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Surface optical properties of clean Ci110) and Cu(110-(2x 1)-O
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The surface optical and electronical properties of1@0) surfaces were studied by using reflectance an-
isotropy spectroscopfRAS) together with angle-resolved photoemission spectros¢aRJPS. On the clean
surface, a structure in the optical spectra at 2.1 eV is assigned to transitions between opaypednd
unoccupieds-type surface states occurring at thiepoint of the surface Brillouin zone. Another structure at
4.2 eV is associated with a transition at ¥goint between a surface resonarioecupied split off from the
bulk d bands and @-derived surface stat@noccupied The oxygen-induced (2 1) surface exhibits a double
peak in the reflectance anisotropy which can be explained partly by transitions from oxygen induoed
emptyp-derived states. Surface modified babstates are responsible for parts of the features around 2 eV and
features at higher energies.

. INTRODUCTION surface?? 24 In case of C(110) or Ag(110) d states are in-
volved in those transitions, which are termed surface modi-
The clean C(10-(1%x1) and the CUL10-(2xX1)-O fied bulk states in the following.
surfaces have been investigated extensively in recent years. On clean A¢@110), both contributions, originating from
The surface electronic propertles are well known. The surface states and modified bulk states, can be identified un-
added row reconstruction model for the oxygen induced (2ambiguously since the the silvdfband transitions set in at a
x 1) phase was established mainly by SfXExperiments photon energy of about 4eV, energetically well separated
using photoelectron diffraction and LEED and a recent from the surface state transition which occurs at 1.7%V.
first principles studl confirmed the proposed structure. On CU110 the interpretation of structures is more com-
On the other hand, there exist few experimental investiplicated. A sharp peak in the spectrum of the clean surface at
gations on the surface optical properties of(Ci0), and at 2.1eV was assigned to electronic transitions involving sur-

present no theoretical studies are available. Optical investkace states at thé point of the surface Brillouin zon¥ This
gations are important because they can be used in UHV 3seak was also found by other groups with R&AS and with
well as in gaseous environments or liquids, which are notecond harmonic generatiéh.However, since in Cu the
accessable to the normally used UHV-based probes. Thgansition of bulkd states to empty states just above the
power of surface optical investigations was shown in theFermi level are also located in the energy range of the sur-
1980s by Kolbet al' They detected a surface state onface state transition, the observed feature in thé10D
Ag(100 using electroreflectance spectroscopy in an electrospectra might as well contain contributions arising from near
lyte. We apply here reflectance anisotropy spectroscop¥urface bulk states.
(RAS), which measures the difference of the complex reflec- The optical anisotropy of the oxygen-induced (C10)-
tivity along two perpendicular axes in the surface. In case o{2x 1)-O phase has also been reportétf The RAS result
optically isotropic materials RAS is a surface specific probeof the adsorbate covered surfaces were up to now always
since by symmetry arguments a surface anisotropy must bdiscussed in terms of quenching the surface electronic states.
induced by the surfack.So far, RAS has mainly been used However, the oxygen-induced reconstruction introduces new
to study the properties of semiconductdtsnly recently it surface statéswhich may also contribute to the reflectance
was extended to study metal surfat&s® anisotropy.

The reflectance anisotropy spectra discussed in the fol- In our paper we report angle resolved photoemission and
lowing exhibit structures that have mainly two different ori- RAS measurements on clean and oxygen covered X0y
gins. One is due to electronic transitions between localizedrystals in order to clarify surface and bulk related contribu-
surface states. Those transitions are expected to be energdiéns to the optical anisotropy of these surfaces. On the clean
cally separated from the critical points of the bulk electronicsurface we find a peak in the RAS spectra whose appearance
band structure. Considerations of the dipole selection rulesorrelates with the occupied surface state observed simulta-
led Jianget al® to the prediction of such transitions. This neously with photoemission spectroscopy. We consider the
has been demonstrated in case of (Bf) and appearance of the surface state in the photoemission spectra
Cu(110.14202 as the most sensitive check of the surface preparation. The

Secondly, structures in the reflectance anisotropy arpeak in RAS decrases dramatically upon oxygen adsorption.
commonly observed close to the bulk critical points and ob-However, careful examination of the results for the oxygen
viously related to the bulk electronic properties. The anisotinduced (2< 1) reconstruction reveals a clear double struc-
ropy in such a case may be induced by the surface potentiaire in the RAS spectrum, in which one of the peaks is as-
modifying lifetime and eigenenergies of bulk states near thesigned to a transition betweethtype antibonding surface
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states and an unoccupigqg-type orbital. This double struc- AAAARRARALRAANE AAAAL AR ALY A RAMAAAAMA RARAY

ture is not present on the surface under ambient conditions. [ Cu(110)

In the latter case, only near surface bdllbands contribute -k along [001]
L ©=24

to the RAS. L

II. EXPERIMENTAL

We used single crystal €10 samples for the experi-
ments, which were performed in an ultrahigh-vacuum cham-
ber with a base pressure ofx110 °mbar. The vacuum
chamber was equipped with standard facilities for sample
preparation and characterization. The (Ch0) crystal of
12 mm diameter was aligned with Laue x-ray backscattering P
to 0.1° and mechanically polished before introducing into P dean(ixt) A el
the chamberln situ cleaning of the surface was done using -8 -6 -4 2 0
cycles of argon ion sputtering (2A/cm?, 600 eV, 20 min Binding Energy (eV)
at 300 K and subsequent annealing to 670 K. Thereafter, the
LEED pattern showed the typical 1) structure with FIG. 1. ARUPS spectra for cleaisolid line) Cu(110) and for
sharp spots and a low background intensity. The method dfU(110-(2X1)—0O (dotted ling. Data were taken along ti€01]
choice to clean the sample may leave the surface more roudfiection at an azimuthal angle of 24°. Thaype surface state of
than the original one. However, we did not observe an he clean surface is labeled S, the oxygen-induced features are la-
changes of the quality of the LEED pattern even after severdi€/ed @ and Q..
sputtering cycles. The oxygen overlayer was prepared by

L oxygen induced (2x1)

Intensity (arb.un.)

oo ‘.’*’r‘f‘f"”"hﬁ

dosing oxygen at room temperature at a partial pressure of lll. RESULTS
a-bOUt 2X 1078T0I’I’. An amount of 10 Langmuir was suffi- The clean as well as the oxygen Coveredﬂ@) surface
cient to produce a sharp 1) LEED pattern. exhibits occupied and unoccupied surface bands which are

For the ARUPS measurements, unpolarizedIHeadia-  important for the explanation of the surface optical data.
tion (21.1 eV} was used. A spherical analyz&/SW HA 50)  Therefore, we shortly summarize the known surface states.
with a full-angle resolution of 1° and an energy resolution ofThose states have been found experimentally either in
about 90meV was used for photoelectron detection. Th@RUPS or inverse photoemission spectroscGiRES (see
sample was aligned using the LEED pattern. The angle besjg 5 on the clean surface at thepoint, the Fermi level

tween the incident photons and the surface normal was ﬁxegrosses th@—s band gap and an occupied surface state lies

to 45°. o _____0.4eV below the Fermi levélAn unoccupied surface state
The RAS spectrometer used for the optical investigations found 1.8 eV above- 5 The band Xl tirel

is a custom built system which follows the standard desigrB(Vas ound .6 €V above. € band gap Ies entirely

by Aspnesi? Using a Xe short arc lamp together with a aboveEr. Unoccupied bands were found at an energy of 2.2

: 8
double grating monochromator, the system covers a spectrgpd 5'_5 eV abovép, respectively C(_)rd et al. reported an
range from 1.5 to 5.5eV. In order to minimize other source OCClép'ed sunl;acle resozgance superimposed on the dulk
of anisotropy the spectrometer was mounted in front of a low@nds~2 eV belowEe. .

strain quartz window at the UHV chamber. The RAS signal, ©On the Cli110-(2X1)-O surface the formerly discussed

consists of the real and the imaginary part of the reflectancgan.dS are shifted upwards in energy and rielike oxygen
anisotropy: erived surface states are formed. The former occupied

p-type surface state at becomes unoccupied due to an up-

wards shift in binding energy of 0.7 e¥.Moreover, atY
— (1)  two oxygen derived states lying 1.2 and 1.4eV belBw
F11101 T Fro01] could be identified.
Two spectra of our ARUPS measurements are shown in

For a discussion of the surface anisotropies we rather US€ig. 1. The spectra are recorded at an angle of 24° which
the surface dielectric anisotrog$DA) than the RAS. For v - .
carresponds to th& point for small binding energies. The

tha_t purpose we assume a three pha_se model consist_ing of &lan surface shows the occupipdype surface statéla-
optically anisotropic surface layethicknessd-<A) with beled S at —0.4eV. We also followed the dispersion with

ég; oE[il(:TOé%IEe[g?;i]cofTugzgo?i tgig(:?e ogjrr;iﬁlrfji:u"\(/;ll;mrin k| of the surface state along tfig01] direction which is in
P b 9 " perfect agreement with the curves known from the

The SDA can then be calculated from the measured refle iterature! Also shown is a spectrum of the oxygen covered

tance anisotropy” surface. It exhibits the expected oxygen derived peak at
—1.4eV. Since we used unpolarized light the two surface
Ae-d= L_(Eb_ 1)£' (2) bands that contribute to this structure are not resolved. The
4 r peak, however, exhibits a small shoulder towakKjsthat
may account for the two surface bands.
The data of Johnson and Christyvere used for the bulk RAS spectra(real par} of three different surfaces are
dielectric function €,) of copper. shown in Fig. 2: the spectrum of the clean(CL0)-(1Xx 1)

Ar l101—r
TZZ [110] [001].
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= FIG. 3. Contribution of near surface bulk states to the reflec-
K tance anisotropy. The line shape of the spectra is energy derivative-
like. The model(dotted curve was calculated using E@3). Also
included is the spectrum calculated by Hanssral. (Ref. 21
ambient (dashed curve
L/ : :
" Ar 4miEd (—AE+iAT) dep 3
ro hc (e,—1)  JE- ®
c d The anisotropic gap energies and broadening parameters are
represented by the constam&y and AT'. The result with
the bulk dielectric function of coppekf) from?’ is shown in
T P T T Fig. 3. With the parameterd=2nm, AE;=0.1eV and
2 3 4 5

AT'=0 the calculation fits quite well to the line shape of the
measurement in the low energy part.
Energy (V) Hansenet al?! took another approach to explain the bulk
FIG. 2. Real part of the reflectance anisotropy from(x1@.  contribution to the RAS. They applied a phenomenological
The first spectrum was recorded on the clean surface. The spectrutirface local field model originally developed by Mooha
denoted (2 1)-O was recorded after exposure of 10 Langmuir O and Barrer&” In this model the bulk electronic structure and
the last spectrum was recorded after venting the UHV chamber. dhe actual surface geometry is taken into account.délec-
b, c denote possible surface state transitions. The zero points on thens are described by dipoles located in spheres at the lattice
y axis are indicated by the vertical bars. points of the fcc lattice, whereas tlse-p electrons are de-
scribed by the Drude model.
surface(upper curve in Fig. Rshows two positive peaks: at Their result resembles the line shape of the spectrum mea-
2.1eV (labeled & and at 4.2 eV(labeled b. Upon oxygen sured under ambient conditions in the low energy region
adsorption the line shape of the RAS changes dramaticallyzery well, even the amplitude of the peak in the calculation
There is still an anisotropy around 2eV but it has changedgorresponds very good to the experimental dda. 3).
into a double peak1.9 and 2.2 eV, while the high energy These findings show that the spectra measured under ambi-
feature(b) is absent. ent conditions contain only contributions from the budk
The third spectrum labeled ambiefiower curve in Fig. bands.
2) was recorded shortly after venting the chamber. In this In Fig. 4 we plotted the imaginary parts of the surface
spectrum no surface state contributions are expected. THéelectric anisotropySDA) of the clean and oxygen covered
double peak structure around 2eV has disappeared, but @110 surface. The imaginary part of the SDA is related to
small anisotropy remains. An additional anisotropy appearéhe anisotropy of the absorption. Two clear negative struc-
around 3eV. tures(i.e. adsorption along thg@01] direction arise for the
These results agree with previous wirpart from the clean surface at 2.1 elpeak a and 4.2eV(peak b). They
sign of the anisotropy, which is caused by a wrong assigncan be aEribute_d to transitions between the surface electronic
ment of the crystal axes in Fig. 1 of Ref. 14. states aly¥ andX as we will show below by using the selec-
tion rules that are well established from photoemission
experiments:>1°2°3|n the following y denotes thd 001]
andx the[110] direction.
The spectrum labeled ambie(fig. 2) can be described We shortly recall the eigenenergies of the surface states
using an expression for surface modified bulk states derivetbr the clean surface summarized earliEig. 5. At Y the
by Aspnes®* binding energies are 0.4 eV for the occupied state and 1.8 eV

IV. DISCUSSION
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Er since thep, derived state disperses faster upwards in
energy withk than the unoccupied band. Hence the mea-
sured transition energy is smaller than the energy difference
of the involved states. A recent experiment on the isostruc-
tural and isoelectronic A410 surface found the corre-
sponding transition at 1.7 e¥/,in perfect agreement with the
energy difference of the surface states involved.

At X the lower of the empty surface states has a binding
energy of 2.2 eV. The surface resonance lies 2 eV bé&ew
A transition should occur at 4.2 eV in the SDA. The empty
surface state is op, type. The occupied surface resonance
posessed,, symmetry. This state is odd with respect to the
x andy direction?® Hence the transition can only be excited
I T with light polarized along001], that means the transition
should appear as a negative structure in the SDA just like the
Energy (eV) resonance at 2.1 eV. The small minimum at 4.2(e¥ak b

, ) L in the imaginary part of the SDA in Fig. 4 therefore is as-
FIG. 4. Imaginary parts of the surface dielectric anisotropy. The

real parts are not shown but were checked for Kramers-Kronig consigned to transitions involving surface bands locate at
sistency. Zero on thg axis is denoted by the lines. Here the energetic difference of the surface bands matches
perfectly to our measured data. The possible appearance of
i , this transition was already discussed in Ref. 14.
for thg unoccupied state, i.e. 'one would expect a surface g th_e Ci{110-(2x1)-O surface thep,-type surface
transition at 2.2eV. The occupied surface stat& &taspy,  pand atY is shifted by 0.7 eV abov&,, ¥ i.e., its binding
character. The unoccupied statesdfpe character possesses energy is 0.3 eMleft part of Fig. 5. Wﬁen dc;sing oxygen
even symmetry i andy directions. Therefore the transition ¢ irong resonance in the reflectance anisotropy is reduced.
between both states is only allowed for light polarized alongrhis pehavior was formerly interpreted as an effect of
[001]. Since RAS probes the difference for light polarized qenching the surface state involved in the transition. This,

along[001] and[110], one expects to observe this surface however, is only partly correct, since the interaction of the
state transition due to the absorption for light polarized alongCu(3d) with the O(2p) orbitals forms new occupied surface
[001]. As a result a minimum in the SDA should appear.states’. The higher-lying antibonding bands are predomi-

This transition occurs at 2.1 elpeak a. However, there is nately ofd charactef* which means that a transition to the
an uncertainty concerning the binding energy of the unoccu:

. “py-type state aty is dipole allowed. Two states were re-
pied stype surface state. The values reported are rang'ngorted in polarization resolved UPS: One state with even
from 1.8e\? to 2.5eV3 The origin of these differences is

) 25 - symmetry with respect tp (E,= — 1.4 eV) and another state
not clear” Woll et al=> argued that the transition occurs near with odd symmetry with respect tg (E,=—1.2eV)3 A
transition between the oxygen derived band-at.4 eV to
the empty band0.3 eV aboveEr) would match the selection
rules. The transition would be expected to occur at 1.7 eV.
The low energy shoulder in the SDA, peak c in the spectrum
denoted (% 1)-O in Fig. 4, appears at an energy at 1.9eV.
We assign this feature to the transition between the described
surface bands. Again the energy difference of the surface
states determined by PES and IPES does not match exactly
the transition energy found in our experiment. Tjestcal?
reported a binding energy of 0.4eV for the empty surface
state rather than 0.3 eV, which would give a value of 1.8 eV
for the transition. The difference is most likely the conse-
quence of the limited spectral resolution of IPE&ound
AE=0.4eV? In ARUPS and RAS measurements the en-
ergy resolution is typically better than 50 meV.

The remaining structure at 2.3 g€@eak d of the spectrum
labeled (2<1)-O in Fig. 4 should be related to the previ-
ously discussed bulk contribution, see Figs. 2 and 3.

Cu(110)

T

clean(1x1)

Im(an_w]-e[ 001]) d (nm)

(2x1)-0

L I N T W R
2.0 25 3.0 35 4.0 45 5.0

E-E.(eV)

0 0.4 0.8 1.6 04 0.8 1.2 1.6
[001] — k(AY — [170]

FIG. 5. Surface band structure of @d0. Hatched areas denote
bulk bands. Data points were taken from ARUPS measurements or V. SUMMARY
from the literature.1>1%2%30 Around Y the oxygen induced (2 ) )
X 1) structure is showfleft parp together with the surface bands of ~ We have studied the reflectance anisotropy of clean and
the clean surfacéright par). Aroundfonly the surface bands of oxyg'en' Covered .CIlllO) surfaces. RAS alloyvs the Sp,eCtrO'
the clean surface are shown. The arrows indicate possible transPCOPIC investigation of the surface electronic properties. We
tions between surface states visible in RAS. have found transitions between surface bands at'tlsgm-
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metry points of the surface Brillouin zone. ﬂon the clean face bulk states. These features are the Only contribution to
surface a transition between a surface resonance and an Uhe spectrum when the surface is measured under ambient
occupied surface state is identified. Simultaneously we usegonditions.

angle resolved photoemission spectroscopy for the occupied

part of the surface band structure. Oxygen dosage leads to a

guenching of surface states which correlates with a disap- ACKNOWLEDGMENTS
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