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High-resolution angle-resolved photoemission studies of the Cu(001) surface demonstrate the existence
of a surface state which has not previously been reported. The state is located in a relative bulk band gap
near the Fermi energy at the X point of the two-dimensional Brillouin zone. Its energy position and disper-
sion are in excellent agreement with recent calculations for this surface. Comparisons are made of this
state’s natural energy width and dispersion with similar states on other copper surfaces.

Over the past decade, copper surfaces have provided an
ideal testing ground for comparisons between angle-resolved
photoemission (ARP) studies and first-principles calcula-
tions of surface electronic structures. Numerous experi-
mentally observed surface-state dispersions'~* are in semi-
quantitative accord with calculated results.>"® This paper re-
ports high-resolution ARP studies of the Cu(001) surface
which indicate the existence of a surface state which has not
been reported previously. This state is located near the Fer-
mi energy at the X symmetry point of the two-dimensional
Brillouin zone. Very good energy and momentum resolu-
tion were required not only for an accurate characterization
of this state but also merely to detect its existence.
Numerous earlier studies failed in both respects.>*°-!7 Fur-
ther, a promising level of agreement between the experi-
mentally derived dispersion relation and that of recent self-
consistent calculations? is reported. The importance of such
high-resolution ARP studies combined with self-consistent
calculations is thus emphasized in the present studies.

Experiments were performed in an ARP spectrometer
described elsewhere.!® As indicated earlier, an important as-
pect of the present spectrometer is its emphasis on very
high energy and angular resolution. The work reported here
was performed using an energy resolution of 20-25 meV,
and an angular resolution of 0.6°, both full width at half
maximum. The Cu(001) crystal was the same as that used
previously and was prepared in a similar fashion.'* A pro-
longed high-temperature sputter had the effect of decreasing
the fundamental momentum broadening'®-?! from the value
reported previously (~0.03 A7!) to ~0.02 A~!. This is
presumably due to a reduction of the residual sulfur impuri-
ty concentration, although no impurities were detectable us-
ing Auger electron spectroscopy either before or after this
treatment. The experimental momentum resolution was
small compared to this fundamental contribution. The crys-
tal yielded sharp low-energy electron diffraction spots hav-
ing a width of less than 1° and was aligned by in situ elec-
tron diffraction and laser autocollimation. Resonance radia-
tion was incident at 45° from the sample normal in the
FLUX plane of the bulk Brillouin zone, and the electronic
momentum parallel to the surface, ﬁu, was varied by rotat-
ing the electron energy analyzer in that plane (see Fig. 1).

ARP energy distribution curves for E.. near the X point
of the two-dimensional Brillouin zone are shown in Fig. 1
for the clean surface and after exposure to 50-L (1 L=10"¢
Torrsec) O,. The surface state is seen as a sharp peak very
close to the Fermi energy, Er, while the larger feature at
Eg~ 0.5 eV arises from a bulk momentum-conserving tran-
sition and has been described in detail elsewhere.!® As is
seen in the figure, the surface state is quenched while the
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bulk state is virtually unchanged by the exposure to oxygen.
This surface state seems to be more sensitive to contamina-
tion than other copper surface states.”™* presumably due to
its location near Er.

While the state was observable at X at three photon ener-
gies, the close proximity of the broader bulk feature at
Nei(hv=16.85 eV) and He1(hv=21.22 eV) makes studies
at Arl(hv=11.85 eV) more accurate. These results are
shown in Fig. 2, where the region near Er is shown under
high resolution at 1° intervals. Several important features
are apparent. The maximum binding energy is 58 £5 meV,
implying that at room temperature the state at X has a 90%
probability of being occupied due to thermal smearing of the
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FIG. 1. Energy distribution curves (EDC’s) of the Fermi-level
region near X. Top: clean surface; bottom: after contamination. S
is the surface-state peak; S’ is the same, excited by the Nel satellite
line; B is a bulk feature.
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FIG. 2. High-resolution EDC’s of the surface-state region.

Fermi level. The measured width at this point is ~ 50
meV, while the width extrapolated to zero resolution is
~30 meV. This state competes® for being the sharpest
feature observed in condensed-state ARP studies. The ef-
fect of the Arl doublet line at hv=11.65 eV is also clearly
apparent. At these oblique emission angles, the observed
dispersion relations for the two photon energies of the
doublet are shifted from each other by 2°-3°. This explains
the apparent change in branching ratio for the two peaks ob-
served in the figure. Finally, the excursion of the surface
state below Ef occurs over an angular range of ~ 4°, corre-
sponding to a momentum space width of ~ 0.06 A~ This
fact, along with the sharpness and small integrated intensity
of the peak, clearly explains why previous studies did not
observe this state, and indicates the utility of such high-
resolution studies.

The dispersion of the peak with parallel momentum can
be discerned by inspection of Fig. 2. Due to the interfer-
ence of the Fermi level, however, the peak must be least-
squares fitted to a Lorentzian folded with a Fermi function
to produce an accurate dispersion relation. The results of
such an analysis are shown in Fig. 3. Also shown in the fig-
ure is a parabolic least-squares fit to the experimental
points. This yields

E(ky)=57.0(k,—1.231)2=0.058 ,

with E in eV and k in A-1. A small linear term due to
sample misalignment has been removed from this relation
by shifting the experimental momenta by < 0.01 A-! The
effective mass of the fitted relation, m* = (0.067 £0.01) M.,
is quite small compared to other noble-metal surface
states.!?
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FIG. 3. Surface-state dispersion relation. Solid curve is a para-
bolic fit to the experimental points, while the dashed curve is the
calculated dispersion relation. Shaded region is the experimental
projected bulk continuum.

Also shown in Fig. 3 is an experimental projected bulk
continuum. An interpolation calculation?? indicates that the
lower edge of this continuum corresponds to band 6 along
the [110] axis, reflected about the X point. Over the limited
momentum range of this experiment, the continuum can be
deduced fairly accurately by a linear extrapolation of the
values of kr=1293 A~' and vr=7.24 eV/A~! from
Fermi-su_rface studies.?® The value of the bulk continuum
edge at X is then just Ey= (kr—kg)vp=0.45 eV. The bulk
continuum edge shown in Fig. 3 is two lines joining the
Fermi-level crossings with this X point energy. Alternative-
ly, one could use a measured dispersion relation for band 6
along the [110] axis?*; this gives virtually identical results.
The important conclusion of this exercise is that the
surface-state dispersion exists entirely within a projected
bulk band gap, at least below the Fermi level, lending fur-
ther support for its identification as a true surface state.

There is an interesting contrast between this state and
other qualitatively similar states on Cu(111) (Ref. 20) and
Cu(011).2" All three states show parabolic dispersion about
a symmetry point in the respective two-dimensional Bril-
louin zones. However, unlike the other two surfaces, the
bulk continuum edge from which the Cu(001) state is split
is not simply parabolic. Indeed, since the point on the [110]
axis which projects into the X point is not a symmetry point
of that axis, there is a cusp in the lower bulk continuum
edge at X.

The final aspect of Fig. 3 is the dispersion relation for an
X, symmetry surface state predicted in a recent self-
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consistent slab calculation of Cu(001).>) The agreement
between experiment and theory is unprecedented in similar
computational efforts. The energy at the symmetry point
and the effective mass differ by only 10 meV and 25%,
respectively. Part of the slight discrepancy in the mass may
be due to systematic errors in the fitting procedure used on
the EDC’s. This excellent overall agreement may be fortui-
tous in part; an older self-consistent calculation® fails to
predict this surface state at all. Further calculations investi-
gating the sensitivity to various input parameters would be
useful.

A more serious discrepancy between both calculations and
these experiments concerns the prediction of various low-
lying surface states near X In particular, a state is predicted
at ~4.5-eV binding energy at X in a projected band gap
~ 1 eV wide. No evidence for such a surface state was
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found in the present studies. On Cu(111), a low-lying sur-
face state at T is also not observed at low photon energy,
but becomes clearly visible near hv =70 eV.?* A more de-
tailed, frequency-dependent experimental investigation of
the (001) surface is in order.

In summary, a previously unobserved surface state on
Cu(001) was reported. The state was found to exist below
Er over a very limited momentum range near the X point.
The experimentally determined energy and effective mass
were in excellent agreement with those reported in recent
self-consistent calculations.

ACKNOWLEDGMENTS

I wish to thank L. Kleinman for providing details con-
cerning his recent calculations.

IP. O. Gartland and B. J. Slagsvold, Phys. Rev. B 12, 4047 (1975).

2p. Heimann, J. Hermanson, H. Miosga, and H. Neddermeyer,
Surf. Sci. 85, 263 (1979).

3p. Heimann, J. Hermanson, H. Miosga, and H. Neddermeyer,
Phys. Rev. B 20, 3059 (1979).

4P. Heimann, J. Hermannson, H. Miosga, and H. Neddermeyer,
Phys. Rev. Lett. 42, 1782 (1979).

5Joel A. Appelbaum and D. R. Hamann, Solid State Commun. 27,
881 (1978).

6). G. Gay, J. R. Smith, and F. J. Arlinghaus, Phys. Rev. Lett. 42,
332 (1979).

'D. G. Dempsey and L. Kleinman, Phys. Rev. B 16, 5356 (1977),
and references therein.

8Armando Euceda, D. M. Bylander, Leonard Kleinman, and Ken-
neth Mednick, Phys. Rev. B 27, 659 (1983).

9L. Ilver and P. O. Nilsson, Solid State Commun. 18, 667 (1976).

10R. Courths, V. Bechelier, B. Cord, and S. Hiifner, Solid State
Commun. 40, 1059 (1981).

UP, 0. Nilsson and N. Dahlbick, Solid State Commun. 29, 303
(1979).

12D, E. Eastman, J. A. Knapp, and F. J. Himpsel, Phys. Rev. Lett.

41, 825 (1978).

13 A. Knapp, F. J. Himpsel, and D. E. Eastman, Phys. Rev. B 19,
4952 (1979).

14D. Westphal, D. Spanjaard, and A. Goldman, J. Phys. C 13, 1361
(1980).

155, Stéhr, G. Apai, P. S. Wehner, F. R. McFeely, R. S. Williams,
and D. A. Shirley, Phys. Rev. B 14, 5444 (1976).

163, D. Kevan and D. A. Shirley, Phys. Rev. B 22, 542 (1980).

1"M. Lindroos, H. Asonen, M. Pessa, and N. V. Smith, Solid State
Commun. 39, 285 (1981).

18], Tersoff and S. D. Kevan (unpublished).

195, D. Kevan, Rev. Sci. Instrum. (in press).

205, D. Kevan, Phys. Rev. Lett. 50, 526 (1983).

213, D. Kevan (unpublished).

2N, V. Smith, Phys. Rev. B 19, 5019 (1979).

M. R. Halse, Philos. Trans. R. Soc. London, Ser. A 265, 507
(1969).

2p, Thiry, D. Chandesris, J. Lecante, C. Guillot, R. Pinchaux, and
Y. Petroff, Phys. Rev. Lett. 43, 82 (1979).

25S. G. Louie, P. Thiry, R. Pinchaux, Y. Petroff, D. Chandesris, and
J. Lecante, Phys. Rev. Lett. 44, 549 (1980).



