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Local aspects of the adsorbate-substrate chemical bond in N/Cu„100… and O/Cu„100…
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Both the occupied and unoccupied adsorbate valence states have been probed by x-ray emission and x-ray
absorption spectroscopies for N/Cu~100! and the low coverage phase of O/Cu~100!. By carrying out experi-
ments using two different measurement geometries, the adsorbate out-of-plane states (2pz) have been sepa-
rated from the in-plane states (2pxy). The experimental results are compared to the partial density of states
~DOS! obtained from full-potential linear muffin-tin orbital calculations, with good agreement in the case of
N/Cu~100!. This agreement confirms that it is possible to interpret the experimental data in terms of the
adsorbate partial DOS. Our combined experimental and theoretical study also provides a detailed understand-
ing of the local chemical bond for N and O adsorbed on Cu~100!. @S0163-1829~98!05124-8#
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I. INTRODUCTION

Over the years atomic adsorbates on Ni and Cu surfa
have served as prototype systems for strong chemisorp
One of the important aspects to understand in these sys
is the nature of the chemical bond between the adsorbate
the surface. The most established experimental techniqu
electronic structure determination is valence band pho
emission spectroscopy~PES!. This technique has in particu
lar been very powerful in studying the band structure
overlayer systems. However, there are cases when it is d
cult to identify the adsorbate states due to strong overlapp
substrate states such as in transition and noble metals.
recently it has therefore not been straightforward to exp
mentally study in detail the interaction between the adsorb
and the substrate in the energy region of the substrad
band. We have shown earlier that soft x-ray emission sp
troscopy~XES! can be applied to adsorbates.1–8 An advan-
tage of this technique is that it can be used as a probe o
local density of states~DOS!, making it ideally suited for
measurements in systems where there is intermixing betw
the valence states of the different atomic species. XES
PES are complementary since photoemission can mea
band dispersion but not the separate contributions from i
vidual atoms, whereas in XES the atom-specific bands, i
grated over the whole Brillouin zone, are probed.

In this work we have investigated the electronic struct
of two atomic adsorbate systems, N/Cu~100! and the low
coverage phase of O/Cu~100!. We have chosen to study ad
sorbates on the Cu~100! surface because the Cu 3d band is
completely occupied and therefore we expect a signific
fraction of the adsorbate 2p-Cu 3d states to be occupied. W
have used XES to obtain information about the occup
adsorbate DOS and another well established technique, x
absorption spectroscopy~XAS!, to obtain information abou
the unoccupied states. As a first approximation both of th
PRB 580163-1829/98/58~3!/1655~10!/$15.00
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techniques can be viewed as probes related to the pa
DOS. This conclusion is based on the initial and final st
rules,9–13 which say that the intensity of a process is set
the initial state, and the energy distribution by the final sta
In XES the final state of the process is only perturbed fr
the ground state by the presence of a valence hole. For X
we expect the intensity to be a property of the ground s
only since the final state is a core excited state.

These same adsorbate systems have been studied p
ously by XES, but using white light excitation at norm
emission which only probes the in-plane states.1–3 In this
study the samples have been excited using monochrom
synchrotron light tuned to an energy just a few eV above
XAS threshold. In so doing we reduce the possibility of in
tial state satellites that might distort the measured spec
We have also measured the XE spectra at both grazing
normal emission angles and have therefore been able to s
rate out-of-plane from in-plane states. In XAS the in-pla
and out-of-plane states were separated by exciting
samples using monochromatic light with the electric fie
vector oriented either parallel or perpendicular to the surf
plane.

In order to obtain a deeper understanding of the exp
mental results and to confirm the interpretation of the data
terms of the adsorbate partial DOS, we have carried out f
potential linear muffin-tin orbital~FP-LMTO! calculations.
The FP-LMTO method14,15 employs a localized basis tha
provides a convenient framework for projecting out the in
vidual partial DOS which can then be compared directly
the experimental spectra.

The structural properties of atomic N and O on Cu~100!
have been thoroughly studied by various methods includ
low-energy electron diffraction~LEED!, surface extended x
ray absorption fine structure~SEXAFS!, electron energy loss
spectroscopy~EELS!, and scanning tunneling microscop
~STM!, to name just a few examples. N/Cu~100! exhibits
1655 © 1998 The American Physical Society
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1656 PRB 58T. WIELL et al.
only a single phase with ac(232) LEED pattern.16–22 A
detailed SEXAFS study by Ledereret al.21 showed that the
N atoms are located in fourfold hollow~FFH! sites at a ver-
tical height of 0.4 Å above the topmost Cu layer which
relaxed outward by 4% relative to bulk Cu. The bond leng
between the N and its nearest neighbor was determined t
1.85 Å, and 2.29 Å to the next-nearest neighbor.

Two different phases have been observed for O/Cu~100!:
a disordered phase23–26 at low coverages, and at higher co
erages a reconstructed (2A23A2)R45° phase23–25,27–33with
every fourth Cu row missing in the first layer. For the lo
coverage phase, SEXAFS measurements by Ledereret al.34

have suggested three different local geometries, all with
O located at or near the FFH site. The simplest FFH geo
etry is an unreconstructed surface with the O located 0.
above the topmost Cu layer with a bond length of 1.88 Å
the nearest Cu neighbor. The other two geometries, den
quasi-FFH, involve a displacement of the O away from
FFH site and small displacements of the surrounding Cu
oms with the O located 0.8 Å above the surface. In this w
we study the low coverage precursor phase of O/Cu~100!
because this structure is similar to that of N/Cu~100!.

The electronic structure of N and O adsorbed on Cu~100!
has been studied using ultraviolet photoemission spect
copy ~UPS!,35–38 and XES,1–3 in addition to a number of
theoretical treatments.39–45Most of the work has focused o
O. The primary adsorbate induced states are derived from
interaction between O 2p and Cu 3d which produces bond
ing states below the Cud band and antibonding states abov
For O adsorbed on Cu~100! UPS studies show that thes
states appear at 6 and 1.5 eV below the Fermi le
respectively.35,37In the case of N on Cu~100! the correspond-
ing states are located at 5.6 and 1.2 eV below the Fe
level.35 Using angle resolved UPS, Linget al.36 assigned the
O/Cu~100! bonding state near 6 eV to a O 2pxy-derived band
dispersing between 5.5 and 6.8 eV (xy is parallel to the
surface! but found no evidence of O 2pz-derived features in
this energy range. In addition, they observed an O 2p feature
at 1.6 eV which was found to contain a mixture of all three
2p components.

II. INSTRUMENTATION

The experiments were performed at the IBM beaml
10-1 at the Stanford Synchrotron Radiation Laborat
~SSRL! using a multipole wiggler with a spherical gratin
monochromator and a refocusing mirror. The mirror w
coated with Ni to reduce the amount of higher order rad
tion coming through the monochromator. The experime
were performed in a stainless steel UHV chamber, wh
was pumped by both a turbomolecular and an ion pu
down to a base pressure in the mid 10210 Torr region. The
chamber was equipped with an XAS detector, an x-ray em
sion spectrometer, LEED optics, an Auger spectrometer,
an ion gun. The sample was heated using electron bomb
ment from a filament situated 2 mm behind the samp
which was set to a bias of1200 V. The sample was mounte
on a cryostat and could be cooled down to liquid nitrog
temperatures; chromel-alumel thermocouples were s
welded to the side of the crystal for temperature meas
ments.
h
be

e
-

Å
o
ed
e
t-
k

s-

he

.

l,

i

e
y

s
-

ts
h
p

s-
nd
rd-
,

n
t-

e-

The emission spectra were recorded using a multigra
grazing incidence spectrometer with a movab
multichannel-plate-based detector, described in de
elsewhere.46 The spectra were recorded in second order
diffraction using a 5 m radius spherical grating with 400
lines/mm. An entrance slit in the emission spectrometer w
chosen in order to give a resolution of 0.5 eV. The emiss
spectra were recorded 90° from the incident beam in
plane of the electric field vector. The sample could be rota
around the axis of the incoming beam in order to meas
both the normal and grazing emission from the surface
these experiments the incidence angle was set to 2–5° g
ing in order to obtain the highest degree of surface sens
ity. If not otherwise stated, the excitation energy was se
the first resonance as judged by XAS, and the monoch
mator resolution was set to 4 eV. In addition, an XE sp
trum of the substrateL2 andL3 transition lines was measure
for internal calibration between different runs. These lin
were measured in third order of diffraction on the x-ray sp
trometer and could thus be detected with the same spect
eter settings as the adsorbate spectra. The uncertainty in
energy scales is estimated to be60.3 eV due to the uncer
tainty in the literature values for the emission energies of
calibration lines.

The absorption spectra were recorded using a partial e
tron yield detector, with a retardation voltage of 350 and 5
V for N and O, respectively. The absorption spectra were
normalized to the incidence flux as measured by the t
photocurrent (I 0) from a gold grid located after the refocus
ing mirror. Furthermore, in order to remove any possible
features in the measured photon energy region, a spec
from the clean metal surface was taken and used for norm
ization of the adsorbate spectra. The monochromator
operated at a resolution of 0.2. The grazing spectra w
recorded at a 5° incidence angle.

The Cu~100! crystal was cleaned by cycles of Ar io
bombardment at 431026 Torr and 500 V for 2 min and
subsequently annealed to 600 °C. We checked the sur
cleanliness using XES and XAS, and the surface order w
LEED.

There are two methods to prepare a N/Cu~100! overlayer.
Either by thermal dissociation of ammonia47 or by low-
energy ion bombardment in a N2 atmosphere.3,17,19,35,48,49

The latter method was used in this work. Keeping the am
ent N2 pressure at 131027 Torr, the ion gun was operated a
500 V for 30 min with the sample at room temperature. T
sample was then annealed at 300 °C for 4 min. The overla
was checked by LEED, where a sharpc(232) pattern was
observed.

The O/Cu~100! overlayer was prepared by exposing t
clean Cu~100! crystal to O2 gas at 200 °C. To prepare th
low coverage phase, the exposure time was 50 s in a
pressure of 231027 Torr ~10 L; 1 L5131026 Torr s!. To
insure that the low coverage phase was not contamin
with any of the reconstructed phase, x-ray absorption spe
where recorded at many different coverages~1–8000 L! at
normal incidence. The spectra changed drastically when
reconstruction occurred, convincing us that the low cover
measurements where made from an unmixed state.
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III. THEORETICAL METHOD

The FP-LMTO method14,15 we use makes no shape a
proximation for the crystal potential. The crystal is divide
up into regions inside atomic spheres, where Schro¨dinger’s
equation is solved numerically, and an interstitial region.
in all LMTO methods the wave functions in the interstiti
are Hankel functions. The interpolation procedure we use
evaluating interstitial integrals involving products of Hank
functions is accurate for close-packed but still nonoverl
ping atomic spheres.

The basis is composed of one set ofs, p, d, and f
LMTO’s per atom with Hankel function kinetic energy
2k2520.7 Ry plus two additional sets ofs, p, andd LM-
TO’s per atom with Hankel function kinetic energies o
2k2521.0 and22.3 Ry, for a total of 34 orbitals per atom
The Hankel functions decay exponentially ase2kr ; we find
that taking energies2k2 closer to zero leads to an inaccura
description of the exponential decay of the charge den
just outside the surface. We also find that a layer of em
spheres is needed outside the surface in order that the i
polation procedure be sufficiently accurate in this regi
The charge density beyond this layer of empty sphere
small enough that only a single layer is needed. Howe
these empty spheres do not contribute to the basis but me
improve the accuracy of the interpolation procedure. The
gular momentum sums involved in the interpolation pro
dure are carried up tol 56 for all of the spheres. The accu
racy of our FP-LMTO method for surface calculations h
been demonstrated previously.50,51

The calculations presented here are based on the
density approximation ~LDA !, using the exchange
correlation potential of Ceperley and Alder,52 as param-
etrized by Vosko, Wilk, and Nusair.53 The scalar-relativistic
Schrödinger equation was solved self-consistently for t
clean, N-covered and O-covered Cu~100! surfaces. The Cu
4s, 4p, 3d, and 4f , states and the adsorbate 2s, 2p, 3d, and
4 f states were all treated as valence. The semicore Cup
states were treated as full band states by carrying out a ‘‘t
panel’’ calculation. The second panel band calculation
the semicore states included the Cu 4s, 3p, and 3d states as
well as the adsorbate 2s, 2p, and 3d states. The Brillouin
zone sums were carried out using the tetrahedron metho54

In the case of the FFH geometries we used 36 irreducibk
points (1631632 shifted mesh! in the first panel and three
irreducible k points ~43432 shifted mesh! in the second
panel. The quasi-FFH geometry for O has lower symme
and thus the number of irreduciblek points were larger, 64
and four for the respective panels. The Cu sphere radii w
chosen to be 2% smaller than half the bulk Cu bond len
while the adsorbate sphere radii were chosen to be
smaller than the difference between the adsorbate nea
neighbor bond length and the Cu sphere radius.

All of the calculations were carried out using the expe
mental bulk Cu lattice constant. The multilayer atomic rela
ation of the clean Cu~100! surface has been calculated r
cently using the same FP-LMTO method55 and we use this
geometry for the clean surface calculations presented h
For the N/Cu~100! system we have used the localc(232)
geometry obtained from the SEXAFS study of Lede
et al.21 In the case of the low coverage phase of O/Cu~100!
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we have considered both the FFH geometry and one of
displaced geometries~denoted quasi-FFH I! postulated by
Lederer et al.34 However, we have artificially used
c(232) surface unit cell in order to make the calculatio
tractable. This approximation introduces extra O-O inter
tions but since we find them to be small the approximat
should be minor. Each of the~100! surfaces were approxi
mated by supercells consisting of either 7 or 15 Cu~100!
layers plus the equivalent of 11 vacuum ‘‘layers.’’ All of th
partial DOS calculations presented here were carried out
ing 15 Cu~100! layers except for those corresponding to t
O/Cu~100! FFH geometry where 7 layers were used. Sev
layers were also used in the calculations for the Mullik
overlap populations.

The partial DOS and overlap populations have been
culated using a Mulliken decomposition56 as described in
detail by Hoffmann.57 In particular, the overlap population
are positive for bonding states and negative for antibond
The integral over all of the occupied states scales similar
but not identical to, a bond order. A Mulliken decompositio
is inherently nonunique and this ambiguity is further co
pounded by the fact that we choose to project out again
particular set of orbitals, the numerical basis functions o
tained from the self-consistent calculations. This project
clearly depends on the characteristics of these orbitals bu
results are nonetheless useful because the most impo
characteristics are that the orbitals are well localized a
they possess the appropriate symmetry properties. One
ther complication arises due to our use of a triple-k basis
which makes the interpretation of the DOS well above
Fermi level problematic. However, the interpretation ne
and below the Fermi level generally does not suffer from

FIG. 1. Nitrogen K emission from N/Cu~100! at grazing and
normal emission angles. The 2pxy and extracted 2pz spectra are
also shown.
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1658 PRB 58T. WIELL et al.
same difficulty. The Brillouin zone sums for the DOS we
performed with the tetrahedron method54 using 45 irreduc-
ible k points (1631631 unshifted mesh! for the FFH ge-
ometries and 81k points for the O/Cu~100! quasi-FFH ge-
ometry.

IV. RESULTS

To start with we would like to demonstrate how we c
separate the different 2p components using N/Cu~100! spec-
tra as an example. Figure 1 shows the x-ray emission
both at grazing and normal emission angles, as well as 2pxy
and the extracted 2pz ~see below! for atomic N on Cu~100!.
It is assumed that half of the intensity at grazing emiss
comes from 2pxy and the other half from 2pz . With this
assumption 2pz is calculated by subtracting 50% of the no
mal spectra from the grazing spectra, both normalized to
same area. Both 2pxy and 2pz have been smoothed to mak
it easier to see the shape of the spectra. The small struc
seen at 400 eV arises from the elastic scattering of the e
ing photon.

In order to compare the spectra for the two adsorb
systems, the energy axes can be rescaled into binding en
relative to the Fermi level. This can be done by subtract
the XPS binding energy of the adsorbate 1s core level since
the Fermi level in the emission spectra will be located at t
energy ~which is also the maximum emission energy po
sible from a 1s core hole!. Note that the binding energy sca
should be inverted compared to the emission energy s

FIG. 2. The experimental N 2pxy spectra are compared with th
calculated partial DOS for N/Cu~100!. The left part of the top spec
tra shows the x-ray emission spectrum while the right part sh
the x-ray absorption. The middle and bottom plots show the ca
lated N 2pxy DOS convoluted with 0.7 and 0.1 eV FWHM Loren
zians, respectively.
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~i.e., low emission energy corresponds to high binding
ergy, and vice versa!. N/Cu~100! has an XPS binding energ
of 396.3 eV,3 which is located above the high-energy pe
for 2pxy , indicating that this state is completely occupie
The low coverage phase of O/Cu~100! has an XPS binding
energy of 529.5 eV.58

In Figs. 2–5 we compare the experimental adsorbatep
data with the calculated FP-LMTO partial DOS. Th
O/Cu~100! calculation is for the O atom located in the qua
FFH site 0.8 Å above the first Cu layer.34 The bottom two
plots in each figure show the calculated DOS convolu
with 0.7 and 0.1 eV full width at half maximum~FWHM!
Lorentzians. The 0.7 eV FWHM Lorentzian was chosen
order to obtain a theoretical plot comparable to the exp
mental spectra where there is broadening due to the widt
the core hole as well as the finite instrument resolution of
eV. Before discussing the comparison we note that the
culations do not treat the full quasiparticle problem a
therefore the calculated bandwidths may differ from the
perimental ones. Furthermore, the x-ray emission proces
volves a core hole in the initial state which could alter t
relative intensities for the different states. The figures a
show the XA spectra measured in normal and grazing in
dence. Since the final state in the XA process contains a
hole there could be significant differences compared with
calculated empty DOS.13

Despite the potential sources of discrepancy just m
tioned, we see that in the case of N~Figs. 2 and 3! there is
very good agreement between the calculated partial DOS
the experimental XES data. For N 2pxy ~Fig. 2! the low-
energy XES peak at a binding energy of 6 eV with a sho
der on the low-energy side coincides with the double pe
structure in the calculation. At a binding energy of 4 eV w

s
-

FIG. 3. A comparison between the experimental and calcula
N 2pz DOS for N/Cu~100!.
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see a feature in both the experimental and calculated DOS
the bottom plot this feature is very clear, whereas in
experiment it is broadened and overlaps with the main pe
Convoluting the calculated DOS with a 0.7 eV FWH
Lorentzian results in a plot which reproduces the experim
tal data very well in this energy range. Near the Fermi lev
theory and experiment are also in good agreement. We
that the experimental XES peak centered at a binding en
of 1–1.5 eV has dropped nearly to zero at the Fermi le
With regard to the unoccupied states~the XAS spectrum in
the top plot!, we see similar features in both the experime
and the calculations, although there is some discrepanc
the energy positions. The peak at 2.5 eV in the XAS sp
trum corresponds to a similar feature in the calculations
the same energy, whereas the broad XAS structure at 7 e
identified with the broad calculated feature at 4–8.5 eV.

In Fig. 3 the agreement between theory and experim
for N 2pz is also very good for the occupied states. Both
main peak at a binding energy of 5 eV as well as the str
peak near the Fermi level are reproduced in the calculati
The fact that the peak near the Fermi level in the lower t
plots is only partially occupied is also in good agreem
with the experiment. However, there are some differen
between the calculations and the unoccupied XAS spectr
In the absorption spectrum there are two strong peaks, on
the Fermi level and the other 3 eV above. In the calculati
the second peak appears to be closer to the Fermi level in
form of a shoulder on the high-energy side of the peak c
tered at the Fermi level. This could be caused by the c
hole final state in XAS. We also see two weak structures
4.5 and 7 eV in both the XA spectrum and the calculatio

FIG. 4. The experimental O 2pxy spectra for the low coverag
phase of O/Cu~100! are compared with the calculated partial DO
In the calculations the O atom is located in a quasi-FFH site 0.
above the topmost Cu layer.
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In the case of the O 2pxy DOS for the low coverage phas
of O/Cu~100! ~Fig. 4! the agreement between theory a
experiment is not as good as that for N/Cu~100!. In the cal-
culated DOS of Fig. 4 the main peak is at the same energ
in the experiment. Near the Fermi level a sharp peak is s
in the calculated DOS whereas the corresponding peak in
experimental spectrum is broader and at higher binding
ergy. The most important difference between the calcula
DOS and the experimental data is the absence of any sig
cant states at 2–4 eV in the calculated DOS. In particula
feature at a binding energy of 4 eV is clearly seen in
experimental data for both O/Cu~100! and N/Cu~100! and is
also present in the N/Cu~100! calculation ~Fig. 2!, but is
missing from the O/Cu~100! calculation. With regard to the
unoccupied states, the intensity seen just above the F
level in the absorption spectrum is reproduced in the ca
lations whereas the peak at 6 eV is not seen.

The calculated O 2pz DOS shown in Fig. 5 are in bette
agreement with the experimental data than the O 2pxy DOS.
Both peaks seen in x-ray emission appear in the calculati
although the calculated peak at high binding energy is n
rower. In addition, the presence of a finite DOS above
Fermi level is also seen in both XES and XAS. Furthermo
the peak at 1 eV in the XA spectrum also appears in
calculated DOS.

In order to investigate whether the absence of a peak
binding energy of 4 eV in the calculated O 2pxy DOS in Fig.
4 is caused by our choice of the quasi-FFH geometry,
have also carried out calculations for a pure FFH geome
In the SEXAFS study of Ledereret al.34 three different local
geometries were proposed with the best fit to the SEXA
data occurring for two geometries denoted quasi-FFH I a

FIG. 5. Experimental and calculated O 2pz DOS for the low
coverage phase of O/Cu~100!. The calculations correspond to
quasi-FFH site.Å



o
a
a
a
tr

om
th
t

X
H

th

re
d
nd
u

t t
i
th
le

iv
gy

e
d
on
lf
e

x-
r all
the

f
t

of

the

N/
nd
a-
te

first
ac-

the
per

nt

th

% of
re

ace
by
Cu

1660 PRB 58T. WIELL et al.
II ~the data could not distinguish between them!. In these two
geometries the O atom is located 0.8 Å above the topm
Cu layer and is displaced from the pure FFH site. The c
culations presented in Figs. 4 and 5 correspond to the qu
FFH I geometry. In Fig. 6 we compare these quasi-FFH c
culations with those corresponding to a pure FFH geome
also proposed by Ledereret al.,34 where the O atom is lo-
cated 0.5 Å above the first Cu layer. We choose this ge
etry because the O is closer to the Cu surface than for
other two geometries and thus it more closely resembles
N/Cu~100! geometry. We note that in contrast to the SE
AFS study, we find that the total energy for the pure FF
geometry is 0.21 eV per O atom lower in energy than
quasi-FFH I geometry.

The top part of Fig. 6 shows the calculated O 2pxy DOS
for the two geometries while the bottom shows the cor
sponding O 2pz DOS. All of the DOS have been convolute
with 0.7 eV FWHM Lorentzians. The solid lines correspo
to the quasi-FFH geometry and the dotted lines to the p
FFH geometry. We can see that all of the states shif
higher binding energy for the FFH structure. This result
due to the fact that the O atom is closer to the surface in
FFH geometry which reduces the O-Cu surface dipo
thereby lowering the electrostatic potential of the O relat
to the bulk Cu Fermi level. We note that the low-ener
double peaked structure in the FFH 2pxy DOS is more dif-
ferentiated. In general the agreement between theory and
periment is not improved and in fact the shift to higher bin
ing energies worsens the agreement for the FFH calculati
It is therefore likely that neither geometry is correct by itse
One possible interpretation is that the low coverage phas

FIG. 6. A comparison of the calculated DOS for two differe
adsorption geometries for the low coverage phase of O/Cu~100!.
The top plot shows the O 2pxy DOS and the lower plot shows O
2pz . The solid lines correspond to the quasi-FFH geometry and
dotted lines to the pure FFH geometry.
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O/Cu~100! consists of multiple local O geometries. The e
perimental spectra would then represent an average ove
of these geometries. Such averaging could account for
intensity at 2–4 eV in the O 2pxy XES spectrum as well as
the larger width~compared to the calculated DOS! of the
lower energy O 2pz peak. We also note that the 1 eV shift o
the main peak in the O 2pz spectrum is similar to the shif
observed when going from the low coverage phase
O/Cu~100! to the strongly reconstructed (2A23A2)R45°
phase where the O atoms are located only 0.1 Å above
first Cu layer.59

V. DISCUSSION

We have shown that the FP-LMTO calculations for
Cu~100! very closely reproduce the experimental data a
therefore we will use these calculations to extract inform
tion about the nature of the N-Cu bond. In order to facilita
the discussion of the adsorbate-induced states we will
characterize the different types of valence orbital inter
tions.

In Fig. 7 we plot the spherical harmonics for atomic N 2p
orbitals surrounded by atomic Cu 3d orbitals in an ideal,
FFH adsorbate geometry where the N atom is located at
same vertical height as the first-layer Cu atoms. The up
part of the figure shows the in-plane (xy) atomic orbitals
while the lower part shows the out-of-plane (yz) orbitals.
We have chosen to plot only the N 2px and 2pz orbitals as

e

FIG. 7. A plot of the spherical harmonics for N 2p and Cu 3d
states. They have been calculated for a radius that encloses 99
the radial wave function and then uniformly scaled up to mo
clearly show the orbital overlaps. The top figure shows the surf
from above with one N atom sitting in an FFH site surrounded
four Cu atoms. The bottom picture shows a side view with a
atom from the second layer located directly below the N.
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well as selected Cu 3d orbitals which have nonzero overla
with the N 2p orbitals. The adsorbate geometry hasC4v
symmetry and therefore the N 2py and Cu 3dxz orbitals are
obtained by a 90° rotation about thez axis. The N 2px or-
bital forms boths and p bonds with the substrate. Thes
bonds result from the overlap with the first-layer Cu 3dx22y2,
3dz2, and 4s orbitals, while thep bonds arise from the over
lap with the Cu 3dxy orbitals in the first layer and the 3dxz
orbital on the second-layer Cu atom located directly bel
the adsorbate. For this ideal geometry the remaining nea
neighbor Cu orbitals have zero overlap with the N 2px or-
bital. The lower portion of Fig. 7 shows that the N 2pz
orbital formsp bonds with the first-layer Cu 3dyz and 3dxz
orbitals. The N 2pz s bonds result from the overlap with th
second-layer Cu 3dz2 and 4s orbitals.

The actual adsorbate geometry involves a displacemen
the N atom outwards away from the first Cu layer by 0.4
This displacement makes possible contributions from ad
tional Cu orbitals other than those shown for the ideal geo
etry in Fig. 7, and also introduces some mixing of the N 2pxy
and 2pz orbitals in thes and p bonds described above
However, as we will see below, the primary contributions
the adsorbate-induced states are similar to those of the
pler ideal geometry.

We plot the calculated energy bands for thec(232)
N/Cu~100! surface in Fig. 8. We can identify some surfa
states and resonances. For example, there is a flat N-de
surface band 7.5 eV below the Fermi level alongX→M in
Fig. 8. A number of surface resonances are also visible, s
as the continuation of the 7.5 eV surface band near thX
point which disperses upwards to 5 eV at theG point in Fig.
8. The region with the highest density of bands correspo
to the Cu 3d states. Adsorbate-induced bands are clea
visible around theM point of the SBZ, in part because the
are gaps in the projected bulk bands around this point. H
ever, it is more difficult to distinguish the surface-deriv
bands when they overlap with the large density of Cu sta

There are six predominantly surface-derived bands aris
from the bonding and antibonding combinations of the
2px , 2py , and 2pz orbitals with the underlying Cu 3d and
4s orbitals. Each of these six bands contains boths andp
contributions at different points in the SBZ. A straightfo
ward tight-binding analysis of the model problem indica
that the N-derived surface states will be bonding or antibo

FIG. 8. The first principles energy bands calculated for
c(232) N/Cu~100! surface
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ing at theM point and nonbonding at theG point, for boths
and p interactions. We therefore expect that the bond
bands will disperse downwards from the zone center to
edges and the antibonding bands upwards. At theX point the
interactions are generally a mixture of nonbonding as wel
bonding and antibonding. Thes interactions between N 2px
and the first layer Cu 3dx22y2, 3dz2, and 4s are bonding or
antibonding while thep interaction with the first layer Cu
3dxy is nonbonding. The reverse is true for N 2py with thes
interactions being nonbonding and thep interactions bond-
ing or antibonding. Thep interaction of N 2pz where the
first layer Cu 3dyz is bonding or antibonding while thep
interaction with 3dxz is nonbonding. In all cases the intera
tions of the N orbitals with those on the second layer Cu
independent ofk.

In order to identify the N-derived bands in both the e
perimental spectra and the calculated density of N 2p states
we study how the calculated Cu DOS are modified by
adsorption of N. Furthermore, from an analysis of Mullike
overlap populations~MOP’s! we can deduce the bondin
character of the bands; the MOP’s are positive for bond
states and negative for antibonding states. In Fig. 9 the
culated N and Cu partial DOS for both clean Cu~100! and
N/Cu~100! are shown. For each of the Cu orbitals the so
line represents N/Cu~100! and the dotted line clean Cu~100!.
The corresponding MOP’s between N 2p and different Cu
orbitals are plotted in Fig. 10 where the solid lines cor
spond to N 2pxy and the dotted lines to N 2pz . In both
figures the label Cu~1! refers to the closest Cu neighbor di
placed along they axis from the adsorbed N~left or right of
the N atom in Fig. 7! while Cu~2! refers to the second-laye
atom located directly below the N atom along thez axis. In

e

FIG. 9. The calculated N 2p, Cu 4s, and Cu 3d partial DOS for
both clean Cu~100! and N/Cu~100!. For each of the Cu orbitals the
solid line represents N/Cu~100! and the dotted line clean Cu~100!.
The label Cu~1! refers to the closest Cu neighbor displaced alo
the y axis from the adsorbed N while Cu~2! refers to the second
layer atom located directly below the N atom along thez axis. All
of the DOS have been convoluted with a 0.1 eV FWHM Lorentz
and are plotted on the same vertical scale.
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Fig. 10 the first- and second-layer Cu 4s, 3dx22y2, and 3dz2

orbitals correspond tos bonds while the remaining orbital
correspond top bonds, as defined for the ideal geometry
Fig. 7.

In Fig. 9 we can identify four distinct features in the
2pxy DOS at approximately 7.5, 5.5, 4, and 1 eV below t
Fermi level. All four of these features can be tentative
identified with flat surface bands or resonances in Fig. 8
will be demonstrated below. From the discussion in conju
tion with Fig. 7 we expect a strong coupling between N 2pxy
and Cu~1! 3dx22y2, 3dz2, 3dxy , and 4s. The DOS in Fig. 9
for these four Cu orbitals, and in particular Cu~1! 3dx22y2

and 3dxy , exhibit significant changes upon N adsorpti
with distinct new features at the same energies as the fea
in the N 2pxy DOS.

The MOP’s in Fig. 10 provide additional informatio
which allows us to make assignments of distinct feature
the DOS to elements of the band structure. In particular,
peak in the N 2pxy DOS near 7.5 eV is strongly bonding an
clearly arises from the lowest surface band alongX→M in
Fig. 8, which is consistent with the strongly bondings and
p interactions at theM point. Similarly, we surmise that th
DOS peak near 5.5 eV corresponds to a surface resonan
theX point. This conclusion is supported by the MOP in F
10 which show essentially nonbondings interactions with
Cu~1! 3dx22y2 and 3dz2 but a strongly bondingp interaction
with Cu~1! 3dxy . We note that the splitting of the two lowe
bands atX is approximately related to the differing strengt
of thes andp interactions. At theG point the surface reso
nances are nonbonding and are likely related to the o

FIG. 10. The calculated Mulliken overlap populations betwe
N 2p and different Cu orbitals for N/Cu~100!. The solid lines cor-
respond to N 2pxy and the dotted lines to N 2pz . The label Cu~1!
refers to the closest Cu neighbor displaced along they axis from the
adsorbed N while Cu~2! refers to the second-layer atom locat
directly below the N atom along thez axis. All of the MOP’s have
been convoluted with a 0.1 eV FWHM Lorentzian and are plot
on the same vertical scale, except that all of the N 2pz MOP ~dotted
lines! have been uniformly scaled by a factor of 2 for clarity
presentation.
s
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seen in the N 2pxy DOS and MOP’s around 5 eV. We assig
the N 2pxy DOS feature at 4 eV primarily to a surface res
nance at theX point. This resonance is a continuation of th
surface state in the gap around 4 eV at theM point. The
MOP support this assignment because they show a bon
s interaction with Cu~1! 3dx22y2 and 3dz2, an antibondings
interaction with Cu~1! 4s, and a nonbondingp interaction
with Cu~1! 3dxy . This feature has a large contribution fro
the Cu orbitals which is consistent with the presence o
surface state for the clean Cu~100! surface in the sameM
point gap but at a slightly lower energy. From approximate
1–4 eV the DOS are dominated by Cu 3d with little contri-
bution from N 2p, and likely arise from states throughout th
whole zone. The MOP are primarily nonbonding in this e
ergy range. The N 2pxy DOS near 1 eV have antibondin
character and can be assigned to the surface resonance
in Fig. 8 alongM→G just above the bulk Cud band. Fi-
nally, the MOP’s show nonzero interactions between N 2pxy
and Cu~1! 3dyz . These interactions result from the displac
ment of the N atom outwards from the ideal symmetric p
sition discussed in connection with Fig. 7. Furthermore,
N 2pxy bands will also have some N 2pz orbital character for
the same reason.

We expect N 2pz to interact most strongly with Cu~1!
3dyz , Cu~2! 3dz2, and Cu~2! 4s which is confirmed by the
MOP’s in Fig. 10. We also see that, in comparison to
2pxy , the bonding-antibonding split is smaller for N 2pz ,
indicating a weaker interaction with the substrate. The int
action is weaker because N 2pz forms predominantlyp
bonds with the first Cu layer and thes bonds to the second
layer are weaker due to the larger N-Cu bond length.

The dominant features in the N 2pz DOS in Fig. 9 are at
approximately 6, 5.5, and 1 eV, with the latter structu
showing an extended tail above the Fermi level. There
essentially no contribution to the lowest surface band at
eV below the Fermi level. We can assign the 6 eV feature
the surface state around theM point which becomes a sur
face resonance at the other points in the Brillouin zone. T
primary feature at 5.5 eV likely corresponds to the surfa
resonance at theX point, just as in the case of N 2pxy .
Similarly, the feature at 1 eV can be assigned in part to
surface resonance alongM→G just above the bulk Cud
band. One important difference relative to N 2pxy is that the
antibonding states extend above the Fermi level and thus
partially unoccupied. The MOP’s in Fig. 10 suggest th
these states arise from thes interaction with the second
layer.

Under the circumstance where both the bonding and a
bonding states are fully occupied there is a net reduction
the strength of the chemical bond. It is therefore an import
point that the calculated DOS and MOP’s indicate that th
are partially unoccupied antibonding N 2pz but not 2pxy
states. This is also clearly seen in the experimental spect
Fig. 1 where the whole N 2pz spectrum is shifted toward
lower energies. Therefore thes interaction of N 2pz with the
second layer is important for the chemisorption energet
despite the fact that it is weaker than some of the N 2pxy s
interactions.

Our results confirm the general picture obtained in pre
ous work of bonding states below and antibonding sta
above the bulk Cud band. The states with the largest bon

n
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ing character occur at theM point and have a large N 2p
contribution while the nonbonding states are predomina
Cu 3d. However, there are some small differences betw
theory and experiment. In Figs. 2 and 3 both N 2pxy and 2pz
appear to have larger adsorbate contributions in the Cud
region than predicted by the calculations. Furthermore,
first distinct feature at 7.5 eV in the calculated N 2pxy DOS
appears only as a shoulder on the 5.5 eV peak in the X
spectrum. As discussed above, this feature arises from
very flat band alongX→M at 7.5 eV in Fig. 8. Conversely
the experiments would seem to indicate that this band
some dispersion rather than being completely flat.

If we apply the general interpretation of the N 2p DOS to
the results for O we obtain essentially the same picture w
bonding states below and antibonding states above the
Cu d band and nonbonding states with a large Cu 3d contri-
bution in between. From Figs. 4 and 5 we can see that c
pared to N the nonbonding states appear to have a la
fraction of O 2p character. In addition, the N 2pxy DOS
exhibit a larger contribution to the bonding states than
antibonding states whereas the reverse is true for the Npz
DOS. In the case of O Figs. 4 and 5 show that both the 2pxy
and the 2pz have a larger contribution to the bonding stat
indicating a more polar bond which is consistent with t
lower orbital energy for O 2p compared to N 2p.

VI. SUMMARY

We have probed both the occupied and unoccupied ad
bate valence states with XES and XAS for N/Cu~100! and
the low coverage phase of O/Cu~100!. By carrying out ex-
periments using two different measurement geometries,
adsorbate 2pz states have been separated from the 2pxy
states. The favorable comparison between the experime
results and FP-LMTO calculations for N/Cu~100! confirms
the validity of interpreting the experimental data in terms
.
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the adsorbate partial DOS. Recent calculations for N
Cu~100! simulating the x-ray emission process support t
simple one electron picture.60 The combination of XES and
XAS measurements and FP-LMTO calculations have
abled us to obtain a detailed understanding of the lo
chemical bond for N and O adsorbed on Cu~100!. Bonding
states are found below and antibonding states above the
Cu d band with nonbonding states in between. This splitti
is driven primarily by the local adsorbate 2p–Cu 3d inter-
action. The bonding and antibonding states contain a la
contribution from the adsorbate 2p orbitals whereas the non
bonding states are of predominantly Cu 3d character. The
adsorbate 2pxy orbitals couple strongly to the first-layer C
3dx22y2, 3dxy , and 4s orbitals. The adsorbate 2pz orbital
couples primarily to the first-layer Cu 3dxz and 3dyz orbitals
and the second-layer Cu 3dz2 and 4s orbitals. The 2pz or-
bital interacts more weakly with the substrate leading to
smaller bonding-antibonding splitting in comparison to t
splitting for 2pxy . The primary difference between N and
adsorption is a more polar bond for O which manifests its
as a stronger asymmetry in the contribution of the O orbit
to the bonding versus antibonding states.
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