage. LEED results f

FIG. 1. RA spectra as a function of Na coverage (u). ~a! Clean
Cu(110)(131). The spectrum observed at 0.25 ML~e! is shown
superimposed by the dashed line.~b! u;0.05 ML. ~c! 0.05,u
,0.11 ML. ~d! u50.16 ML. ~e! u50.25 ML. ~f! u50.25 ML
coverage following annealing to 350 K and cooling to room te
perature.
ht

lar
is

A
d

ar
to

e

ns
an

ri-

1.
ts
e.
lso
m

the surfaces corresponding to the spectra shown in F
1~b!–1~c! showed sharp (131) spots with very-low-
intensity streaks in the@001# direction localized in the posi-
tions where the (132) half-order spots of reconstructio
would be expected. A comparison with published LEE
data2 indicates that the observed diffraction patterns from
surfaces corresponding to the RAS spectra of Figs. 1~b! and
1~c! are characteristic of Na coverages ofu;0.05 ML and
0.05,u,0.11 ML, respectively. A Na coverage of 0.1
ML is indicated by the observed LEED pattern correspon
ing to the RA spectrum of Fig. 1~d!. A (132) LEED pattern
with well-defined streaks in the@001# direction at the posi-
tions (61/2,0) was observed from the surface associa
with the RAS spectrum of Fig. 1~e!. This LEED pattern in-
dicates Na coverage of 0.25 ML, a result that was confirm
by XPS and corresponds to a well-ordered (132) surface
reconstruction that has been assigned to a (232)-1D
structure4 to reflect the nature of the Na overlayer. On t
perfect reconstructed surface, the Na overlayer consist
rows of adatoms located in the missing row troughs alo

the @11̄0# direction.3,4 The streaks observed in the LEE
pattern arise from diffraction from the Na overlayer,
which the Na atoms possess some long-range order w
each row and suffer discrete random positional shifts
tween adatom rows.2–4 The main result of this work is the
disappearance of the 2.1 eV RAS peak accompanying
formation of the Na-induced Cu(110)-(132) reconstruc-
tion.

We explain the reduction in intensity of the 2.1 eV featu
with increasing Na coverage as follows. It is known that t
Na-induced reconstruction influences both occupied and

occupied surface states atȲ on Cu~110!.7,10 With increasing
Na coverage up to;0.2 ML, both occupied and unoccupie
surface states move to higher energy but maintain a cons
energy separation.7 The fact that the two surface states ma
tain their relative separation in energy with increasing
coverage and our observation that the 2.1 eV peak maint
its position support the identification of a major contributio
to this feature with a transition between these surface sta
The decrease in intensity of the peak with increasing
coverage is consistent with a fall in occupation of the init
state as it approaches and overlapsEF . At a coverage of 0.25
ML, the surface is reconstructed to (132), the occupied
state has reachedEF , and the separation of surface stat
determined from the photoemission study predicts an
crease in the transition energy to;2.6 eV. However, at this
coverage the initial state is at;EF and photoemission and
inverse photoemission intensity arising from both states, p
ticularly the unoccupied state, is considerably reduced.7 De-
fining the directiony along @001# and z as normal to the
surface plane, the occupied and unoccupied Cu~110! surface
states have predominantlypy and (s1pz) hybrid character,
respectively, with respect to the Cu atoms in the surfa
layer.7 Upon interaction with Na, the character of the occ
pied state is known to change frompy to pz and, crucially,
the amount of charge remaining in thepy-derived surface
state at 0.25 ML Na coverage is significantly reduced.7 These
considerations explain the absence of structure in the 0
ML RA spectrum at 2.6 eV@Fig. 1~e!#.
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Following a procedure whereby a coverage of 0.3 M
was deposited and the sample first annealed to 350 K
then cooled to room temperature, we observed a weak
ture in the RA spectrum at;2.6 eV@Fig. 1~f!#. The anneal-
ing procedure resulted in a final coverage of 0.25 ML
room temperature and the appearance of the 2.6 eV fea
indicates that for some of the Cu atoms thepy character of
the occupied surface state has returned. This is to be
pected if the loss of Na adatoms on annealing reduces
number of Cu atoms that have direct interaction with
adatoms. We note that the residual anisotropy in the reg
of the 2.1 eV peak that remains following the adsorption
oxygen, and that on the clean unreconstructed Cu~110! sur-
face has been associated with the surface local-field ef
appears to be absent from the Na/Cu(110)(132) surface.

The RA spectrum of the Na-induced (132) surface@Fig.
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