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Recent semiempirical linear combination of atomic orbital method �LCAO� calculations for the Cu surfaces
of low Miller indices have given surface bands which agree very well with the available experimental data.
These calculations indicate the existence of various surface states and resonances, in particular, in the s-d band
region, which have not yet been experimentally observed. We have checked a part of these predictions by

performing angle-resolved photoemission measurements along the X̄-M̄ direction of the �100� surface, a direc-
tion that, to our knowledge, has not yet been investigated. Most of the predicted surface states and resonances
have been actually observed and are in good agreement with the calculations. Furthermore, the calculated
effective k-resolved density of states quantitatively reproduces the experimental photoemission spectra, as it
results from the comparison that we have done at the high-symmetry points. The results reported in the present
paper confirm the predictive ability of LCAO calculations performed with a carefully chosen parameter set and
provide experimental evidence of several previously unknown surface states.
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I. INTRODUCTION

The semiempirical linear combination of atomic orbital
method �LCAO� was originally developed in order to inter-
polate the energy bands calculated by first-principles ap-
proaches in the early days of the band-structure calculations.1

Nevertheless, the method is used even today in order to un-
derstand the electronic properties of solids and surfaces,
mainly because of its physically intuitive character. An im-
portant feature of the LCAO method is that it gives energy
bands which can be quantitatively compared with results of
angle-resolved photoemission spectroscopy �ARUPS� mea-
surements. This is an important advantage of the semiempir-
ical LCAO approach over the ab initio methods: the latter,
owing to a well-known limitation of the density-functional
theory, give energy bands which can only be qualitatively
compared with the experimental data. A further advantage is
that the LCAO method allows one to treat slabs including a
large number of planes. This is useful for at least two rea-
sons. The first one is that a spurious coupling between iden-
tical surface states localized on the opposite sides of the slab
is avoided. The second one is that the distinction between
surface and bulk states becomes easier to draw. For these
reasons, the LCAO method is a very convenient tool for the
assignment and the interpretation of the peaks observed in
ARUPS experiments.

In order to obtain accurate results using LCAO, a good set
of parameters describing the system is required. In particular,
a careful treatment is necessary in order to reproduce the
energy bands at surfaces, where bulk states, surface states,
and surface resonances coexist. In the case of Cu, Cortona
and Sapet2,3 have recently proposed a set of parameters ob-
tained by fitting the bulk bands and a few surface states.
They have shown3 that band calculations using these param-
eters give results in full agreement with the available experi-
mental data4–19 obtained by photoemission and inverse pho-

toemission for the �100�, �110�, and �111� surfaces.
Such parameters have been successively used in order to

describe the substrate in a study of the �110� surface partially
covered �0.5 monolayer� by oxygen.20,21 As well known, this
surface reconstructs according to the added row geometry,
forming Cu–O–Cu chains in the �001� direction. The elec-
tronic structure resulting from the calculations was found to
agree very well with the experimental data, and it was pos-
sible to locate the py antibonding band of the oxygen, a band
whose exact position has been intensively searched in the
past.22,23

The interest in the present paper is to establish if the pa-
rameter set can predict experimental results on a Cu surface.
Our calculations have given indications of the existence and
of the location of surface states which have not yet been
observed experimentally. In the case of the �100� surface, for
example, most experimental investigations have concerned

the �̄-X̄ and �̄-M̄ directions. The X̄-M̄ line, to our knowl-
edge, has never been experimentally investigated. In the
present paper, we report the first ARUPS data on Cu�100�
along the X̄-M̄ line, and we check in this way the reliability
of the LCAO parameter set.

II. THE SEMIEMPIRICAL LCAO CALCULATIONS

A. Outline of the LCAO calculations

The LCAO calculations have been performed using a slab
geometry comprising 97 planes, taking into account the in-
teractions between first and second neighbors, and allowing
nonvanishing overlap integrals. Furthermore, the usual two-
center Slater-Koster1 approximation has been adopted. In the
framework of this approximation, the Hamiltonian matrix el-
ements and the overlap integrals are expressed in terms of
diatomic molecularlike quantities, which are, together with
the on-site matrix elements, the parameters of the semiempir-
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ical LCAO method. A typical parameter is indicated by a
symbol such as �pd��, which stands for the Hamiltonian
matrix element �or the overlap integral� between a p orbital
on one site and a d orbital on the other, both having a ±1
component of the angular momentum along the axis joining
the two sites.

The set of parameters that we have used in our calcula-
tions are reported in Table I. As it was discussed in Refs. 2
and 3, adopting the usual procedure and determining the pa-
rameters by fitting the experimental bulk bands, various sets
of parameters can be found, depending on the �possible� con-
straints used in the best fit. These sets of parameters give
bulk bands having a similar accuracy, but the corresponding
surface bands can be strongly different. This ambiguity can
be avoided by including a few experimental data for the sur-
face states in the best fit. The parameters reported in Table I
were obtained by fitting the bulk bands and five surface
states of the �110� surface.24 The criteria used in order to
choose the five states were very simple. In the band gaps

around the X̄ and the Ȳ points, there are four �Shockley-like�
surface bands. The states belonging to these bands and cor-

responding to the X̄ and Ȳ points were used in the fit. Fur-
thermore, a fifth point was chosen in order to better describe

the band which extends over a large part of the �̄-X̄ direc-
tion. It is worthwhile to notice, however, that the particular
choice of the surface states used in the fit is not very impor-
tant: as it was already mentioned in the Introduction, the
resulting parameters give results in good agreement with the
experimental data for various Cu surfaces, including the
�100� clean surface which is of interest in the present paper.

A special discussion is required by the Tamm states. As it
is well known, the physical origin of these states is the dif-
ferent potential seen by atoms on the surface with respect to
atoms in the bulk. This change in the potential is accounted
for, in semiempirical LCAO calculations, by introducing an
energy shift of the on-site integrals. Without this energy shift,
the Tamm states are not found by semiempirical LCAO cal-
culations. On the Cu surfaces, the Tamm states are localized

just above the d bands. In order to find them by using the
parameters reported in Table I, it is sufficient to apply a quite
small energy shift. This was shown in Ref. 2 for the �110�
surface, and it is also true in the �100� case. The use of a
small energy shift �0.15 eV in our calculations� does not de-
grade, and indeed sometimes improves, the good agreement
with the experimental data found without energy shift. The
changes induced on the surface states by the energy shift will
be discussed in detail in the next subsection.

B. Results of the LCAO calculations along X̄-M̄

In the present paper, we will be concerned with the occu-

pied states in the X̄-M̄ direction having energies mainly be-
tween the Fermi level and −6 eV. The calculated states are
reported in Fig. 1. The surface states are emphasized by the
black and gray circles accordingly to their symmetry even or

odd with respect to the X̄-M̄ line, respectively. The number
of them depends on the criterion used in order to select the
surface states. In our figures, unless otherwise specified, we
have represented as surface states or resonances the states
whose contribution to the surface density of states �DOS� is
greater than their contribution to the DOS of an inner plane
by a factor of 10.

There are seven energy gaps, denoted by G1–G7 in Fig. 1,
within the considered energy region. The G1 gap is located
in the sp bands and contains a Shockley surface band �S1�
having its bottom just below the Fermi level at X̄. This band

was experimentally observed in the �̄-X̄ direction by Kevan7

TABLE I. LCAO parameters for the Cu–Cu interactions be-
tween nearest neighbors �nn� and next-nearest neighbors �nnn�. The
Hamiltonian matrix elements and the three on-site integrals �s0, p0

and d0� are in eV.

H �nn� H �nnn� S �nn� S �nnn�

ss� −1.313 −0.279 0.0729 0

pp� 0.861 0.860 −0.2981 −0.035

pp� −0.858 −0.320 0.0462 0

dd� −0.367 −0.045 0 0

dd� 0.167 0 0 0

dd� −0.001 0 0 0

sp� 1.654 0.650 −0.1587 0

sd� −0.580 −0.113 0 0

pd� −0.795 −0.426 0 0

pd� 0.323 0.061 0 0

s0=1.147, p0=5.643, d0=−3.043

FIG. 1. Calculated energy bands along the X̄-M̄ line of the
Cu�100� surface. Black and gray circles indicate the energy states
localized at the surface �see text�, which have even and odd sym-

metries with respect to the X̄-M̄ line, respectively. The dots show
the energy states of the whole slab. The surface bands indicated by
the black and gray circles are named S8–S21 for convenience in the
discussion and for consistence with the notations adopted by Bal-
dacchini et al. �Ref. 25�. Similarly, the notations G1–G7 indicate
the major band gaps, which appear in the calculated band map.
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and, more recently, by Baldacchini et al.25 These latter au-
thors named this band S1. More generally, they gave names
S1–S7 for the experimental bands of surface states on the

�̄-X̄ and �̄-M̄ lines. We adopt similar conventions in the
present paper, and we use names S8–S21 for the surface

states and resonances found on the X̄-M̄ line. The calcula-
tions also indicate the existence of a surface resonance at the
edge of G1. This band, that we named S8, could be the

continuation in the X̄-M̄ direction of the S2 band observed

by Baldacchini et al. along the �̄-X̄ line. However, this con-
clusion cannot be firmly established from the results of our
calculations.

The G2 gap is located between the sp bands and the d

bands along X̄-M̄. The famous Tamm state, S4, around M̄ is
just above the d bands in G2.

There is a long gap �called G3� between −2 and −3 eV
which contains two bands of surface states, S9 and S10. The
S9 and S10 states have odd and even symmetries with re-

spect to the X̄-M̄ line, respectively, and they are always close
to each other. G4 is a very narrow gap around �−3.3 eV

near the X̄ point. In this gap, there is a surface state S15
having odd symmetry. The G5 gap is located around the

center of the X̄-M̄ line between −3 and −3.5 eV. A surface
resonance S13 �even� is found on the lower edge of G5. The
gap G6 is somewhat large and located around −4 eV. It con-
tains two bands of surface states with the odd symmetry, S17
and S18. G7 is a large gap located below −4 eV which ex-

tends beyond the X̄ point. There are two bands in this gap,
S20 �even� and S21 �odd�, in the middle and on the lower
edge of G7, respectively. The S20 states are probably the

continuation along X̄-M̄ of the S7 band reported in Refs. 8
and 25.

Apart from these surface states and resonances in the
band gaps and on their edges, there are some surface reso-
nances in the projection of the bulk d bands: S11 �even�, S12
�even�, S14 �odd�, S16 �even�, and S19 �odd�. The S11 band

seems to cover the whole X̄-M̄ line intermittently.
The surface states mentioned above are, in general, insen-

sitive to the precise value of the energy shift used in order to
take into account the additional potential due to the surface.
While an energy shift of 0.15 eV displaces the Tamm state at

the M̄ point+0.15 eV toward the Fermi level, this is not the
case of the other states. For example, S20 �in G7� is shifted
by �E� +0.06 eV and S18, in the G6 gap, by �E�
+0.04 eV. A particular case is given by S13. Without energy
shift, the G5 gap is crossed by the S11 band, which gives rise
to a surface band approximately in the middle of the gap.
The energy shift pushes the S11 band out of the gap toward
the Fermi level, and the S13 resonance appears on the lower
edge of the gap.

We have tried to check these calculation results by the

first ARUPS measurements along X̄-M̄.

III. EXPERIMENTAL DETAILS

The �100� surface of a Cu single crystal was cleaned by
Ar+-ion bombardment and 600 °C annealing cycles. Its order

and cleanliness were checked by a sharp 1�1 low-energy
electron diffraction pattern and x-ray photoelectron spectros-
copy. For ARUPS, we used a Scienta SES100 analyzer. The
sample was kept at 130 K during the measurements. Nonpo-
larized He I radiation �SPECS UVS300� was used as an ul-
traviolet photon source. The photoelectron was detected in
the light incidence plane. ARUPS spectra were taken along

X̄-M̄. We scanned both the polar angle � with respect to the
surface normal and the azimuth angle � with respect to the
�110� direction simultaneously �see the inset in Fig. 2�. The
angle set ��, �� depends on the focused binding-energy re-
gion. We used two angle sets for the binding energies around
−4 eV and additionally around −2.5 eV. The base pressure
of the analyzer chamber was less than 1�10−10 Torr.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the ARUPS spectra taken by changing
both the polar and azimuth angles �� and �, respectively�
around the surface normal. The values of these angles were
chosen in order to optimize the detection of the bands around

−4 eV on the X̄-M̄ line. However, the observed energy levels
were not sensitive to the focusing binding energy because of

the little dispersion of the d band across the X̄-M̄ line. The
typical intense peaks due to the Cu 3d bands can be seen in
the figure within the −2 to −5 eV binding-energy region. As
will be discussed later, a few of these peaks can be ascribed
to surface states and resonances by comparison with the cal-
culated results. We have indicated these latter peaks by dot-
ted lines in Fig. 2. Figure 3 shows the magnifications of the
ARUPS spectra around S20 �A�, S17 and S18 �B�, and S9
and S10 �C�. In Fig. 3, they appear as weak and quite broad
peaks. It can be noticed that S9 and S10 seem to be con-

nected, at the M̄ point ��=45° �, to the band called S5 by
Baldacchini et al.

Figure 4 shows ARUPS spectra focused around the X̄
point just below the Fermi level. The acquisition step of the
binding-energy sweep was set to 5 meV to collect these
spectra. Peaks near the Fermi level, showing an approxi-
mately parabolic dispersion, were found around the detection
angle �=36°. These peaks correspond to the bottom of the
Shockley band7 whose binding energy, in our experiment,
was found to be �−60 meV. Using in the measurements an
acquisition energy step of 20 meV, as we have done in order
to collect the spectra reported in Fig. 2, the Shockley band is
invisible. A rapid increase of intensity around �−0.35 eV
below the Shockley state represents the beginning of the bulk
band projections. As the edge intensity of this precipicelike
feature decreases when the surface is covered by nitrogen
atoms �not shown here, see Ref. 26�, we believe that there is
at least one surface resonance at the edge of these bulk band
projections.

The peak positions observed in Figs. 2–4 are displayed in
Fig. 5 together with the calculated surface states and reso-
nances reported in Fig. 1. Open circles indicate the experi-
mental results. It can be seen that the agreement is quantita-
tively good for most surface states and resonances: this is the
case for S4 �Tamm state�, S9 and S10 in G3, S15 in G4, S18
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in G6, S20 and S21 in G7, and for the resonances S11, S12,
and S14. In detailed measurements focused around −2.5 eV
with a smaller acquisition energy step �Fig. 3�c��, we were
able to distinguish individual peaks corresponding to the S9
and S10 states, while in Fig. 2 they appear as a single broad
peak due to the insufficient acquisition energy step. The cal-

culated S20 band starts from the X̄ point and continues to

approximately the middle of X̄-M̄, whereas we could not
observe this band near X̄. Kevan et al.8 showed that this state
has a large cross section for higher photon energy by using
synchrotron radiation. Larger photon energy will probably
allow us to observe S20 as stronger peaks.

On the other hand, we could not observe in a clear way
the surface resonances S13, S16, and S19 because of the

FIG. 2. ARUPS spectra corresponding to the

X̄-M̄ line of the Cu�100� surface in the binding-
energy region of −6–0 eV. The inset shows the
definition of the photoelectron detection angles �
and �. The correspondence between the Brillouin
zone and the crystallographic directions are also
shown in the inset. The dotted lines indicate the
observed peaks corresponding to the calculated
surface states.

FIG. 3. The magnifications of ARUPS spectra around S20 �a�,
S17 and S18 �b�, and S9 and S10 �c�, which are invisible in Fig. 2
due to the weak intensities. The triangles indicate the peaks as-
signed to S9, S10, S17, S18, and S20. We note that the binding-
energy ranges are different in each panel. The angle set �� ,�� in �C�
is optimized to the binding energy around −2.5 eV.

FIG. 4. The ARUPS spectra in the vicinity of the Fermi level

around the X̄ point of the Cu�100� surface. The peaks showing
parabolic dispersion is attributed the bottom of the Shockley state
�S1�. The precipicelike feature around �−0.35 eV is assigned to a
surface resonance �S8�.
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strong signals originating from the bulk states. As it can be
seen in the spectra �Fig. 2�, there are always intense peaks in
the energy region where these resonances are located. Fi-
nally, the broad tail toward smaller binding energies of the
S18 peak might indicate the presence of the S17 state in G6,
though we did not show it explicitly in Fig. 2. The peaks
assigned to the parts of S17 and S18 are reported in Fig.
3�b�.

One important advantage of the LCAO method is that it
gives realistic k-resolved planar density of states �k-DOS�.
Although the latter is not directly accessible by photoemis-
sion experiments, the main features of the ARUPS spectra
can be understood by comparing the observed intensities and
an effective k-DOS deduced from the calculated ones. In
order to perform a meaningful comparison, we have to take
into account the fact that the various planes give a contribu-
tion to the photoelectron current which decreases quickly
with the depth of the plane within the slab. The effective
k-DOS is consequently assumed to be a weighted summation
of the planar k-DOS. In the present paper, the weights are set
to 100% for the first layer, 50% for the second, 25% for the
third, and 15% for the bulk layer. In general, the contribution
to the photoemission intensity coming from the various
planes decreases exponentially in function of the depth of the
plane under the surface. This is expressed by the relation I
= Il exp�−l /d�, where l is the layer number counted from the
surface, Il is the planar k-DOS of the lth layer, and d is the
effective escape depth. Here, d is a unique adjustable param-
eter. In general, this parameter depends on the various ex-
perimental settings such as the photon energy, the photo-
emission angle, etc. The adopted weights correspond to d
�1.5 �layers�.

In Fig. 6, we compare the ARUPS spectra and the effec-
tive k-DOS obtained by our LCAO calculations at the two

highly symmetrical points X̄ and M̄. The solid lines show the

ARUPS spectra, and the dotted lines represent the effective
k-DOS �top curves� and the contributions to them coming
from the first, second, third, and bulk layers.

We can see that the effective k-DOS reproduce well the

experimental spectra at both the X̄ and M̄ points. This means
that our assumption d�1.5 was reasonable. The peaks cor-
responding to the S8 and S1 states are very large in the
calculated effective k-DOS, while the features that indicate
the presence of these states in the experimental spectrum are
quite small. This discrepancy can be understood, at least in
part, by taking into account the cross section of each state for
a given photon energy. According to the literature, the cross
section of the Cu 4s and 4p states for the He I	 radiation is
0.47% of the cross section of the Cu 3d states.27 In order to
take into account this difference, the contributions of the 4s,
4p, and 3d states to the planar k-DOS should be weighted.
This has been done for the first layer, and the result is shown
in the figure �solid line� together with the original planar
k-DOS. It can be seen that the peaks indicating S8 and espe-
cially S1 are considerably smaller, consistent with the experi-
mental observations. Similarly, the intensity of S20 is also
decreased by taking into account the cross-section difference.
The strong hybridization with the 4sp states can thus explain
the weak intensity of S20 in the experiments.

A further discrepancy between the calculated effective
k-DOS and the experimental spectra is the peak indicating

S19 at M̄. The influence of the cross-section difference is, in
this case, negligible and cannot explain why S19 is invisible
by He I radiation. Nevertheless, various other factors may be

FIG. 5. Energy bands determined by ARUPS �open circles� and
calculations �black: even symmetry; gray: symmetry� are compared

along the X̄-M̄ line of the Cu�100� surface. In the experimental
bands, all the distinct peaks including bulk’s ones are shown.

FIG. 6. The ARUPS spectra �solid line� and the calculated ef-

fective k-DOS �topmost dotted lines� around the X̄ point �left panel�
and the M̄ point �right panel�. The contributions of the first, second,
third, and bulk layers to the effective k-DOS �see text� are also
displayed. The solid line drawn together with the contribution of the

first layer �at X̄, left panel� shows as the latter should be modified in
order to take into account the different cross sections of 4s, 4p, and
3d electrons. The notations such as S1 indicate the features assigned
to surface states or resonances in Fig. 5.
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the cause of this discrepancy. For example, �1� the broaden-
ing due to the lifetime of the photoexcited hole, �2� the den-
sity of states of the unoccupied band to which the photoelec-
tron is excited, or �3� the photon incidence angle which is
related to the selection rules due to the symmetry of the wave
functions. One of these factors might explain the negligible
experimental intensity of S19, but a full discussion of this
aspect is beyond the purpose of the present paper.

Finally, we consider the extension of the surface states
and resonances perpendicularly to the surface. Figure 7
shows the calculated bands of surface states and resonances
obtained by using two different threshold values in the selec-
tion criterion. The filled circles indicate the states selected
when the threshold is fixed to 100. The open circles indicate
the additional states, which are found when the threshold is
lowered to 10 �the value adopted in the present paper�. In
general, the contribution to the planar k-DOS of a given sur-
face state or resonance has a maximum near the surface and
decreases continuously when the plane becomes deeper. Let
us assume that the decreasing follows an exponential law,
Il= I1 exp�−l / ts�, where Il and I1 are the contributions to the
planar k-DOS of the lth layer and of the topmost layer, re-

spectively. Then, ts can be considered a measure of the ex-
tension of a given surface state or resonance within the bulk.
In our calculations, we have considered surface states or
resonances the states for which I1 / Ibulk is greater than the
chosen threshold. As the slab contains 97 planes, we have
defined Ibulk by the average of I46, I47, and I48. Thus, the
criterion factor is I1 / Ibulk� I1 / I47.

28 In this scheme, the of use
a threshold equal to 10 means to select states which penetrate
into the bulk of �20 layers or less, while fixing the threshold
to 100, one selects states for which ts�10.2 layers �or less�.
In Fig. 7, it can be seen that most bands discussed in the
present paper satisfy the selection criterion also if the more
striking value of 100 is used for the threshold �indeed one
can also use greater values, 1000, for example, without
changing significantly the results�. The states selected by a
threshold equal to 10 play a role in order to just improve the
continuity of the bands and to detect some resonances. The
analysis reported above is coherent with our experience in
this kind of calculations: if the results obtained by using
slabs including �20 planes can give a first idea of the local-
ization of the surface states, the use of thicker slabs is highly
recommended, in particular, if one is interested not only in
the surface states but also in the resonances.

V. CONCLUSIONS

We have performed LCAO calculations based on a re-
cently proposed set of Slater-Koster parameters. The calcu-
lated surface bands are in full agreement with the photoemis-
sion and inverse-photoemission data reported in the literature
for the Cu�100� surface.

The calculations have predicted the existence of many

unknown surface and resonance states on the X̄-M̄ line. We
have made ARUPS measurements along this line, and we
have found a quantitatively good agreement between experi-
mental and theoretical band dispersions, as well as between
the spectral features observed by ARUPS and the calculated
effective k-DOS.

The present study confirms the reliability of the parameter
set for LCAO calculations and provides experimental evi-
dence of several surface states and resonances. LCAO calcu-
lations based on this parameter set will provide a reliable
basis for understanding the future experimental results on the
various Cu surfaces.
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