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Surface optical properties of clean Cu„110… and Cu„110…-„231…-O

K. Stahrenberg,* Th. Herrmann, N. Esser, and W. Richter
Institut für Festkörperphysik der TU Berlin, Hardenbergstrasse 36, 10623 Berlin, Germany

~Received 7 June 1999!

The surface optical and electronical properties of Cu~110! surfaces were studied by using reflectance an-
isotropy spectroscopy~RAS! together with angle-resolved photoemission spectroscopy~ARUPS!. On the clean
surface, a structure in the optical spectra at 2.1 eV is assigned to transitions between occupiedp-type and
unoccupieds-type surface states occurring at theȲ point of the surface Brillouin zone. Another structure at
4.2 eV is associated with a transition at theX̄ point between a surface resonance~occupied! split off from the
bulk d bands and ap-derived surface state~unoccupied!. The oxygen-induced (231) surface exhibits a double
peak in the reflectance anisotropy which can be explained partly by transitions from oxygen inducedd- to
emptyp-derived states. Surface modified bulkd-states are responsible for parts of the features around 2 eV and
features at higher energies.
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I. INTRODUCTION

The clean Cu~110!-(131) and the Cu~110!-(231)-O
surfaces have been investigated extensively in recent ye
The surface electronic properties1–5 are well known. The
added row reconstruction model for the oxygen induced
31) phase was established mainly by STM.6,7 Experiments
using photoelectron diffraction and LEED8,9 and a recent
first principles study10 confirmed the proposed structure.

On the other hand, there exist few experimental inve
gations on the surface optical properties of Cu~110!, and at
present no theoretical studies are available. Optical inve
gations are important because they can be used in UHV
well as in gaseous environments or liquids, which are
accessable to the normally used UHV-based probes.
power of surface optical investigations was shown in
1980s by Kolb et al.11 They detected a surface state
Ag~100! using electroreflectance spectroscopy in an elec
lyte. We apply here reflectance anisotropy spectrosc
~RAS!, which measures the difference of the complex refl
tivity along two perpendicular axes in the surface. In case
optically isotropic materials RAS is a surface specific pro
since by symmetry arguments a surface anisotropy mus
induced by the surface.12 So far, RAS has mainly been use
to study the properties of semiconductors,13 only recently it
was extended to study metal surfaces.14–18

The reflectance anisotropy spectra discussed in the
lowing exhibit structures that have mainly two different o
gins. One is due to electronic transitions between locali
surface states. Those transitions are expected to be ene
cally separated from the critical points of the bulk electro
band structure. Considerations of the dipole selection ru
led Jianget al.19 to the prediction of such transitions. Th
has been demonstrated in case of Ag~110! and
Cu~110!.14,20,21

Secondly, structures in the reflectance anisotropy
commonly observed close to the bulk critical points and
viously related to the bulk electronic properties. The anis
ropy in such a case may be induced by the surface pote
modifying lifetime and eigenenergies of bulk states near
PRB 610163-1829/2000/61~4!/3043~5!/$15.00
rs.
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surface.22–24 In case of Cu~110! or Ag~110! d states are in-
volved in those transitions, which are termed surface mo
fied bulk states in the following.

On clean Ag~110!, both contributions, originating from
surface states and modified bulk states, can be identified
ambiguously since the the silverd-band transitions set in at
photon energy of about 4 eV, energetically well separa
from the surface state transition which occurs at 1.7 eV.20

On Cu~110! the interpretation of structures is more com
plicated. A sharp peak in the spectrum of the clean surfac
2.1 eV was assigned to electronic transitions involving s

face states at theȲ point of the surface Brillouin zone.14 This
peak was also found by other groups with RAS18,21and with
second harmonic generation.25 However, since in Cu the
transition of bulk d states to empty states just above t
Fermi level are also located in the energy range of the s
face state transition, the observed feature in the Cu~110!
spectra might as well contain contributions arising from n
surface bulk states.

The optical anisotropy of the oxygen-induced Cu~110!-
(231)-O phase has also been reported.14,21 The RAS result
of the adsorbate covered surfaces were up to now alw
discussed in terms of quenching the surface electronic sta
However, the oxygen-induced reconstruction introduces n
surface states3 which may also contribute to the reflectan
anisotropy.

In our paper we report angle resolved photoemission
RAS measurements on clean and oxygen covered Cu~110!
crystals in order to clarify surface and bulk related contrib
tions to the optical anisotropy of these surfaces. On the cl
surface we find a peak in the RAS spectra whose appear
correlates with the occupied surface state observed sim
neously with photoemission spectroscopy. We consider
appearance of the surface state in the photoemission sp
as the most sensitive check of the surface preparation.
peak in RAS decrases dramatically upon oxygen adsorpt
However, careful examination of the results for the oxyg
induced (231) reconstruction reveals a clear double stru
ture in the RAS spectrum, in which one of the peaks is
signed to a transition betweend-type antibonding surface
3043 ©2000 The American Physical Society
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3044 PRB 61STAHRENBERG, HERRMANN, ESSER, AND RICHTER
states and an unoccupiedpy-type orbital. This double struc
ture is not present on the surface under ambient conditi
In the latter case, only near surface bulkd bands contribute
to the RAS.

II. EXPERIMENTAL

We used single crystal Cu~110! samples for the experi
ments, which were performed in an ultrahigh-vacuum cha
ber with a base pressure of 1310210mbar. The vacuum
chamber was equipped with standard facilities for sam
preparation and characterization. The Cu~110! crystal of
12 mm diameter was aligned with Laue x-ray backscatter
to 0.1° and mechanically polished before introducing in
the chamber.In situ cleaning of the surface was done usi
cycles of argon ion sputtering (12mA/cm2, 600 eV, 20 min
at 300 K! and subsequent annealing to 670 K. Thereafter,
LEED pattern showed the typical (131) structure with
sharp spots and a low background intensity. The metho
choice to clean the sample may leave the surface more ro
than the original one. However, we did not observe a
changes of the quality of the LEED pattern even after sev
sputtering cycles. The oxygen overlayer was prepared
dosing oxygen at room temperature at a partial pressur
about 231028 Torr. An amount of 10 Langmuir was suffi
cient to produce a sharp (231) LEED pattern.

For the ARUPS measurements, unpolarized He~I! radia-
tion ~21.1 eV! was used. A spherical analyzer~VSW HA 50!
with a full-angle resolution of 1° and an energy resolution
about 90 meV was used for photoelectron detection. T
sample was aligned using the LEED pattern. The angle
tween the incident photons and the surface normal was fi
to 45°.

The RAS spectrometer used for the optical investigati
is a custom built system which follows the standard des
by Aspnes.12 Using a Xe short arc lamp together with
double grating monochromator, the system covers a spe
range from 1.5 to 5.5 eV. In order to minimize other sourc
of anisotropy the spectrometer was mounted in front of a
strain quartz window at the UHV chamber. The RAS sign
consists of the real and the imaginary part of the reflecta
anisotropy:

Dr

r
52

r [11̄0]2r [001]

r [11̄0]1r [001]

. ~1!

For a discussion of the surface anisotropies we rather
the surface dielectric anisotropy~SDA! than the RAS. For
that purpose we assume a three phase model consisting
optically anisotropic surface layer~thicknessd!l) with
De5e [11̄0]2e [001] on top of the homogeneous bulk with a
isotropic dielectric functioneb and the surrounding vacuum
The SDA can then be calculated from the measured refl
tance anisotropy:26

De•d5
l

4p i
~eb21!

Dr

r
. ~2!

The data of Johnson and Christy27 were used for the bulk
dielectric function (eb) of copper.
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III. RESULTS

The clean as well as the oxygen covered Cu~110! surface
exhibits occupied and unoccupied surface bands which
important for the explanation of the surface optical da
Therefore, we shortly summarize the known surface sta
Those states have been found experimentally either
ARUPS or inverse photoemission spectroscopy~IPES! ~see
Fig. 5!. On the clean surface at theȲ point, the Fermi level
crosses thep2s band gap and an occupied surface state
0.4 eV below the Fermi level.1 An unoccupied surface stat
was found 1.8 eV aboveEF .5 The band gap atX̄ lies entirely
aboveEF . Unoccupied bands were found at an energy of
and 5.5 eV aboveEF, respectively.28 Cord et al. reported an
occupied surface resonance superimposed on the bud
bands;2 eV belowEF .29

On the Cu~110!-(231)-O surface the formerly discusse
bands are shifted upwards in energy and newd-like oxygen
derived surface states are formed. The former occup
p-type surface state atȲ becomes unoccupied due to an u
wards shift in binding energy of 0.7 eV.30 Moreover, atȲ
two oxygen derived states lying 1.2 and 1.4 eV belowEF
could be identified.3

Two spectra of our ARUPS measurements are shown
Fig. 1. The spectra are recorded at an angle of 24° wh
corresponds to theȲ point for small binding energies. Th
clean surface shows the occupiedp-type surface state~la-
beled S! at 20.4 eV. We also followed the dispersion wit
kuu of the surface state along the@001# direction which is in
perfect agreement with the curves known from t
literature.1 Also shown is a spectrum of the oxygen cover
surface. It exhibits the expected oxygen derived peak
21.4 eV. Since we used unpolarized light the two surfa
bands that contribute to this structure are not resolved.
peak, however, exhibits a small shoulder towardsEF that
may account for the two surface bands.

RAS spectra~real part! of three different surfaces ar
shown in Fig. 2: the spectrum of the clean Cu~110!-(131)

FIG. 1. ARUPS spectra for clean~solid line! Cu~110! and for
Cu~110!-(231)2O ~dotted line!. Data were taken along the@001#
direction at an azimuthal angle of 24°. Thep-type surface state o
the clean surface is labeled S, the oxygen-induced features ar
beled Ox and Oy .
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surface~upper curve in Fig. 2! shows two positive peaks: a
2.1 eV ~labeled a! and at 4.2 eV~labeled b!. Upon oxygen
adsorption the line shape of the RAS changes dramatic
There is still an anisotropy around 2 eV but it has chang
into a double peak~1.9 and 2.2 eV!, while the high energy
feature~b! is absent.

The third spectrum labeled ambient~lower curve in Fig.
2! was recorded shortly after venting the chamber. In t
spectrum no surface state contributions are expected.
double peak structure around 2 eV has disappeared, b
small anisotropy remains. An additional anisotropy appe
around 3 eV.

These results agree with previous work14 apart from the
sign of the anisotropy, which is caused by a wrong assi
ment of the crystal axes in Fig. 1 of Ref. 14.

IV. DISCUSSION

The spectrum labeled ambient~Fig. 2! can be described
using an expression for surface modified bulk states der
by Aspnes:24

FIG. 2. Real part of the reflectance anisotropy from Cu~110!.
The first spectrum was recorded on the clean surface. The spec
denoted (231)-O was recorded after exposure of 10 Langmuir O2,
the last spectrum was recorded after venting the UHV chambe
b, c denote possible surface state transitions. The zero points o
y axis are indicated by the vertical bars.
ly.
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4p iEd

hc

~2DEg1 iDG!

~eb21!

]eb

]E
. ~3!

The anisotropic gap energies and broadening parameter
represented by the constantsDEg and DG. The result with
the bulk dielectric function of copper (eb) from27 is shown in
Fig. 3. With the parametersd52 nm, DEg50.1 eV and
DG50 the calculation fits quite well to the line shape of t
measurement in the low energy part.

Hansenet al.21 took another approach to explain the bu
contribution to the RAS. They applied a phenomenologi
surface local field model originally developed by Moch´n
and Barrera.31 In this model the bulk electronic structure an
the actual surface geometry is taken into account. Thed elec-
trons are described by dipoles located in spheres at the la
points of the fcc lattice, whereas thes2p electrons are de-
scribed by the Drude model.

Their result resembles the line shape of the spectrum m
sured under ambient conditions in the low energy reg
very well, even the amplitude of the peak in the calculati
corresponds very good to the experimental data~Fig. 3!.
These findings show that the spectra measured under a
ent conditions contain only contributions from the bulkd
bands.

In Fig. 4 we plotted the imaginary parts of the surfa
dielectric anisotropy~SDA! of the clean and oxygen covere
Cu~110! surface. The imaginary part of the SDA is related
the anisotropy of the absorption. Two clear negative str
tures~i.e. adsorption along the@001# direction! arise for the
clean surface at 2.1 eV~peak a! and 4.2 eV~peak b!. They
can be attributed to transitions between the surface electr
states atȲ andX̄ as we will show below by using the selec
tion rules that are well established from photoemiss
experiments.1,5,19,29,30In the following y denotes the@001#
andx the @11̄0# direction.

We shortly recall the eigenenergies of the surface sta
for the clean surface summarized earlier~Fig. 5!. At Ȳ the
binding energies are 0.4 eV for the occupied state and 1.8

um

a,
the

FIG. 3. Contribution of near surface bulk states to the refl
tance anisotropy. The line shape of the spectra is energy deriva
like. The model~dotted curve! was calculated using Eq.~3!. Also
included is the spectrum calculated by Hansenet al. ~Ref. 21!
~dashed curve!.



ac

es
n
n

ed
ce
n

ar

cu
in

s
ar

in
a-

nce
uc-
-

ing

ty
ce
he
d

the

s-

hes
e of

ced.
of

his,
he
e
i-

e
-
en

e

eV.
um
V.
ibed
ace
actly

ce
eV
e-

n-

i-

and
-

We

h
o

e
ts

f

f
n

3046 PRB 61STAHRENBERG, HERRMANN, ESSER, AND RICHTER
for the unoccupied state, i.e. one would expect a surf
transition at 2.2 eV. The occupied surface state atȲ haspy
character. The unoccupied state ofs type character possess
even symmetry inx andy directions. Therefore the transitio
between both states is only allowed for light polarized alo
@001#. Since RAS probes the difference for light polariz
along @001# and @11̄0#, one expects to observe this surfa
state transition due to the absorption for light polarized alo
@001#. As a result a minimum in the SDA should appe
This transition occurs at 2.1 eV~peak a!. However, there is
an uncertainty concerning the binding energy of the unoc
pied s-type surface state. The values reported are rang
from 1.8 eV5 to 2.5 eV.32 The origin of these differences i
not clear.4 Woll et al.25 argued that the transition occurs ne

FIG. 4. Imaginary parts of the surface dielectric anisotropy. T
real parts are not shown but were checked for Kramers-Kronig c
sistency. Zero on they axis is denoted by the lines.

FIG. 5. Surface band structure of Cu~110!. Hatched areas denot
bulk bands. Data points were taken from ARUPS measuremen

from the literature.1,5,19,29,30Around Ȳ the oxygen induced (2
31) structure is shown~left part! together with the surface bands o

the clean surface~right part!. Around X̄ only the surface bands o
the clean surface are shown. The arrows indicate possible tra
tions between surface states visible in RAS.
e

g

g
.

-
g

EF since thepy derived state disperses faster upwards
energy withkuu than the unoccupied band. Hence the me
sured transition energy is smaller than the energy differe
of the involved states. A recent experiment on the isostr
tural and isoelectronic Ag~110! surface found the corre
sponding transition at 1.7 eV,20 in perfect agreement with the
energy difference of the surface states involved.

At X̄ the lower of the empty surface states has a bind
energy of 2.2 eV. The surface resonance lies 2 eV belowEF .
A transition should occur at 4.2 eV in the SDA. The emp
surface state is ofpx type. The occupied surface resonan
posessesdxy symmetry. This state is odd with respect to t
x andy direction.25 Hence the transition can only be excite
with light polarized along@001#, that means the transition
should appear as a negative structure in the SDA just like
resonance at 2.1 eV. The small minimum at 4.2 eV~peak b!
in the imaginary part of the SDA in Fig. 4 therefore is a
signed to transitions involving surface bands located atX̄.
Here the energetic difference of the surface bands matc
perfectly to our measured data. The possible appearanc
this transition was already discussed in Ref. 14.

On the Cu~110!-(231)-O surface thepy-type surface
band atȲ is shifted by 0.7 eV aboveEF ,30 i.e., its binding
energy is 0.3 eV~left part of Fig. 5!. When dosing oxygen
the strong resonance in the reflectance anisotropy is redu
This behavior was formerly interpreted as an effect
quenching the surface state involved in the transition. T
however, is only partly correct, since the interaction of t
Cu(3d) with the O(2p) orbitals forms new occupied surfac
states.2 The higher-lying antibonding bands are predom
nately ofd character,3,4 which means that a transition to th
py-type state atȲ is dipole allowed. Two states were re
ported in polarization resolved UPS: One state with ev
symmetry with respect toy (Eb521.4 eV) and another stat
with odd symmetry with respect toy (Eb521.2 eV).3 A
transition between the oxygen derived band at21.4 eV to
the empty band~0.3 eV aboveEF) would match the selection
rules. The transition would be expected to occur at 1.7
The low energy shoulder in the SDA, peak c in the spectr
denoted (231)-O in Fig. 4, appears at an energy at 1.9 e
We assign this feature to the transition between the descr
surface bands. Again the energy difference of the surf
states determined by PES and IPES does not match ex
the transition energy found in our experiment. Tjenget al.4

reported a binding energy of 0.4 eV for the empty surfa
state rather than 0.3 eV, which would give a value of 1.8
for the transition. The difference is most likely the cons
quence of the limited spectral resolution of IPES~around
DE50.4 eV.5! In ARUPS and RAS measurements the e
ergy resolution is typically better than 50 meV.

The remaining structure at 2.3 eV~peak d of the spectrum
labeled (231)-O in Fig. 4! should be related to the prev
ously discussed bulk contribution, see Figs. 2 and 3.

V. SUMMARY

We have studied the reflectance anisotropy of clean
oxygen covered Cu~110! surfaces. RAS allows the spectro
scopic investigation of the surface electronic properties.
have found transitions between surface bands at theȲ sym-
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metry points of the surface Brillouin zone. AtX̄ on the clean
surface a transition between a surface resonance and an
occupied surface state is identified. Simultaneously we us
angle resolved photoemission spectroscopy for the occup
part of the surface band structure. Oxygen dosage leads
quenching of surface states which correlates with a disa
pearance of features in the reflectance anisotropy. On
other hand new adsorbate induced surface bands are form
which lead to new transitions also visible in RAS. In a
spectra there is also a contribution from anisotropic near s
i
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un-
d

ed
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p-
e

ed,

r-

face bulk states. These features are the only contribution
the spectrum when the surface is measured under amb
conditions.
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