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The results of an extensive high-resolution angle-resolved photoemission study of electronic sur-
face states on the low-Miller-index copper surfaces are reported. New states located in the s-d hy-
bridizational gaps Cu(001) and Cu(011) have been observed and characterized. The former is locat-
ed near the X point of the surface Brillouin zone at a binding energy of 4.61+0.03 eV in fair accord
with recent calculations, while the latter is located near the ¥ point at a binding energy of 4.72+0.05
eV. The current experimental situation concerning the existence of surface states on copper sur-
faces, their energy dispersion relations, and photon-energy-dependent intensity are reviewed and
compared to the latest self-consistent calculations. Tabulations are presented of the binding energies
of all occupied surface states observed so far in photoemission and of all unoccupied surface states
observed so far in inverse photoemission on low-Miller-index faces of Cu.

I. INTRODUCTION

The low-Miller-index copper surfaces provide ideal
model systems for comparisons between angle-resolved
photoemission (ARP) experiments and first-principles or
nearly-first-principles calculations of surface electronic
structure. Numerous surface states have been ob-
served,!~!! and their energy dispersion relations are.in
qualitative or semiquantitative accord with calculated re-
sults.’>=20 We report here an extensive study of the sur-
face electronic structure of copper surfaces. In the course
of these studies we have observed and characterized two
new surface states located in the s-d hybridizational gaps
between bands 1 and 2 of the projected bulk band struc-
ture. The first of these is centered near the X point of the
surface Brillouin zone of Cu(001) at a binding energy rela-
tive to the Fermi energy of 4.61+0.03 eV, in fair accord
with recent self-consistent calculations.'*!> The latter is
located near the ¥ point of Cu(011) at a binding energy of
4.72+0.05 eV. These states are qualitatively similar to a
state observed previously at T on Cu(111);® the reason
they have not been observed before now is that their
photoemission intensity is significant over only a limited
range of photon energies. As has been shown else-
where,3?! this observation can be used to quantify certain
aspects of the surface-state wave function. Similar studies
at K on Cu(111) have not yielded any new clearly resolved
states despite the fact that a recent calculation predicts
several to exist.!®

A search for surface states often begins with a projec-
tion of the bulk band structure onto the appropriate sur-
face Brillouin zone for the copper surfaces.?? True sur-
face states can exist in the projected band gaps of a partic-
ular symmetry.?> The zeroth-order search for a surface
state entails performing an ARP experiment at an energy
and momentum parallel to the surface k|, where there ex-
ists a projected gap. Invoking specular boundary condi-
tions, k; is conserved in ARP to within a surface
reciprocal-lattice vector g”:23

kn,i+g||=k||_f=O.512(EK)'/zsin6/lE” , (1
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where Kk ; and k| s are the initial- and final-state momen-
ta, Er and 0 are the emission energy and angle, and /12” is
a unit vector in the azimuth of emission.

While this procedure often meets with success, in
several cases one must consider the momentum perpendic-
ular to the surface k; as well. Its location in a projected
bulk band gap insures that the surface-state wave function
decays evanescently into the bulk, and as such k; is not a
good quantum number. However, most surface-state
wave functions oscillate as they decay so that their
Fourier spectrum is peaked about a particular value of k;.
k, must in this sense be approximately conserved.

This can be seen more clearly in the simple treatment
given by Louie.® We start by expanding the surface-state
wave function ®g(k|) in terms of the bulk functions
®p(k k). Since k| is a good quantum number for the
surface state, ®g5(k;) projects out those bulk states at the
same k:

(I>S(k”)= 2 akl,nq)B(kll’kl,n) . (2)
1,n

k, runs over the first Brillouin zone and n, in principle,
over all bands. In simple systems, only that bulk band »
closest in energy to the surface-state energy contributes
significantly so that the sum reduces to

<I>S=2akl<l>3(kl) ,
kl

where now the sum is over only one band. The surface-
state intensity s at perpendicular momentum Kk is given
by a dipole matrix element

Is~ | (D5 | AP|D(k,))|>. (3)
Substituting, we obtain
Is~Y ai | (Pp(k) | AP D(ke)) |2 @)
kl
If we observe that this matrix element governs a bulk
direct transition and as such is a & function,®?>2* we ob-
tain
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Is~2ailly(kf)8ki+G,kf ’ (5)
k

L

where Ip is the bulk intensity at final momentum k;, and
G is a bulk reciprocal-lattice vector. If umklapp process-
es can be neglected, one G vector dominates such that k;
is in the first Brillouin zone. We obtain

Is(kp—G)~ |y, g |” - (6)

Under these circumstances, Ig is expected to have maxi-
ma when |ay._g|? is a maximum: i.e., at that value of

ks —G=k; where the bulk band is closest in energy to the
surface-state energy. At a given k|, ks, is varied in an
ARP experiment by changing the photon and final-state

kinetic energies:*>2°

ks =0.512[hv—3.81(k+g ) —Vo—Eg]'"’ . (7)

Vy, is the inner potential, Ep is the observed binding ener-
gy, and 1 is a unit vector along the surface normal. These
ideas imply that some surface states will be observed to
oscillate in intensity as a function of photon energy and
may not be easily visible at certain energies. Simple
tight-binding and nearly-free-electron models for these os-
cillations and the simple information concerning the
surface-state wave function they yield have been given
elsewhere.®2! Part of our intent in the present study is to
determine the applicability of these simple models.

The structure of this paper is as follows. Section II
outlines our experimental techniques. Section III shows
the results of our recent searches for surface states, and
Sec. IV summarizes available data for all known occupied
surface states on low-Miller-index copper surfaces. For
completeness we list in Sec. V the unoccupied states which
have so far been observed on these surfaces using the new-
ly emergent technique of inverse photoemission spectros-

copy.
II. EXPERIMENTAL TECHNIQUES

These experiments were performed at the National Syn-
chrotron Light Source at Brookhaven National Laborato-
ry using a 6-m torroidal grating monochromator and an
ARP spectrometer which has been described else-
where.?%2” Photons were available between 10 and 70 eV
with a resolution of ~50 meV. The copper crystals were
cut from high-purity (99.999%) copper stock and polished
to within +° of the appropriate bulk crystalline axis.
They were inserted in the vacuum system and, following
several cycles of neon ion sputtering (10 uA/cm?, 1 kV,
30 min) and annealing (5 min, 800 K), were found to be
clean and ordered as determined by Auger-electron spec-
troscopy and low-energy electron diffraction.

III. NEW RESULTS ON COPPER
SURFACE STATES

A. Cu(001)

Perhaps no other surface has been studied by ARP as
thoroughly as Cu(001). Despite this, we have observed
two new states at the X point of the surface zone in the
past year. The observation and characterization of the

first of these, situated in a narrow gap very close to the
Fermi level Ep, relied on exceptional energy and momen-
tum resolution.!! Studies of the second, reported here,
benefit from good resolution as well, but in addition re-
quire the tunability of synchrotron radiation.

1. Surface state near Ep

We have extended our studies of the former by measur-
ing its photon-energy-dependent intensity. The gap in
which this state lies is easily visualized in the Fermi-
surface data shown in Fig. 1 for the '-L—-U—-X-T"
plane.?® The X point projects from the lines parallel to
the (001) axis connecting the L symmetry points of the
bulk Brillouin zone. This line does not intersect the Fer-
mi surface; there is hence a narrow projected gap near Ep
and the possibility of a surface state arises. Such a state
was reported previously.!' As the photon energy is varied
while maintaining |k, | fixed at X (1.231 A —'), k varies
so that in a direct transition model,>»%> one samples bulk
states along this line according to Eq. (7). Band 6 is
predicted always to be close to Ef: at L, its binding ener-
gy (measured here) is Ep=0.8+0.05 eV, while at the
point along = labeled 4 in Fig. 1, one can extrapolate the
Fermi-surface data® to yield Ey =0.45 eV. We expect to
measure two peaks in the sp band: the surface state and
band 6 from which it is derived. This is observed approx-
imately to be the case in Fig. 2, where we show energy
distribution curves (EDC’s) of the sp band at photon ener-
gies between 10 and 40 eV. As expected, there are two

Cu 'LUX PLANE

|

I I
r X
FIG. 1. Fermi surface of copper in the '-L—-U—-X—-T"
plane of the Brillouin zone. The X point of Cu(001) projects

from a line parallel to the (001) axis and passing through the L
symmetry points.
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main features: the nondispersive surface state at Er and a
feature derived from band 6 at higher binding energy.
The latter of these is observed to be composed of two
features at photon energies greater than Av~23 eV. This
energy is very close to the threshold for the onset of an
umklapp process with g,=(27/a)(—2,0,0,). The next-
highest threshold occurs for g;=(27/a)(—2,—2,0) at
hv~43 eV. In these two cases the intensity in the um-
klapp peak can be as large or larger than the direct pro-
cess, explaining the unusual intensity oscillations of band
6 relative to the d bands as a function of photon energy
(see Fig. 4). This fact, along with an excessive sensitivity
to angular alignment, renders an accurate study of this
bulk band’s dispersion relation at X impossible.?>?°

Of greater interest here is the relative intensity of the
surface-state peak to that of the bulk. In particular, one
wants to measure Ig/(Ig+1Ig) in order to normalize the
fact that the spectral intensity passes back and forth be-
tween the two features as k, is varied.?%?—3! This effect
is seen clearly at Av~11 eV in Fig. 2, where nearly all of
the intensity is transferred to the surface state. Figure 3
shows a plot of this quantity against | ks, | calculated
from Eq. (7) assuming primary processes [g;—(0,0,0)]
dominate. The simple treatment given in the Introduction
indicates that this plot should reflect the square of the ex-
pansion coefficients oy of the surface-state wave function

in terms of those of the bulk. Clearly, the largest oy,

occurs at k; =(0,0,7/a), implying that this is the dom-
inant oscillation frequency of the surface state as it decays
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FIG. 2. EDC’s of the sp band region near Er at X of Cu(001)
for photon energies between 10 and 40 eV. The lower-energy
peak is due to direct transitions from band 6, while the peak at
Er is the surface state.
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FIG. 3. Plot of Is/(Iz+Is) from Fig. 3 against |k, (|, as
explained in the text.

into the bulk. The fact that the bulk feature vanishes near
this k, has been explained in the analogous case on’
Cu(111) as the nonpenetration of the surface region by
those bulk states which contribute most to the surface
state.’® This value of k, is reasonable considering that the
bulk band energy approaches most closely the energy of
the surface state. It is interesting that the point
k; =(0,0,27/a) does not yield a maximum even though
this bulk-surface energy separation is the same as at
k; =(0,0,7/a). Apparently, the surface state is exactly
out of phase with the final state at k; =(0,0,27/a). The
surface state should reappear near k, =(0,0,37/a), or
hv=100 eV. Unfortunately, to do the experiment at this
energy with sufficient signal and resolution becomes
prohibitively difficult.

These observations indicate a qualitative difference be-
tween this surface state and those near Ep at T on
Cu(111) and at ¥ on Cu(011). All three of these states in
some sense exist in gaps opened by hybridization of the
sixth bulk band near the L point. On Cu(111) and
Cu(011) (see Sec. IV) the surface state derives predom-
inantly from the lower of these bands near L, while on
Cu(001) the state derives mainly from a different point al-
together. The secondary maximum near k, =(0,0,37/2a)
could indicate smaller contributions to the Cu(001) state
from bulk eigenstates near an L point. The energy
separation between the bulk and surface bands at L is a
maximum. An alternative and more likely explanation as-
signs this secondary intensity maximum to an interference
effect at or near the threshold for emission of band 6 via
the umklapp process explained earlier. A similar effect
has been observed on AI(001).3! The splitting observed in
Fig. 2 of band 6 near this threshold lends credence to this
explanation. In any case, the accurate and complete inter-
pretation of the curve in Fig. 3 using a simple model as
has been done elsewhere®?! is not possible.

2. Low-lying surface state at X

A final result on Cu(001) concerns the existence of a
low-lying surface state at X. Such a state was predicted in
two different self-consistent calculations,'* !> but the pre-
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vious experiment using resonance radiation!! failed to ob-

serve it. A qualitatively similar state has been observed in
the s-d gap at T on Cu(111) but is visible over a limited
range of photon energies for the reasons outlined in the
Introduction.®?%3%  We initiated a careful, frequency-
dependent search for the Cu(001) state. _

Figure 4 shows EDC’s collected at the X point of the
copper valence band for 25<hv <70 eV. Most of the
features observed are due to direct transitions in the bulk
band structure and can be understood completely using
standard models.?>?>%° For 40 < hv < 65 eV, a weak non-
dispersive feature at E5=4.61+0.03 eV is observed. It is
located in the measured projected s-d gap between bands
1 and 2. As evidenced in the top EDC which shows a
contaminated surface [S00 L (1 L = 10~ Torrsec) oxy-
gen] at hv=50 eV, the state is sensitive to surface con-
tamination. We assign this feature to the predicted low-
lying surface state. Its observed energy at X is in fair ac-
cord with the calculated binding energy of Ez~4.1
eV.'*13 This 0.5-eV discrepancy can be attributed in part
to systematic errors in using the Kohn-Sham approxima-
tion for exchange and correlation: the calculation sets the
top of the d bands ~0.2 eV too high as well.'”

Perhaps a better comparison with theory involves ex-
amining the position of the surface state in the projected
gap. Both calculations locate the state just below the
center of a 1.20-eV gap. At Av=50 eV, our EDC’s sam-
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FIG. 4. EDC’s of the Cu(001) valence band for various pho-
ton energies between 25 and 70 eV. At a binding energy of ~5
eV, k| is at the X point. A weak feature at E;=4.61+0.03 eV
exists in the projected s-d band gap and is sensitive to contam-
ination (see top curve). It is assigned to emission from a surface
state.

ple the surface state as well as bands 1 and 2 near their ex-
trema which determine the magnitude of the gap at X.
The measured gap is 1.25 eV, and the surface state is lo-
cated 0.501+0.03 eV above the lower band. This can be
seen more clearly by determining the state’s dispersion re-
lation near X. Figure 5 shows the appropriate EDC’s at
hv=50 eV at 1° intervals in T X T azimuth near X. A
small upward dispersion of the surface state away from X
is visible. Figure 6 shows these results graphically. We
plot our measured dispersion relation and bulk continuum
along with the calculated dispersion relations shifted arbi-
trarily upward so that the bottom edges of the bulk con-
tinuum match. Seen in this way the calculation yields a
rather good fit to our data.

Of further interest is this state’s intensity as a function
of photon energy. Its inherent low intensity combined
with the close proximity of the neighboring bulk features
renders extraction of results similar to those shown in Fig.
3 impossible. It is clear, however, that the state is observ-
able over a limited range of photon energies near hv=>50
eV. From Eq. (2), this corresponds to k;=(0,0,27/a),
indicating a qualitative difference from the state near Ep,
which was intense at ky;=(0,0,7/a) and invisible at
K;=(0,0,27/a). Another qualitative difference between
this state and the other is the failure in this case of
the bulk band at lower energy to disappear at the photon
energy where the surface state is most intense. This is
undoubtedly because the state derives from two (and pos-
sibly more) bulk bands, leading to deviations from the
simple models explained in the Introduction.
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FIG. 5. Expanded EDC’s of the low-lying X surface state on
Cu(001) for various angles of emission near X in the TXT az-
imuth.
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FIG. 6. Experimental dispersion relation of the s-d surface
state located near X on Cu(001) in the TXT azimuth. The shad-
ed region and curve are the projected bulk continuum and calcu-
lated dispersion relation shifted as described in the text.

B. Cu(011)

As indicated in the Introduction, we have also observed
a new surface state in the s-d gap at Y on Cu(011). The
state is qualitatively similar to though weaker in intensity
than that described previously on Cu(001). Figure 7
shows expanded EDC’s taken at Y at various photon ener-
gies. The dispersionless peak observed at Ep=4.7210.5
eV for 40 <hv <65 eV exists in the projected s-d gap at Y
and was found to be sensitive to surface contaminants.
As such we assign the peak to emission from a surface
state. Its maximum intensity relative to neighboring d
bands occurs near Av=50 eV, implying dominant contri-
butions from bulk bands at k=(27/a)(3,%,%3). The
state’s low intensity precludes further accurate study.
There has not been a self-consistent calculation of this
surface; an older non-self-consistent calculation®? predicts
a low-lying surface state approximately midgap at Y, in
rough accord with our results.

C. Unfilled projected band gaps

At this point it may seem that there is a one-to-one
correspondence between projected gaps and surface states.
This clearly is not the case; numerous gaps are observed in
Ref. 22 in which no surface states are predicted or ob-
served. Good examples occur at X and S on Cu(011) just
above the d-band continuum. The bulk band contours at
both points are qualitatively similar to those observed at
M of Cu(111) and Cu(001) where well-defined and well-
characterized d-like states exist.*~% A limited search for
similar states on Cu(011) was not successful. A clue to
the explanation of this observation lines in the experimen-
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FIG. 7. Expanded EDC’s of the Cu(001) valence band at ¥
of Cu(011) for 40<hv <65 eV. The dispersionless shoulder at
Ep~4.72 eV is assigned to emission from a surface state.

tally observed splittings of the surface states on Cu(001)
(0.2 eV) and Cu(111) (0.1 eV) from the d-band continuum.
The existence of these states relies heavily on symmetry to
decouple atoms in neighboring layers.!*!> The highest
symmetry surface [Cu(001)] yields the largest splitting,
while that with the lowest symmetry yields no splitting at
all (or least one which is unobservably small). Clearly
such considerations defy a one-to-one correspondence be-
tween surface states and projected gaps. The results of the
next section summarize those gaps located near symmetry
points which are filled by surface states.

A more rigorous test would involve a one-to-one
correspondence between states predicted to fill certain
gaps and corresponding experimental observations of such
states. A good test occurs on Cu(111) at K. The lack of
symmetry at this point largely precludes the bulk bands
from crossing. All five d bands are nearly dispersionless
and band 6 lies above Ej so that there exist five projected
gaps below Ep. A recent calculation predicts many sur-
face states to occur, filling every gap.!® There are, howev-
er, no clearly resolved surface states observed experimen-
tally between 15<hv<60 eV. Some of the spectral
features show sensitivity to contamination, implying sig-
nificant amplitude on the surface layers. It may be that
well-defined surface states exist at K or Cu(111), but that
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their emission intensity is low or that their splitting from
nearby bulk features is small so that clear experimental
assignment is precluded.

1IV. SUMMARY OF PHOTOEMISSION RESULTS

It is useful to tabulate the experimental observations of
copper surface states and the corresponding theoretical re-
sults (see Table I). The observables which we compare
here are those which are not very model dependent. In
particular, the analyses used in Refs. 8 and 21, which ex-
tract decay lengths, etc. of the surface-state wave func-
tion, are difficult to apply in general (see Sec. III and Fig.
3) and will not be used here. The dominant bulk frequen-
cy contribution to the surface state is easier to extract
directly from experiment. While theoretical results often
are not cast in this framework, we include these results in
our summary in hope of provoking further theoretical
work. The parameters we summarize are as follows.

(1) Existence and symmetry of a particular band.

(2) Binding energy Ejp with respect to Er and disper-
sion relation. We tabulate the effective mass m* in terms
of the free-electron mass m, as a convenient way to
parametrize the dispersion relation near a symmetry
point:

# 2
EB(k”):Eo"i'EF(k”——ko)
ko is the symmetry point parallel momentum and E, is
the binding energy at the symmetry point. These masses
are tabulated for the direction toward T for states located
away from the zone center and toward the next-highest
symmetry point for zone center states. This parametriza-
tion in terms of m™ is perhaps of less fundamental signifi-
cance in some cases than in others.

(3) Dominant bulk frequency, reduced to the first Bril-
louin zone.

(4) Estimated natural peak width at the symmetry
point, a quantity which reflects the inverse lifetime of the
final-state hole.?%—°
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We have not included calculations which exclude self-
consistency, since these have yielded results in significant
variance with experiment in the past. In addition, where
more than one calculation exists we have arbitrarily
chosen to show those values which yield the best match to
experiment. Different experiments have not yielded con-
tradictory results on these surfaces. In any case, the refer-
ences are intended to be complete.

A few general comments concerning this collection of
results are in order. First, the most recent calculations
yield generally excellent accord for the existence, symme-
try, and dispersion of the high-lying sp surface states.
This observation was emphasized elsewhere for Cu(001),!!
but is true as well for the well-known surface state at T
near Er on Cu(111). Since experiments in the region near
Er are less subject to systematic errors due to final-state
relaxation shifts, this accord is an indication that calcula-
tions are approaching the degree of sophistication re-
quired to match experiment where the comparison is most
meaningful.

The existence and energy of the states located further
down in the d bands are less well predicted by calculation.
Essentially all d-like surface states are predicted to be at
too high an energy relative to experiment. Note that re-
laxation shifts in the photoemission final state will shift
the experimental value up relative to theory and hence
cannot explain the observed discrepancy. As explained
earlier for the low-lying surface state at X on Cu(001),
most of this shift can be understood in terms of systemat-
ic errors in using a local approximation for exchange and
correlation resulting in an upward shift of both the bulk
and surface states.!® Of greater concern is that a well-
defined low-lying surface state observed®? at T on
Cu(111) is not observed in the calculation.!® This is curi-
ous considering that the gap at L which produces this
state helps to produce the gaps at X on Cu(001) and Y on
Cu(011) where we have observed low-energy surface
states. The original interpretation of the peak on Cu(111)
as a surface state has been questioned by an alternative as-
signment as a density-of-states feature from the nearby
L, point.*® A value for the energy of the L, point can be

TABLE I. Binding energies (relative to Er) and other properties of occupied surface states on copper (a denotes this study; nm

denotes not measured.)

Experiment Theory
Symmetry Eg . AE Ep
. * k *
Surface point eV) o 2 (eV) eV) m References
m, 2w /a m,
(001) T, 5.15(5) 0.45(5) (001) nm 4.81 0.48 14, 13, 29
X, 0.06(1) 0.16(2) (+,5,1) 0.03(1) 0.07 0.20 a, 11, 14, 15
X, 4.6203) 0.70(2) (+,5,0) 0.35(1) 4.10 0.63 a, 14, 15
M, 1.80(2) —0.42(5) 1,0, 0.04(1) 1.60 —0.58 4-7, 16, 32
©11) Y, 0.39(1) 0.27(1) (+,3,3) 0.09(2) 3,10
Y, 4.72(5) nm (+:3>%3) 0.40(5) a
(111) T 0.39(1) 0.46(1) (+,3,7) 0.06(1) 0.58 0.37 1-3, 8, 9, 13, 16
T, 5.25(5) nm ($:5>%) 0.56(6) 16, 29
M, 1.96(2) —0.39(3) (1,0,0 0.07(2) 1.45 —0.40 a, 5, 32
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extracted accurately without interference from a nearby
surface state from the data shown in Fig. 4:
Ep=5.324+0.03 eV. The energy of the surface state is
5.25+0.3 eV, implying that the state is located in the gap
.and is probably a true surface state. This very small
separation from the bulk continuum is similar to that ob-
served on Al(111) and would allow a long decay length
into the bulk crystal. The resulting peaked frequency
spectrum results in significant photoemission intensity
over a narrow range of photon energy. In addition, a slab
calculation would have trouble distinguishing such a slow-
ly decaying state. In Ref. 16 there appears to be a state
narrowly split from the bulk continuum above band 1 at
T; perhaps this is the missing state which was not as-
signed due to a long decay length.

Another discrepancy between experiment and calcula-
tion arises in the Tamm states split off from the top of
the d bands at M on Cu(001) and Cu(111). These states
are highly localized to the outermost layers and are thus
particularly sensitive to small errors in the self-consistent
potential. The observed and calculated!>!® splittings are
0.20 and 0.66 eV for Cu(001) and 0.10 and 0.35 eV for
Cu(111). The calculation also predicts a much larger 2p
core-level shift on Cu(001) than has been observed®* (1.59
versus 0.24 eV). The source of these discrepancies is not
presently clear. The possibility of differential final-state
relaxation between surface and bulk states has been dis-
cussed elsewhere.!® It seems unlikely to us that this could
lead to a 0.4-eV shift out of a 2-eV binding energy on
Cu(001), particularly in consideration of the core-level-
shift results.3* Another possibility is that geometric relax-
ation of the interplanar spacing of the surface layers
might alter the energy of these localized states significant-
ly. A final way to decrease the bulk-surface state splitting
is to endow the bulk continuum with additional width.
This might be important in the present case since these M
points project from lines runing through the X points of
the bulk bands where the effect of the spin-orbit splitting

S. D. KEVAN, N. G. STOFFEL, AND N. V. SMITH 31

TABLE II. Binding energies (relative to Ey) of unoccupied
surface states on copper.

Symmetry Ey—E
Surface point (eV) Reference
(001) T 0.64 38, 40
X 0.70? 39
(111) T 0.94(15) 40
2Extrapolated.

is significant.> Further calculations will be required to
investigate these possibilities.

V. EMPTY SURFACE STATES

The newly emergent technique of k-resolved inverse
photoemission spectroscopy®> (KRIPES) has revealed a
number of unoccupied surface states on low-Miller-index
faces of Cu.’*~% For completeness, we list the observed
binding energies (relative to the vacuum level Ey) in Table
II. [The work functions of Cu(111) and Cu(001) are taken
to be*! 4.94 and 4.59 eV.

Surface states within, say 1 eV of Ej, are perhaps best
described as “image-potential-induced” since they sense
the long-range nature of the image potential.*> The reader
is referred to the phase analysis by Hulbert et al.* for an
explanation of the relation between these image-potential-
induced states and the crystal-induced surface states
which have been the topic of the bulk of this paper.
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