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From the Shockley surface state on Cu„111… to sp-like surface resonances on Cu3Au„111…

R. Courths,1 M. Lau,1 T Scheunemann,2 H. Gollisch,2 and R. Feder2
1Laboratorium für Festkörperphysik and

2Theoretische Festko¨rperphysik Universita¨t Duisburg, D-47048 Duisburg, Germany
~Received 9 August 2000; revised manuscript received 7 November 2000; published 30 April 2001!

In an angle-resolved ultraviolet photoemission spectroscopy study on ordered Cu3Au(111) we have ob-
served twosp-like surface resonances at 0.4 and 1.0 eV below the Fermi energy around the center of the
surface Brillouin zone. Bulk and slab charge densities were calculated self-consistently by a full-potential
linearized augmented plane method and employed to construct—via a nonlocal density approximation to
exchange and correlation—a real part of the effective one-electron potential, which we subsequently used in
relativistic layer Korringa-Kohn-Rostoker calculations to obtain the quasiparticle bulk-band structure, theki-
and layer-resolved density of states and photoemission spectra. For Cu~111!, we thus obtained the Shockley
surface state and its dispersion in good agreement with experimental data. For Cu3Au(111), we retrieved our
two measured surface features and their dispersions withki . The feature at 0.4 eV, which corresponds to the
Shockley state on Cu~111!, is substantially broadened due to hybridization with bulk states. The feature at 1.0
eV, although also degenerate with a bulk band, is comparatively sharp because of different symmetry types.

DOI: 10.1103/PhysRevB.63.195110 PACS number~s!: 71.20.2b, 73.20.At, 79.60.2i
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I. INTRODUCTION

It is well established that on the~111! surfaces of all three
noble metals Cu, Ag, and Au asp-derived surface state~SS!,
which is commonly referred to as aShockleySS, exists

around the centerḠ of the surface Brillouin zone~SBZ!
some tenth eV below the Fermi energy.1 This SS has been
extensively studied experimentally by means of ang
resolved photoelectron spectroscopy~ARUPS!. To our
knowledge, on Cu~111! it was first observed by Gartland an
Slagsvold2 in 1975 and on Au~111! by Heimannet al.3 in
1977. It has served as a prototype for the observation
variety of phenomena such as two-dimensional surface b
structure,4–8 orbital symmetry9–11 and photon energy depen
dence of the photoionization cross section,9–11,1,12 lifetime
effects,4,5,7,13–15temperature-induced energy shifts,16,17 influ-
ence of surface morphology18 and spin-splitting induced by
spin-orbit interaction.8 Properties of Shockley-type surfac
state electrons, which form a~quasi-! two-dimensional elec-
tron gas have also been studied with scanning tunneling
croscopy~STM! by observation of standing surface wa
patterns formed in the vicinity of defects such as adsorb
and steps. With STM, dispersion relations of the surfa
electrons aboveEF have been measured recently, too~cf.
Ref. 19 and STM-references therein!.

The Shockley SS on the noble metal~111! surfaces lies
entirely within a gap , which interrupts the bulksp-band near
EF for k in a region around theG-L-L line. It is thus a true
surface state. On the~111! surface of the ordered allo
Cu3Au, a low-binding-energy surface state nearEF has been
observed by Jordan and Sohal20 and Lau et al.,21 and its
similarity to the Shockley-type state on the noble metal s
faces has been suggested. Its existence on Cu3Au(111) is
surprising because the bulk band structure21 doesnot show
an energy gap in the uppersp-like bands nearEF around the
bulk G-L-R line in k space~@111# direction!, which projects
onto the center of the SBZ. These facts have motivated u
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perform a detailed study—both experimentally usi
ARUPSand theoretically by electronic structure and phot
emission calculations—of the surface electronic structure
Cu3Au(111) in the region of the upper occupied bands.
addition to the expected surface feature at 0.4 eV belowEF ,
our work revealed a hitherto unknown surface resonanc
1.0 eV. Analogous calculations were performed for Cu~111!
with the main purpose of providing a deeper understand
of our Cu3Au(111) results.

In order to facilitate the presentation and discussion of
results, we show in Fig. 1 a top view of the atomic and

FIG. 1. Top view of the~111! surfaces of Cu~left-hand panels!
and Cu3Au ~right-hand panels! in real and reciprocal space~upper
and lower panels, respectively!, with scales such that the inter
atomic distances appear the same. The dashed lines indicat
surface Brillouin zones of Cu3Au in the Cu zone scheme andvice
versa.
©2001 The American Physical Society10-1
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COURTHS, LAU, SCHEUNEMANN, GOLLISCH, AND FEDER PHYSICAL REVIEW B63 195110
geometric structure of the~111! surfaces of Cu and Cu3Au
together with the corresponding surface Brillouin zones. T
transition from Cu to Cu3Au is—with scaling to the same
interatomic distance—characterized by a doubling of the
space cell and the corresponding reduction of the SBZ.

II. EXPERIMENTAL METHOD

The experiments were performed with an ESCALA
photoelectron spectrometer from Vacuum Generators
Arl ( hn511.83 eV), Nel (16.85 eV) and Hel (21.22 eV
resonance radiation. The photon energies given in paren
ses correspond to the main lines, which are accompanie
weaker radiation satellites~Arl: 11.62 eV, Nel: 11.67 eV,
Hel: 23.09 eV!, which also contribute to the photoelectro
spectra. Because of the small photon energy differences
tween main and satellite lines, the spectral ‘‘contamin
tions’’ by the satellites can approximatively be eliminated
subtracting from the raw spectrum a raw spectrum shifted
the photon energy difference and multiplied by the relat
satellite radiation intensityI s with respect to the main line
intensity: Ncorr(E)5Nraw(E)2I sNraw@E2d(hn)#. This
satellite correction is not perfect and may cause some w
artificial structures in the corrected spectrum. All spec
shown in this paper are satellite corrected. The electr
were collected around the surface normal in the (1,̄1̄,0) or
ȳz mirror plane of Cu3Au(111) cutting the surface along th

S̄ line of the surface Brillouin zone~SBZ! ~see Fig. 1!. The
exciting light was also incident in this plane. The angle b
tween light incidence direction~polar angleqph with respect
to the surface normal! and the electron detection directio
~polar angleqe) is fixed to qph1qe538°. The radiation
was used as unpolarized orp( ȳz)- or s( x̄)-polarized light
~with >90% degree of polarization!. In our experiments,
whereqe was only slightly varied (210°<qe<110°), the
z and ȳ components of the electric field vector of thep light
have comparable weight. Only even final states contribut
the photocurrent in a mirror plane andp( ȳz)/s( x̄) polarized
light thus detects even/odd initial states. The full angular a
energy resolutions were about 3° and 80 meV, respectiv

The single crystal of ordered Cu3Au(111) was cleanedin
situ by repeated cycles of Ar1 ion bombardment
(>500 eV beam energy! and subsequent annealing up
640 K ~below the phase transition temperature of 663 K! for
several hours. This procedure was repeated until sharp
energy electron diffraction~LEED! spots indicated a well-
ordered surface at room temperature. The intensity and
energetic position of the surface-state emissions to be
ported below were also used to check the quality and
orientation of the surface with respect to the analyzer.
order to investigate the surface sensitivity of spectral f
tures, the clean surface was exposed to oxygen. The ch
cal cleanliness of the surface was checked by means of x
excited core-level spectra. In addition, the anisotropy
polar-scanned core-level emissions from copper and g
was used to check the quality of the structural order of
surface.
19511
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As for the stoichometry of the surface, we first note th
deviations from that of the ideal bulk termination genera
affect the energy position and dispersion and even the e
tence of surface states and resonances. Since the two
sured surface-state features are in very good agreement
their theoretical counterparts calculated for a bulklike surfa
stoichometry, it is very likely that the experimental surfa
has not been altered stoichiometrically to a significant
gree. This is in line with results from Auger spectroscopy22

Rutherford backscattering,24 and reflection high-energy elec
tron diffraction,23,24according to which the chemical compo
sition of the surface layer is practically the same as tha
the bulk layers. As is cited in a review article on binary-allo
surfaces,25 an early experimental study26 however reported a
significant Au enrichment at the surface. The available e
dence is thus strongly weighted in favor of a bulklike surfa
composition. In order to settle the issue in a quantitat
way, it seems desirable to apply a scanning probe techn
~e.g., STM!, which would yield a direct image of the surfac
on an atomic scale.

III. THEORETICAL APPROACH

To calculate the bulk band structures of Cu and of Cu3Au
~for the experimental lattice constants!, we employed — in
the framework of density functional theory~DFT! — a rela-
tivistic self-consistent full-potential linearized augment
plane~FLAPW! method,27 with the exchange-correlation po
tential in a local-density approximation~LDA !.29 These band
structures are almost indistinguishable from the ones we
tained by using a generalized gradient approximat
~GGA!,28 in line with what was found in calculations for C
by Strocovet al.30

As a basis for our surface electronic structure and pho
emission calculations, we performed self-consistent FLAP
~Ref. 27! supercell calculations with five-layer slabs sep
rated by four vacuum layers. For the distance between
layers we took the bulk interlayer spacing, since surface
laxations on the close-packed~111! surfaces should be neg
ligible. For Cu~111!, this is substantiated by LEED analyse

The thus obtained one-electron potentials are, howe
not adequate for photoemission purposes. As will be sho
below ~cf. Fig. 2!, the bulkd bands are about 0.5 eV highe
in energy than their experimental counterparts, whereas
sp-like bands are in fairly good agreement. As is we
known, there are two sources for this kind of discrepan
approximations~like LDA or GGA! to the ground-state
exchange-correlation energy and the neglect of quasipar
self-energy corrections. Since a fundamental approach u
many-body techniques is presently not yet practicable,
has to resort to introducing corrections to be determined
comparison with experimental energy bands. The simp
and most commonly used type of such correction is a c
stant shift of the potential~which leads to a constant shift o
the calculated bands!. In our cases of Cu and Cu3Au, this
however not sufficient, since the DFTsp-bands are already
close to experiment and thed bands are about 0.5 eV highe
with intermediate deviations of strongsp-d hybrids. In the
following, we put forward a scheme that reproduces the
0-2
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FIG. 2. Bulk band structureE(ki ,kz) ~a! of Cu with kz along the the~111! direction andki corresponding to theḠ ~for GL! andM̄Cu ~for
LX ! points of the surface Brillouin zone~cf. Fig. 1!, self-consistently calculated with FLAPW method~Ref. 27! using a local-density
approximation~LDA ! for the exchange-correlation potentialVxc . The solid and the dashed lines correspond to the double group symm
types L6 and L45, respectively. The open circles represent experimental photoemission data~Ref. 36!. ~b! as ~a!, but calculated with
layer-KKR method using the effective potentialVe f f @Eq. ~5!# with b50.05.~c! Bulk bands of Cu3Cu along~111! with ki50 (Ḡ point of
the SBZ! calculated withVe f f @as in~b!#. The solid and dashed lines indicate symmetry typesL6 andL45, respectively. The dotted lines in
the central panel represent the bands ‘‘back-folded’’ from theLX part of the left-hand panel. These bands are degenerate having bothL6 and
L45 wave functions.~d! Bulk bands of Cu3Au along ~111! with ki50 of double group symmetry typesL6 ~solid lines! andL45 ~dashed
lines! calculated by FLAPW-LDA@as in panel~a! for Cu~111!#, together with experimental photoemission data~circles ~Ref. 21!, squares
~Ref. 41!!. ~e! as ~d! but calculated withVe f f @Eq. ~5!#.
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perimental energy bands with the aid of a single adjusta
parameter.

Starting from our self-consistent FLAPW-LDA charg
densitiesr(r ), we construct a one-electron potentialV8,
which in addition to the usual electrostatic parts, involve
nonlocal density approximation ~NLDA ! exchange-
correlation potential

Vxc~r !52E S r~r 8! f ~r ,r 8!

ur2r 8u
1

1

2

r~r !r~r 8!

ur2r 8u

d f ~r ,r 8!

dr~r ! D d3r 8,

~1!

where the hole functionf (r ,r 8) is related to the average pa
correlation functiong(r ,r 8) by

f ~r ,r 8!512g~r ,r 8!, ~2!

and obeys the sum rule

E r~r 8! f ~r ,r 8!d3r 85
1

2
. ~3!

A derivation and discussion of Eq.~1! as well as ample ref-
erences to the original literature may be found in the mo
graph by Dreizler and Gross~1990!.31 In view of practical
application, we approximate the hole function by a Gauss
19511
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f ~r ,r 8!5e2l(r )ur2r8u2, ~4!

where the functionl(r ) is determined by the sum rule Eq
~3!. This form permits a straightforward evaluation of th
derivative in the second term ofVxc .

The potentialV8 constructed in the above way yieldsd
bands, which are much lower than the experimental on
We therefore mix it with the density functional theory~DFT!
FLAPW self-consistent potentialVDFT-LDA to obtain an ef-
fective potential

Ve f f5~12b!VDFT-LDA1bV8. ~5!

The resultingd bands are lowered relative to thesp bands by
an amount depending on the value of the mixing param
b. We choose the latter such that the bulk energy bands
closest to their counterparts from our photoemission exp
ments. The relative lowering of thed bands can be under
stood by inspecting in detail the radial dependence of thesp-
andd-like wave functions.

Subsequently, we use the same procedure to cons
from the FLAPW results for the slab~the central layer of
which is practically a bulk layer! a layer-dependent potentia
for the semi-infinite crystal, which we employ in our relativ
istic layer-KKR code32 to calculate layer-resolved densitie
of states and photoemission spectra.
0-3
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COURTHS, LAU, SCHEUNEMANN, GOLLISCH, AND FEDER PHYSICAL REVIEW B63 195110
Regarding the surface potential barrier, we first note t
the LDA entails the absence of the asymptotic image beh
ior. Our NLDA scheme in principle produces the latter, b
since we have not implemented it in a self-consistency cy
the overall shape of the barrier cannot be expected to
realistic. We therefore employ in the present study a o
dimensional model formV(z),33 which provides a smooth
transition from the asymptotic image potential to the unifo
inner potentialV0 by means of a third-order polynomial inz.
The coefficients are chosen such as to reproduce the ex
mental energy position of the 0.4 eV Shockley surface f
ture atki50. The second surface feature, which we find
Cu3Au experimentally at 1.0 eV, is then automatically repr
duced at this energy.

The finite lifetimes of the hole and of the photoelectr
are taken into account by means of uniform imaginary
tential parts. In view of making contact with experimen
photoemission data taken at room temperature, we cho
for the occupied states a constant valueVi1520.025 eV.
For thesp surface state on Cu~111!, this implies a natural
width full width at half maximum 2uVi1u50.05 eV, which
corresponds to the experimentally observed value.4,7,13 We
note that most of this surface-state width arises from pho
contributions with the electron-electron scattering contrib
tion being much smaller. A similar vibration-induced ho
lifetime broadening was found in thed-band region of Cu in
a theoretical study, in which correlated ion-core displa
ment configurations were employed on the basis of the a
batic approximation.34

For the unoccupied states of energyE2 relative to the
vacuum level Evac , we use the form Vi2522.5/(1
1exp@2(E2222.61)/6.78#)10.49 eV which is suggeste
by LEED experience~cf. Ref. 35, Chapt. 4!. For the kinetic
energiesE2 from Evac to about 15 eV, which are reached
our present photoemission study, the values of thisVi2 range
from 20.5 to 21.0 eV.

IV. RESULTS AND DISCUSSION

For both Cu~111! and Cu3Au(111), we first present and
discuss calculated bulk band structures and layer-reso
densities of the semi-infinite system. Then we show exp
mental and calculated photoemission spectra, from which
obtain the dispersion relations of thesp surface-state
features.

A. Calculated electronic structure

In Fig. 2 we show occupied bulk energy band structu
for Cu~111! and Cu3Au(111), which we obtained along th
lines presented in Sec. 3. The Cu~111! bands, which we ob-
tained by self-consistent DFT-FLAPW~Ref. 27! calculations
using an LDA~Ref. 29! for Vxc , are presented in panel~a!.
They are practically identical with the bands from our lay
KKR method using the self-consistent FLAPW potential c
into the muffin-tin form. Comparing them with the band
determined experimentally by photoemission~cf. Ref. 36 and
references therein!, we mainly notice that the calculatedd
bands are about 0.5 eV higher in energy than their exp
19511
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mental counterparts. The same displacement was found
recent calculation,30 which employed the same FLAPW
method, as well as in self-consistent calculations by a f
potential linear muffin-tin orbital LMTO method37 and by a
full-potential KKR method.38,39

In contrast, an earlier self-consistent DFT-LD
calculation,40 in which the Kohn-Sham equations we
solved by a ‘‘linearized rigorous cellular method,’’ produce
Cu bands that agree remarkably well with the experimen
data given in Ref. 36~see also Ref. 41!. Since this calcula-
tion employed the same specific form of LDA,29 the pre-
scription for constructing the Kohn-Sham single-particle p
tential was exactly the same as used in several of
calculations by the other groups. The differences in the
sults must therefore be due either to the different way
solving the single-particle equations or to the implementat
of the self-consistency process, i.e., to purely technical r
sons. These technical aspects were handled in three diffe
ways in the recent calculations. Since the latter agree so
with each other, it seems much more likely that they a
technically correct rather than the earlier calculation. T
conclusion is supported by the fact that the work of Ref.
was done with the~far weaker! computing facilities available
in 1984. It is therefore most likely that the earlie
calculation40 has been stricken by some error or source
inaccuracy.

Panel~b! of Fig. 2 shows the Cu~111! bulk bands, which
we obtained from our potentialVe f f @Eq. ~5!#, with the mix-
ing parameterb @cf. Eq.~5!# chosen as 0.05. While the uppe
part of thesp band is almost the same as in the FLAPW
LDA band structure, which was already compatible with e
periment, thed bands are seen to be lowered in energy su
that nearly perfect agreement with the experimentally
tained quasiparticle bands is reached.

To elucidate the origin of the band manifold of Cu3Au
alongG-L-R ~right panel! from the corresponding bands o
Cu alongG-L-L andL-X, we show in Fig. 2~c! the ‘‘inter-
mediary’’ band structure of Cu3Cu. In the latter, the origina
Cu bands alongL-X are seen to be backfolded onto theG-R
direction ~dotted lines!. These backfolded energy bands a
degenerate and the corresponding wave functions are in
eral linear combinations ofL6 and L45 symmetry wave
functions. Replacement of one Cu atom by an Au atom l
this degeneracy and produces theL6 and L45 bands in the
right-hand panel.

For Cu3Au, we first point out @cf. Fig. 2~d!# that the
FLAPW-LDA Cu-like d-bands lie about 0.2 eV higher in
energy than those from our earlier self-consistent LMT
calculation.21 In search for reasons of this shift, we note th
the FLAPW calculations are of a genuinely full potenti
nature, while the LMTO calculations were carried out with
the atomic sphere approximation. The experimentald-bands
were found to lie about 0.3 eV below the LMTO-calculate
ones for both Cu3Au(111) ~Ref. 21! and Cu3Au(001).42 The
FLAPW-LDA bands are thus about 0.5 eV higher in ener
than the experimental ones, just like for pure Cu. This
again remedied in the band structure, which we calcula
from the potentialVe f f @Eq. ~5!# with the same value 0.05 o
the mixing parameterb @see Fig. 2~e!#. In the region of the
0-4
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FIG. 3. Layer-resolved densities of states~LDOS! of Cu~111! and Cu3Au(111) for ki50 obtained by layer-KKR method withVxc in
NLDA. S1 andS2 denote thesp-derived Shockley surface states/resonances. Surface features with energies in the bulkd-band range are
summarily denoted by the labelS. The black~grey! bars in the narrow panels on top inidcate the energies ofsp-like (d-like! surface states,
which were observed in photoemission experiments. The bottom panels depict the relevant bulk-band structures with an empha
sp-like bands, from which the Shockley surface features originate; in the Cu3Au(111) part the abbreviations 6~3! etc stand for the symmetry
typesL6

3 etc, where the subscript indicates the double group symmetry and the superscript points to the spatial part~single group symmetry!
which dominates in the spin-orbit hybrid.
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Cu-like d bands between24 and 22 eV, the agreemen
with the experimental band data is now very good. Belo
24 eV, a significant improvement has been achieved.

Having obtained satisfactory quasiparticle bulk ba
structures as a prerequisite for the surface electronic st
tures of Cu~111! and Cu3Au(111), we calculated the layer
resolved densities of states~LDOS! for ki50. Results for the
topmost two layers and for a bulk layer are shown in Fig.
For Cu~111! ~left-hand part! we first note that the bulk
LDOS reflects the bulk band structure in the usual way. T
surface LDOS exhibits, at20.4 eV within the bulksp band
gap, the Shockley surface state~labeledS1), which is well
known from experiment~cf. references given in the Introduc
tion!. Its calculated energy position is seen to coincide w
the experimental value~cf. topmost panel!. The layer depen-
dence ofS1 is presented in more detail in Fig. 4. There is
quasiexponential decay towards the bulk with a decay de
of about two layers, which clearly demonstrates the t
surface-state character ofS1 on Cu~111!.

For Cu3Au(111), the calculated LDOS~right-hand part of
Fig. 3! revealstwo surface resonances~labeledS1 andS2) in
the upper-bulksp region.S1 at 20.4 eV corresponds to th
surface feature already known from experiment20,21 and is
the counterpart of the Shockley state on Cu~111!. In contrast
to the latter, it is degenerate with three bulksp bands at this
energy~cf. bottom panel of the right-hand part of Fig. 3! and,
19511
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therefore, has a much larger energy width. Its resona
character further manifests itself in an oscillatory decay
the bulk DOS value, which is reached after about 15 atom
layers~cf. Fig. 4!.

The second resonanceS2, which we find at21.0 eV, has
not yet been known. It is much sharper in energy becaus
is located within the gap of the bulksp bands ofD6

1 sym-
metry character and is only degenerate with thesp band of
D6

3 character bridging theD6
1 gap. This also explains whyS2

decays — compared toS1 — more steeply from the surfac
to a lower-bulk value~cf. Fig. 4!. Although being a reso-
nance, its surface character is thus much more pronounc

For both Cu~111! and Cu3Au(111), our calculations also
yield some surface-state/resonance-like LDOS features, s
marily labeledS in Fig. 3, which are located within the bul
d band continua. We did not explore them in detail, beca
they are not the subject of this paper. We only note that th
is partial agreement with existing experimental normal ph
toemission data:~i! For Cu~111!, rather surface-sensitive
photoemission features in the energy region arou
22.0 eV have been reported.10,11,36~ii ! In our study of the
bulk bands of Cu3Au(111) ~Ref. 21! we have found severa
spectral features, the energy locations of which~indicated by
the bars in the topmost panels of Fig. 3! are very close to the
energies of the surface resonancesS predicted by our calcu-
0-5
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lation. Since, furthermore, they showno dispersion with pho-
ton energy, they are likely to originate from the surface el
tronic structure. An interpretation in terms of bulk DO
transitions is ruled out for the three features below22 eV,
because the experimental band structure@Fig. 2~e!# does not
imply a high-bulk DOS at these energies. In a forthcom
detailed study, we also plan to explore the influence
chemical alterations in the surface region, which are m
enough not to significantly affect thesp-like surface states
resonances.

B. Experimental photoemission spectra at normal emission

Figure 5 shows normal emission spectra fro
Cu3Au(111) and, for comparison, from Cu~111!. On the lat-
ter surface, the well-known Shockley surface-state appea
a comparatively sharp featureS1 at energy E05
20.39(1) eV. We note, that the spectral width ofS1 reflects
the effective energy resolution of our spectrometer.
Cu3Au(111), its counterpart appears atE0520.40(1) with
comparable peak intensity, however, its sharpness evide
being much less pronounced than on the copper surf
These first findings are in agreement with the results of
calculations discussed above.

Also in agreement with theory, a second Cu3Au(111) sur-
face featureS2, with an energy width comparable to that
S1 on Cu~111! but weaker intensity appears at abo
21.0 eV. It hasno counterpart on the Cu~111! surface: the
very weak Cu~111! emission at this energy in the Hel excite
spectrum is a residual of the bulk excitation from22.8 eV
initial energy with the Hel satellite radiation~23.1 eV photon
energy!, which could not be eliminated perfectly from th
original spectra. Artificial weak structures caused by the s
ellite correction as described in Sec. II are also visible in

FIG. 4. Layer-resolved densities of states~LDOS! for the
Shockley surface stateS1 on Cu~111! and thesp surface resonance
S1 andS2 on Cu3Au(111).
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Arl and Nel spectra in between the two surface featuresS1

andS2 and at the high-energy side ofS1. These should not
be confused with real features. The existence ofS2 on
Cu3Au(111) at constant energy is evidenced by the sho
spectra in the photon energy regime between 11.8 and
eV.

Measurements to check the symmetry ofS1 andS2 with
polarized light and their surface sensitivity to adsorbates
presented in the lower part of Fig. 6. As necessary fo
pronounced surface character, bothS1 and S2 vanish com-
pletely upon the disturbance of the surface by exposure
about 105 Langmuir oxygen gas. Also, as in the case forS1
on Cu~111!,9–11 both surface features on Cu3Au(111) are
only excited withp( ȳz) light, proving that their symmetry is
even with respect to theȳz mirror plane of the~111! surface

FIG. 5. ~a! Comparison of normal emission ARUP spectra fro
Cu3Au(111) and Cu~111! taken with unpolarized Hel radiation
The region of the Au-like states of Cu3Au at higher binding energy
is omitted. The emission from the Shockley-like surface featuresS1

and S2 at about20.4 and21.0 eV, respectively, are also show
with an enlarged scale and for excitation with Nel and Arl light.~b!
Normal emission ARUP spectra of the Shockley-like surface f

tures on Cu3Au(111) taken withp( ȳz) ands( x̄) polarized 21.2 eV
light, which show that bothS1 and S2 have even symmetry with

respect to theȳz mirror plane~cf. Fig. 1!. ~c! as~b! but taken with
unpolarized 21.2 eV light as a function of oxygen exposure of
surface.
0-6
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along theS̄ line ~see Fig. 1!. These findings are in agreeme
with our theoretical prediction that one is dealing with su
face resonances ofL6 symmetry at energies within the bulk
sp continua.

C. Energy dispersion of the surface states

The dispersion of the two surface states on Cu3Au(111)
along theS̄ line around theḠ point of the SBZ has been
measured using Hel, Nel, and Arl radiation. A series of e
perimental NeI spectra is shown in the left-hand panel of F
6. The right-hand panel shows the corresponding calcula
photoemission spectra. From the spectra theE(ki) relation is
easily extracted. It is displayed in the right-hand panel
Fig. 7.

On Cu~111! and Au~111!, the observed dispersion of th
Shockley-stateS1 is, within the experimental error, parabol
towards the Fermi levelEF :

E5E01~\2/2m!•ki
25E01~300.8 eV/a0

2!• k̃i
2/2m* ,

~6!

where2E0 is the maximum binding energy with respect
EF measured at the centerḠ of the surface Brillouin zone
~SBZ!; ki ( k̃i) is the wave vector along theS̄ line in the SBZ
( k̃i in units of 2p/a0 : k5 k̃•2p/a0), a0 the lattice constan
in Å ~Cu: 3.62 Å, Au: 4.08 Å) andm* the effective mass
in terms of the free electron massm0 (m* 5m/m0). On
Cu~111! the characteristic parameters at room tempera
are E0520.39(1) eV andm* 50.46(1), on Au~111! E0
520.41(1) eV andm* 50.28(1) ~all data taken from Ke-
van and Gaylord1!. As can be seen from the left panel of Fi
7, our theoretical dispersion for the Shockley surface state

FIG. 6. Experimental~left! and theoretical~right! ARUP spectra
of the Cu3Au(111) Shockley-like surface featuresS1 and S2 as a
function of the electron emission angle along theS̄ line in the ȳz
plane~see Fig. 1! around the surface normal and excited with u
polarized Nel light.
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Cu~111! (E0520.40 eV, m* 50.43) is in nearly perfect
agreement with the experimental data~taken from Kevan4!.

As for the noble metals, the dispersion of the correspo
ing surface resonanceS1 on Cu3Au(111) is found to be para
bolic within the limited region below the Fermi energ
Again, the agreement between theory and experiment, b
performed in this paper, is very good. The values of
effective mass,m* (exp)50.39 andm* (theor)50.47~as ob-
tained from a parabolic least-squares fit to the experime
and theoretical dispersion curves, respectively!, and the en-
ergy at the center of the SBZ,E0520.40(1) eV, are very
similar to those of Cu~111! and Au~111!. The experimental
value of m* is approximately the average of the effectiv
masses of the Shockley states on Cu~111! and Au~111!, if
one takes the stoichiometry of Cu3Au into account. This also
holds for the lattice constants (Cu3Au:a053.76 Å).

The second Shockley-like surface resonanceS2 on
Cu3Au(111) is found from our experiments atE0
520.97(2) eV and from our calculation at a somewh
lower energyE0520.99 eV, which is however within the
experimental error. The small upward dispersion predic
by theory could not be found experimentally.

V. CONCLUSION AND OUTLOOK

In conclusion, we have discovered—both by photoem
sion experiments and by surface electronic struct
calculations—an electronic surface state on the binary a
Cu3Au(111) at21 eV below the Fermi energy. It resides
a band gap ofsp-like bulk states withL6

1 symmetry, which

FIG. 7. Experimental and theoretical dispersion relationsE(kx

50,ky) of the Shockley surface states and resonances for Cu~111!
and Cu3Au(111). The experimental data for Cu~111! have been
taken from Kevan~Ref. 4!.
0-7
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arises in the backfolded Cu bands due to replacing one
atom by a Au atom. We have identified the Shockley-li
surface feature on Cu3Au(111) as a surface resonance w
the back-folded bands. The experimental dispersion relat
of this surface resonance and of the corresponding Shoc
surface state on Cu~111! have been perfectly reproduced b
our calculations. Work on surface states/resonances, w
are predicted by our calculation on top of and within t
continuum of the Cu-liked-bands of Cu3Au(111), is in
progress.
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