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Angle-resolved photoemission investigations of the Cu(110) surface reveal the existence of surface states
along the X line of the two-dimensional Brillouin zone. Midway between the T and X symmetry points
they are located above the tops of the fl and f2 symmetry subbands of the occupied d states and run out
of the gaps on the way to T and X, respectively, and become resonances. Their band dispersions and sym-
metry characters have been measured, and are compared with a second-principles, fully relativistic calcula-
tion of the bulk continuum. The observed surface states are not predicted by existing calculations of the

surface electronic structure.

In this Rapid Communication we report the first observa-
tion of electronic d-band surface states (SS) on Cu(110)
employing angle-resolved ultraviolet photoelectron spectros-
copy (ARUPS). Over the past decade, copper has provided
an ideal testing case for comparisons between ARUPS stud-
ies and first-principles calculations of bulk and surface elec-
tronic structure.’? Numerous SS dispersions have been
measured. An sp SS band exists just below the Fermi sur-
face in the center of the two-dimensional surface Brillouin
zone (2D BZ) of the (111) surface.>* This Shockley-type
SS is a general property of the L,-L; gap of the 3D BZ and

also occurs on Cu(110) (Y symmetry point) and on (111)
and (110) faces of Ag and Au.>® Further, a sp SS band lo-
cated near the Fermi energy at the X point of the Cu(001)
surface has been measured.” Surface states with d-character
split off from the upper edge of the 3D d-band continuum
(Tamm states) have been observed at the M point of the
2D BZ’s of (001) and (111) surfaces of the noble metals.®?
These above mentioned SS occur in absolute gaps of the
bulk band structure projected onto the surface (PBBS) and
are in semiquantitative agreement with calculated re-
sults.10-14

The surface states reported in this Rapid Communication
are located in gaps of the symmetry resolved d-band PBBS
between + and + of the way along 3 between the T and X

symmetry points of the 2D BZ of Cu(110). They become
resonances around I' and X and are split off from the upper
edges of the 3, and 3, d subbands, respectively.

Experiments were performed in an ARUPS spectrometer
described elsewhere.® Energy resolution was about 80 meV
and angular resolution was 3°, both full width at half max-
imum. The Cu(110) crystal was the same as that used pre-
viously® and was cleaned by cycles of Ar-ion sputtering and
annealing, yielding sharp low-energy electron diffraction
spots. The crystal sample was aligned by low-energy elec-
tron diffraction (LEED) and by a measurement of the
dispersion of the L -gap surface state at 7along A. Rare-gas
resonance radiation (Hel and Hel, Arl, and Nel) was in-
cident at 50° from the surface normal in the (001) mirror
plane. The electron momentum parallel to the surface, K,
was varied by rotating the energy analyzer in that plane
(F KWX plane in 3D X space).

Some typical AREDC’s taken with unpolarized He1I radia-
tion are shown in Fig. 1 for both the clean and the oxygen
exposed surfaces. Also shown are the difference spectra.
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FIG. 1. Angle-resolved energy distribution curves (AREDC’s)
taken ‘at v =21.2 eV from Cu(110) along the X line at T (top), at
about 0.5X (middle), and at about 0.75X (bottom). The spectra
denoted with 1 are from the clean surface, the AREDC’s 2
represent the spectra after exposure of 5 L O, (1 L= 10~6
Torrsec), the AREDC’s 3 are the difference spectra 1-2. S, and S,
are the surface-state emissions; 4, B, and C and a, b, and ¢ denote
the bulk emissions from the clean and the contaminated surface,
respectively, whereas 0 is an emission from adsorbed oxygen.
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The surface-state emissions S; and S, are best resolved at
external photoelectron polar angles around 6=18° corre-
sponding to K, == 0.5T X. They are totally quenched by ad-
sorption of half a monolayer of atomic oxygen [indicated by
the occurrence of the well-known (2x1) LEED pattern].
The surface-state emissions are also suppressed by the ad-
sorption of atomic hydrogen.”> The emissions 4, B, and C,
and a, b, and c are bulk emissions of the clean- and
oxgyen-covered surface, respectively. At §=0°(K,=0,T)
the surface-state emissions coincide with the bulk emissions
A-C, the former thus being surface resonances. At
9> 28°(K, > 0.75T X) the surface state S; is superimposed
by the bulk emission 4 and is scarcely to detect. The sur-
face states S; and S, have also been detected with Ar1, Nel,
and He 1 radiation. Because the SS do not occur in absolute
gaps of the PBBS, bulk and SS emissions overlap in certain
polar angle regions. The SS dispersions measured with the
different photon energies are identical in those K, regions
where the SS emissions could be separated unam-
bigously from the bulk emissions (Ner: 0= K, <0.75T X,
Ar: 0=<K,<0.5TX; Hem: K,=0,0.5TX, 1.0 X).
Thus, the necessary condition of the k; independence of
the dispersion is fulfilled in the photon energy range 12 eV
< hv <41 eV. The origin of both the bulk and surface
emissions will be discussed below.

Figure 2 shows the relativistic bulk band structure of Cu
[spin-orbit (so) interaction included] along lines in kK space
perpendicular to the (110) surface in the TKWX plane. The
calculation has been performed with the second-principles
interpolation scheme of Smith and Mattheiss'® using a
parameter set fitted to the experimental bulk band struc-
ture.>'? The calculation has been done for the K, values
given in the figure in the range 0 <K, <22 [K, in units
of (27/a)l, thus giving all bulk bands along these lines.
The bands indicated by dashed lines have odd parity under
reflection through the (001) mirror plane. This, of course,
is an approximation because the so interaction does not only
lift- degeneracy but mixes bands of different parity. Sohn,
Dempsey, Kleinman, and Caruthers (SDKC) (Ref. 18) have
performed a tight-binding calculation of energy bands for a
47 layer (110) copper thin film using parameters obtained
by fitting to Burdick’s!® bulk band calculation. Apart from

|
—_

so interaction, which is not included in Burdick’s calcula-
tion, our second-principles calculation (Fig. 2) is in good
agreement with Burdick’s result and with a recent fully rela-
tivistic calculation based on local-density functional theory.?
SDKC have reported results obtained both with and without
a shift of the zeroth- nelghbor parameters on the surface
planes.

For the dlscussmn of the PBBS we use the shown energy
dispersions including so coupling but the nonrelativistic
symmetry classification. Three absolute gaps along 3 exist,
indicated by the horizontally hatched regions in Fig. 2, the
gap at about —3.7 eV extending a longer way from X toI' as
compared to the nonrelativistic calculation of SDKC because
of the lifting of degeneracy by the so interaction. The sub-
bands span three 3, gaps (even-parity bands) and one 3,
gap (odd-parity bands) marked by the diagonally hatched re-
gions. According to the calculation of SDKC the two abso-
lute gaps are empty, whereas one 3; SS in each of the two
lower 3; gaps and one 3, SS in the 3, gap are predicted.
The energetic positions of the SS are indicated by the arrows
in Fig. 2. :

Cu(110)/TKWX spectra have already been pub-
lished®2-2* and discussed in terms of light polarization
selection rules (PSR) (Refs. 21, 23, and 24) and final-state
gap emission.??"??2 The structures 4, B, and C in the
clean-surface spectra and equivalently the structures a, b,
and ¢ in the contaminated-surface spectra shown in Fig. 1
are direct transitions from the upper three d bands located
in the second 3D BZ on constant energy difference curves
(AE=hv=E;—E;) close to the 3D X line parallel to the
surface which inte1§ects the surface normal (Iggo— 2 — X110
direction in 3D k space) in the X;;0 symmetry point
(Ky=0,K,=2Y?). This has been found by using the tri-
angulation method in comparing the dispersions of the
structures in the Cu(110)/TKWX-AREDC’s with those in
Cu(001)/TXWK -AREDC’s. Further, the Hel and Nel
derived dispersions of the bulk structures with K are iden-
tical up to K, =0.5T X. The extended-zone wave vectors
of the direct transitions thus have perpendicular com-
ponents K, =2Y2 (Ref. 25) in the shown K, region (see
Figs. 1 and 2). Owing to the nonrelativistic PSR the struc-
ture (A4,a) is seen with s-polarized light (initial band with
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FIG. 2. Occupied band structure of Cu along straight lines perpendicular to the (110) surface in the T XWX plane. The K, values and the
K, region [given in units of (27/a)] are indicated. The dashed lines indicate the bands with odd parity under reflection through the
I' KWX plane if the parity mixing due to spin-orbit interaction is neglected. The single group symmetry labels of the bands along the X line
(K, =0) is also given. The hatched areas indicate the absolute and subband gaps discussed in the text, the arrows give the energetic posi-

tions of surface states as predicted in Ref. 18.
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FIG. 3.  AREDC’s at K = 0.44T X taken with s polarized (in-
cident light polarization perpendicular to the I'KWX mirror plane,
top) and p polarized (polarization in the ' K WX plane, bottom) Hel
radiation from the clean (1) and the contaminated (2) surface,
respectively. The spectra 3 give the difference spectra.

odd symmetry 3,) for K, # 0, whereas the corresponding
transition is forbidden for K, =0. Structure (C,c) is seen
with p-polarized light (3, symmetry). The transition
strength for structure (B,b) is so small that it is resolvable
only for small K. The nonrelativistic PSR are, of course,
somewhat relaxed due to the so interaction.?* This is con-
firmed by our measurements. The symmetry character of
the SS is best seen at K, =0.50 (Fig. 3), where the SS
emissions are energetically well separated from the bulk
emissions. S, has odd symmetry like the bulk emission
(A4,a) and thus corresponds to the 3, subbands. S; corre-
sponds in nonrelativistic approximation to the X; subbands,
and is seen both in s and p polarization because of the so in-
teraction induced mixing of the symmetries. This can be
understood by an inspection of Fig. 2. The upper edge of
the 3, subbands is energetically well separated from the 3;
bands, whereas the upper edge of the 3; bands is in neigh-
borhood to 3, bands so that the relativistic mixing is strong-
est for S,. This interpretation is confirmed by a comparison
of the experimental dispersions of S, and S, with the sym-
metry resolved projected bulk continua as obtained from
our second-principles calculation (Fig. 4). At T the energies
of the bulk emissions should coincide with the calculated
d-band energies at X;?° therefore, the theoretical energies
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FIG. 4. Surface-state dispersions (®) and projected bulk con-
tinua with 3, and 3; symmetry, respectively (hatched regions).
The latter have been calculated using the relativistic version of the
combined interpolation scheme. Also shown are the upper edges of
the lower =, and 5 subbands (dashed lines), and the dispersions of
the bulk emissions a and ¢ (dotted curves).

have been lowered by 50 meV to achieve this coincidence
for the emission a.

The conclusion from Fig. 4 is that the surface state S,
splits off from the 3, continuum and runs above the upper
edge of the 3, subbands, whereas the surface state S; splits
off from the 3, continuum. Both surface states run into the
upper edges of the corresponding continua on the way to T’
and X and become resonances. No other surface states
have been found in our investigation.

In summary, using ARUPS we have found two new sur-
face states on Cu(110) along 3 split off from the tops of the
3, and 3, d-state subbands of the bulk continuum into the
gaps above them. These surface states are not predicted by

~ theory,!® whereas the calculated SS have not been found.

Similar SS have been detected on Ag(110), a detailed inves-
tigation of the latter will be published elsewhere. New cal-
culations of the electronic structures of Cu(110) and
Ag(110) surfaces are recommended. These surfaces are of
special interest with regard to the adsorption of oxygen on
them and whether adsorption induces surface reconstruc-
tions.2*?7 The dispersions of the bulk transitions on both
the clean- and oxygen-covered surfaces do not differ by
more than the experimental uncertainty of 0.02 eV.2 Fur-
ther, the energies of the surface states do not depend on the
degree of coverage up to their disappearance at the forma-
tion of the ordered oxygen overlayer. Thus, we conclude
that the oxygen overlayer potential does not lead to a strong

" modification of the electronic band structure of the mea-

sured substrate layers. Further, a fully relativistic calcula-
tion would be helpful in order to clarify whether these new
SS are true symmetry SS or whether their existence depends
on spin-orbit interaction.
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