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In this paper, we present a detailed study of the electronic structure of the adsorbate system Cu�100�c�2
�2�N by using angle-resolved ultraviolet photoelectron spectroscopy. The measured spectra reveal a variety of
complex multipeak structures below the Fermi level. The adsorbate-derived states, which are of special inter-
est, have been selected from the Cu-induced peaks by varying the polarization angle of the linear polarized
light. The experimental analysis is supported by self-consistent electronic structure calculations within the
density functional theory in order to determine the symmetry properties of the different adsorbate states. Due
to the direct comparison with calculated photoemission spectra, a quantitative analysis of the surface geometry
was possible. A structure model with outward relaxation of the first layer and twofold symmetry caused by
combined rumpling of Cu and N atoms within this layer is favored by our investigation.
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I. INTRODUCTION

The adsorbate system Cu�100�c�2�2�N has triggered a
variety of experimental and theoretical investigations1 be-
cause at this surface, self-organized nanostructures with a
typical size of 5�5 nm2 have been observed. They induce a
novel morphology of the surface,2 which may serve, for ex-
ample, as a template for self-organized growth of magnetic
nanostructures.3 In this context, a quantitative controlling of
the growth process is essential. Moreover, material design of
nanostructures is intimately connected with a quantitative
understanding of the structural properties as well as of the
corresponding electronic structure. However, the geometric
structure of Cu�100�c�2�2�N is still not completely clari-
fied. Two structure models have been introduced, but neither
of them can quantitatively explain all low-energy electron
diffraction �LEED�-IV data. The reason for this deficit in
experimental information may be found in a strong lattice
deformation at the boundaries of the N islands. Also, the
electronic band structure has not been studied in detail so far.
Only the local density of states of the adsorbate system was
investigated,4 and a single band structure calculation is found
in the literature.5

This study presents a series of angle-resolved photoemis-
sion measurements of the adsorbate system Cu�100�c�2
�2�N in combination with a detailed analysis of the two-
dimensional electronic band structure. In our experiments,
we used linear polarized ultraviolet light, which allows for a
quantitative symmetry analysis of the different adsorbate-
induced states. To achieve a reliable interpretation of the ex-
perimental spectra, we additionally performed electronic
structure as well as photocurrent calculations in the frame-
work of the relativistic one-step model of photoemission.
The paper is organized as follows. Section II is devoted to
the experimental details. An introduction to the electronic
structure and one-step photoemission calculations follows in
Sec. III. In Sec. IV, we discuss the experimental valence
band spectra and compare with two-dimensional band struc-

ture results and theoretical photoemission data. A summary is
given in Sec. VI.

II. EXPERIMENTAL DETAILS

A. Preparation

The experiments were performed in an ultrahigh vacuum
system with typical base pressures of less than 2
�10−10 mbar. The ultraviolet light source is equipped with a
rotatable polarizer arrangement that allows a continuous
variation of the polarization angle between �=0° �p polar-
ized� and �=90° �s polarized� with respect to the incidence
plane. The incidence angle � is fixed to 45° with respect to
the analyzer direction ��=45° at �=0°�. This arrangement
results in a variation of the incidence angle when changing
the electron emission angle �, whereas the light incidence
and electron emission directions are confined to the same
optical plane. The electron energy analyzer provides an en-
ergy resolution down to �E�20 meV and is equipped with
a self-built lens system, which guarantees a variation in the
angular resolution between ��= �0.2° and �1.5°.

The sample �oriented to �0.3°� was mechanically pol-
ished and cleaned in situ by repeated cycles of Ar-ion bom-
bardment and subsequent annealing. Since N2 does not
chemisorb on Cu at room temperature, we have prepared the
adsorbate layer by N2-ion bombardment �2�10−5 mbar N2
99.999% purity at a beam energy of 200 eV for different
time intervals� and subsequent annealing at 680 K.

During the deposition procedure, the sample current was
measured in order to control the surface coverage. Further-
more, the coverage was controlled by photoemission mea-
surements of the work function �, which depends on the
amount of the deposited N. The work function was calcu-
lated from the onset of the secondary electrons with respect
to the Fermi energy measured with a negative bias voltage at
the sample. The work function was found to be
4.70�0.04 eV for the clean Cu�100� surface and 5.07 eV for
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the full coverage of half a monolayer. The islands, which
coalesce at this coverage, show strain-induced trenches along
the �011� directions.6 In order to achieve the squared island
formation, a smaller coverage with ��4.97�0.05 eV was
chosen.

B. Low-energy electron diffraction

On a flat Cu�100� surface, the N atoms form square is-
lands of about 5�5 nm2 in size. The driving force for this
self-organized patterning is found in the relaxation process of
the elastic strain. In detail, the induced elastic strain is re-
lieved by expanding the adjacent Cu lattice as a reaction of
the incommensurate c�2�2�N overlayer structure.7 Ohno et
al. were able to show by scanning tunneling microscopy
�STM� measurements that the Cu lattice is inhomogeneously
distorted. They found a compressed lattice at the clean Cu
areas, an increased lattice constant at the island boundaries,
and almost a bulk periodicity at the island centers.8

The structural properties of atomic N on Cu�100� have
been studied by various methods including LEED,9,10

surface-extended x-ray-absorption fine structure,11 electron-
energy-loss spectroscopy,12 photoelectron diffraction,13 and
STM.1 All measurements agree in the fact that the N atoms
are located in the fourfold hollow sites. Also, a possible re-
construction of the Cu atoms within the first atomic layers14

could be determined from the experimental data. A rumpled
surface has been proposed, in which the adsorbate sites show
a twofold symmetry behavior only.13,15 The reconstruction
involves a strong periodic distortion of the outermost Cu
layer perpendicular to the surface with the additional appear-
ance of different domains with opposite parity.

The quality of the sample preparation has been checked
by LEED. At all different coverages, a sharp LEED pattern
of the c�2�2� structure was observed. For low coverages
between 0.25 and 0.4 ML, additional spots appeared belong-
ing to the characteristic island structure shown in Fig. 1. The
reciprocal distance of these spots corresponds to an average
island distance of 5.8�0.5 nm. At saturation coverage �0.5
ML�, the islands coalesce and trenches accompanied by lines
appear on the surface in the �011� directions. These lines
show up because the coherence length of the electrons is
smaller than the length of the trenches.

C. Angle-resolved ultraviolet photoemission spectroscopy

The electronic structure of the adsorbate system was mea-
sured for a surface covered by square islands, showing a
work function of less than 5.07 eV. The measurements were
performed for different polarization directions of the UV
light and for different photon energies. The discharge lamp
was either used with He, Ne, or Ar, He: 	
=21.22 eV, Ne:
16.85 eV /16.67 eV, and Ar: 11.83 eV /11.62 eV. In most
cases, a superposition of two peaks excited by the two dif-
ferent photon energies �for Ne or Ar� has been observed, but
only for a very small linewidth, these two peaks can be dis-
tinguished.

The Tamm surface state observable on the clean Cu�100�
at M̄ vanishes after deposition for coverages with a work
function ��4.95 eV. On the other hand, adsorbate-induced

peaks appear in the photoemission spectra. Figure 2 shows a
few examples of photoemission spectra measured in different
mirror planes of the crystal ��LUX and �XWK�. The data
represent spectral intensities, which we observed for differ-
ent photon energies and for different polarization and elec-
tron emission angles. Deviations in the measured line shapes
of spectral intensities that belong to the clean and to the
N-covered surface indicate the presence of N-induced adsor-
bate states. In addition to peaks which originate from emis-
sion out of adsorbate bands, peaks due to umklapp processes
have been observed. They can be identified by varying the
photon energy. The spectra in Fig. 2 show various adsorbate
peaks above and below the Cu d band complex that ranges in
binding energy from Ei=−2 eV to Ei=−5 eV. Furthermore,
an adsorbate band located in energy just within the Cu d
band complex was found. By analyzing the different binding
energies as a function of the electron emission angle and by
taking into account the change of the work function, we were

(a)

(b)

FIG. 1. LEED measurements of the N-covered Cu�100� surface.
Top: the energy is set to E=129 eV. Additionally, to the spots in-
duced by the Cu substrate and by the c�2�2�N overlayer, we ob-
served spots belonging to the long distance periodicity of the is-
lands. Bottom: the energy is set to E=39 eV. At very high
coverage, lines appear in the LEED image, reflecting the long
trenches caused by surface stress.
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able to determine the dispersion relations of the different
adsorbate states. Figure 3 shows the dispersion relations of
the N-induced bands along �X ��LUX in the volume� and
�M ��XWK�. The c�2�2� overlayer structure induces a new
symmetry-point M̄�.

One of the occupied adsorbate-induced bands shows a
strong dispersion from near X̄ �Ei�−7.5 eV� to �̄ �Ei

=−5.01 eV� and finally to M̄� �Ei=−5.72 eV�. The corre-
sponding orbitals reveal an odd symmetry by excitation with
s-polarized light. At M̄�, the effective mass is m�= +2.8m0 at
�̄m�=−1.2m0. The typical errors of the parameters in use are
�Ei= �0.02 eV for the binding energy and �m�= �0.1m0
for the effective mass.

Another state with odd symmetry is located in energy at
Ei=−4.76 eV at X̄. In addition to this band with bonding
character, we were able to observe occupied antibonding
bands located between the Cu d bands with lowest binding
energy and the Fermi edge EF �Ei=0 eV�. Along �M�, a
band could be identified by excitation with s and p-polarized
light as well. The symmetry character is found xy-like. The
binding energy results in Ei=−1.26 eV at M̄� with an effec-
tive mass m�=−1.5m0. The antibonding state with even sym-
metry disperses around X̄ with m�=−1.4m0. It seems to touch
the Fermi energy with the tendency to cross EF, but we were
not able to decide this unambiguously from our measure-
ments.

Furthermore, at lower binding energies, an odd state ap-
pears that has a binding energy Ei=−1.42 eV and an effec-

tive mass m�= +1.5m0 at X̄. A bonding state with even sym-
metry character could not be found from our measurements.
In fact, it is very difficult to extract adsorbate-induced states
with binding energies comparable to that of the Cu d band
complex because of the strong overlap with the substrate
states. Therefore, only one adsorbate-induced band with

nearly vanishing dispersion around M̄� could be found with a
binding energy Ei=−3.13 eV and even symmetry character.
Finally, some other states with odd symmetry character could
be identified for binding energies between Ei=−3 eV and
Ei=−5 eV. These states show very weak dispersions as well.

The dispersion behavior of some of the adsorbate-induced
states is very pronounced. This is untypical for surface emis-
sion from quasi-zero-dimensional islands. On the other hand,
it was not possible for us to observe band splitting of the
adsorbate bands into discrete eigenstates of the islands be-
cause the linewidth of the corresponding states is very large.
For example, we measured typical linewidths of the
adsorbate-induced peaks of about ��200 meV. Such a line-
width corresponds to a very short lifetime and causes a short
mean free path of the electrons. The mean free path  itself
can be calculated from the group velocity vg=�
 /�k of the
electrons multiplied by their lifetime �=	 /�  results in

 = vg
	

�
. �1�

The maximum group velocity can be estimated by the use of
the maximum slope �E /�k from the dispersion relations. For
a typical linewidth �=200 meV, the maximum mean free
path is =13 Å. Therefore,  is much smaller than the island
superstructure ��50 Å�. In other words, the influence of the

FIG. 2. �Color online� Photoemission spectra of the N-covered
Cu�100� surface. The line shapes were measured in two different
mirror planes for different electron detection angles �, for different
photon energies, and for different polarizations. The adsorbate-
induced states are marked by gray color.

FIG. 3. Measured surface band structure of the adsorbate system
N /Cu�100�. The data points represent the corresponding binding
energies Ei of the adsorbate peaks, which we obtained for different
photon energies ��: 	
=21.22 eV, �: 16.85 eV, and �: 11.83 eV�
and different light polarizations �white symbols: p polarized; black
symbols: s polarized�.
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island boundaries is negligible for these strongly damped
electronic states. In consequence, a splitting into discrete
eigenstates is not expected for this system.

III. CALCULATIONAL DETAILS

A. Electronic structure

The electronic structure calculation has been performed in
the framework of density functional theory �DFT�, by using
the full-potential augmented plane wave method with local
orbitals, as implemented in the WIEN2K code.16 A slab geom-
etry was used, with a tetragonal unit cell of the dimensions
1�1�10, in terms of the Cu-lattice constant, which is
6.84 a.u. The slab consists of 11 Cu layers with two atoms in
each layer and one N layer on each side. A deviation from
the undistorted fcc structure was introduced in the topmost
Cu layer, corresponding to an outward relaxation of 4% of
the interlayer distance. The N atom was placed 0.76 a.u.
above the void in the outermost Cu layer or 4.296 a.u. above
the Cu atom in the previous �unrelaxed� layer. This surface
geometry has been taken from Ref. 15 and was not adjusted
within the calculational procedure. The separation between
the two N layers results in 32.245 a.u., presumably large
enough to suppress the N-N “across the gap” interactions, as
compared to N-N interactions between N atoms within a
layer of the slab. The muffin-tin sphere sizes used in the
calculation were fixed to 2.0 bohr for Cu and 1.45 bohr for
the N atom. The generalized gradient approximation for ex-
change correlation has been used from
Perdew–Burke–Ernzerhof.17 The corresponding band struc-
ture that results from the calculational setup is presented in
the following figure. Figure 4 shows a variety of Cu and N
states within the surface Brillouin zone. It is clearly observ-

able that the projected band gap existing at �̄ for clean
Cu�100� is suppressed in the case of a N-covered surface.
This is caused by the umklapp process that takes place along
�M through the influence of the c�2�2�-overlayer structure.
The electronic adsorbate states, which could be clearly iden-
tified in comparison with the experimental peak dispersions,
have been marked by lines. For example, an adsorbate band

with xy-like symmetry disperses from X̄ at −7.5 eV binding

energy to �̄ at −5.0 eV and further onto the M̄� point at
−6.0 eV. This band could be measured with s-polarized light,
but it should be detectable also with p-polarized photons
because of the degeneracy existing in both directions. Also,
we observed along �M� an adsorbate state that disperses in
accordance with the experiment from the top of the d band to
the Fermi level. The symmetry is again xy-like. A third ad-
sorbate band that has z-like symmetry could be identified just

below the Fermi level at the X̄ point. For energies related to
the variety of Cu d bands, we were able to identify unam-
biguously adsorbate states that are not visible in the calcu-
lated band structure. Apart from this shortcoming of the cal-
culations, a quantitative agreement between experiment and
theory was found.

Simultaneously, the self-consistent electronic structure
calculation has been performed by another DFT method, the
so-called tight-binding linear muffin-tin orbital �TB-LMTO�

method,18–20 which employs space-filling atomic spheres
with a spherically symmetric potential inside. These poten-
tials have been used for the spectroscopical analysis. The
geometrical setup in the TB-LMTO calculation is nearly
identical to the one specified above. The only difference con-
sists in the vacuum part of the slab that was build up by ten
layers of empty spheres, respecting the fcc structure of Cu.
The sphere radii have been fixed at 2.72 bohr for Cu,
1.41 bohr for N, and 1.63 up to 2.72 bohr for the different
empty-sphere layers. The nonlocal correction to the
exchange-correlation potential was treated by Langreth and
Mehl.21 The accuracy of the TB-LMTO method is normally
inferior to a WIEN2K calculation when dealing with inhomo-
geneous or open structures. However, in our case, we were
able to reproduce the band dispersions quantitatively. The

clean Cu surface shows a projected band gap at �̄ around
Ei�2 eV.22 The adsorption of N is responsible for the dis-
appearance of the gap, since the overlayer c�2�2� structure
allows umklapp processes with a new surface wave vector
�M�, as has been discussed before.23,24

B. Photoemission

In order to calculate relativistic photoemission intensities,
we start in solving the Dirac equation,

�c�̂p + �c2 + V�r� + ��̂B�r� − E���r� = 0. �2�

In this expression, V�r� denotes the effective potential and
B�r� is the effective magnetic field. � is a 4�4 matrix that
fulfills �2=1 and �̂ is a 4�4 Dirac matrix, which is defined
by the 2�2 Pauli matrices �k ��k=�x � �k, �k=x ,y ,z��. The

FIG. 4. �Color online� Calculated surface band structure of the
adsorbate system Cu�200�c�2�2�N. Surfacelike features have been
indicated by filled dark �blue� circles. Electronic adsorbate states,
which could be clearly identified in comparison with the experi-
mental peak dispersions, have been marked by gray �red� lines.
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Dirac equation itself can be obtained from the relativistic
generalization of density functional theory introduced by Ra-
jagopal and co-workers.25,26 It can be solved using the phase-
functional ansatz of Calogero et al.27 generalized to the rela-
tivistic case.28–31 From this solution, it is easy to define the
atomic scattering matrix � for a single ion-core potential
together with the wave functions for the initial and for the
final states. The atomic scattering matrix � together with the
crystal geometry determines the scattering matrix M for a
single layer. By means of layer-doubling techniques, the so-
called bulk-reflection matrix can be calculated, which gives
the scattering properties of a semi-infinite stack of layers.
Finally, applying the spin polarized LEED theory,32–40 we are
able to derive the final state and the initial state for the semi-
infinite crystal. The relativistic form of the four different
contributions to the photocurrent, originally introduced by
Pendry,41 has been described in detail in Ref. 42 and 43.
Therefore, we restrict ourselves to giving some remarks on
the computational details of the photoemission cal-
culations.43 Lifetime effects in the final and initial states have
been included in our analysis in a phenomenological way by
using a parameterized complex inner potential Vo�E�
=Vor�E�+ iVoi�E�. Herein, the real part serves as a reference
energy inside the crystal with respect to the vacuum level.
For the final state, a constant imaginary part Voi�E2�
=1.8 eV has been chosen. For the initial state, we decided
for the following energy dependence of Voi,

Voi�E1� = arctan�0.05 + 0.001�E1 − EF�2 + 0.001�E1 − EF�4� ,

�3�

with E1 in eV. For the photoemission analysis, we used the
layer-dependent potential that was calculated in the frame-
work of the TB-LMTO method.18,44 The details have been
discussed in the previous section. A realistic description of
the surface potential is given through a spin-dependent
Malmström–Rundgren barrier,45 which connects the
asymptotic regime z�zA to the bulk muffin-tin zero Vor by a
third order polynomial in z. The corresponding parameters
have been chosen equal to those which were established for
pure Cu�100�. Additionally, the calculated intensity distribu-
tions have been multiplied with the Fermi function and con-
voluted with a Gaussian of full width at half maximum
=0.05 eV to account for the finite resolution of the experi-
ment. Furthermore, we used a lattice constant of 6.95 a.u. for
the system Cu�100��2�2�N instead of the usual lattice con-
stant for bulk Cu, which is 6.84 a.u. This is due to the ex-
perimental finding that the lattice constant is enhanced by the
adsorbtion of N on the surface. The value �=4.59 for the
work function of the clean Cu surface has been taken from
Gartland et al.46 For the N-covered surface, we used the
measured value of 5.07 eV.

Caused by the coverage with N, a volume state, the Cu sp
band, is shifted to lower binding energies. For low photon
energies �	
=11.83 eV�, the sp band can be observed in
normal emission �=0° �Fig. 5�. In this case, the change of
the work function due to the adsorption of N cannot affect
the peak position. Therefore, the energetic shift is caused by
the N-induced change of the lattice constant within the Cu

surface. This happens because the umklapp processes in the

surface contribute to the transition �kf
� =ki

� +G� �. Since the
band dispersion of the peak is well known,24 the change in
the lattice constant is extractable from the measured change
in the binding energy that is �E=150 meV. In fact, we found
that the lattice constant is enhanced to 6.95 a.u. �Fig. 5�. The
other bulklike states of Cu were not so strongly affected
because their dispersional behavior is much less pronounced.

We accounted for the proposed outward relaxation of the
first layer by using 2.5% of the lattice constant. Also, rum-
pling of Cu and N atoms within this layer has been consid-
ered in the calculations. The effect of atomic rumpling on the
spectral line shapes and, in consequence, the influence of
rumpling on the geometric surface structure will be dis-
cussed in more detail in the next section.

IV. DISCUSSION

We compared two different types of surface reconstruc-
tions. The first one consists of a surface layer with strong
outward relaxation and rumpling of the N atoms only. In the
second case, we additionally considered rumpling in the Cu
atoms of the surface layer. In Fig. 6, an angle-dependent
series of measured and calculated photoelectron spectra is
shown for emission along the �LUX and �XWK directions
of the surface Brillouin zone as a function of energy and
polarization of the incoming photons. A first inspection on
the different line shapes of experimental and theoretical data
reveals a more or less quantitative agreement in the energet-
ics for all spectra. This is also observable for the spectra
shown in Fig. 7, in which combined N and Cu rumpling has
been taken into account. In consequence, this tells us that
surface rumpling is not able to influence the energetic posi-
tions of bulklike structures too much. This theoretical finding
is in accordance with test calculations that had been per-

(a) (b)

FIG. 5. The sp-band peak measured in normal emission with
	
=11.83 eV. Even due to a low coverage with N, the photoemis-
sion peak is shifted to lower binding energies �left panel�. The rea-
son is the change of the wave vector due to the N coverage. Stress
induces a change of the lattice constant. As umklapp processes in
the surface contribute to the photoemission process, the change of
the reciprocal lattice constant causes a shift of the binding energy
�right panel�.
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formed on a pure Cu�100� surface before. On the other hand,
surface or adsorbate states are significantly influenced in
their energetic behavior as well as in their intensity distribu-
tions when changing the surface geometry. For example, in

Fig. 6, the N-induced state that occurs at about 1.2 eV bind-
ing energy in the experimental data obtained for s-polarized
light at 60° off-normal emission is not present in the corre-
sponding theoretical spectrum. A more close inspection, of
course, reveals a variety of deviations in the different line
shapes of the experimental and theoretical spectra shown in
Fig. 6. Introducing Cu rumpling in the first layer, the agree-
ment concerning the different intensity distributions is im-
proved on a quantitative level. At first, the N-induced adsor-
bate state appears in the calculated spectrum �s polarized,
60°, �LUX� at the measured binding energy with the correct
relative intensity. Only the lifetime is underestimated by the
calculation. Furthermore, the intensity and energetic position
of the adsorbate state measured at 1.3 eV binding energy
with s-polarized light at �=25° off-normal emission along
�XWK is in much better agreement with the calculation
when rumpling of Cu atoms is taken into account. These
observations clearly favor the geometric structure model in-
hibiting the lower surface symmetry that was proposed first
by Hoeft and co-workers.13,15 Nevertheless, there are devia-
tions observable in the line shapes that cannot be accounted
for even by applying a combined rumpling of N and Cu
atoms. Further improvements may be expected through
surface-sensitive electronic structure methods such as the
tight-binding Korringa–Kohn–Rostoker approach. Also, the
application of the full-potential photoemission theory seems
to be necessary. This work will be done in a future investi-
gation.

V. SUMMARY

We have presented a detailed investigation on the elec-
tronic and geometric structure of the adsorbate system
N /Cu�100�. For all coverages, a sharp c�2�2� LEED pat-
tern was found. For low N coverages, square N islands ap-
pear indicated by additional features in the LEED pictures.
The photoemission distributions measured with linear polar-
ized light reveal a strong dispersion of the N adsorbate states,
which is due to the dimensionality of the corresponding is-
lands.

Furthermore, we compared our experimental results with
first principles electronic structure and photoemission calcu-
lations to guarantee for a quantitative analysis. The calcu-
lated surface band structure nicely shows the dispersion of
N-induced states, which were found to be in a very good
agreement with the measured energetics. The comparison of
experimental and theoretical photoemission line shapes fa-
vors as a structural model for N /Cu�100� a rumpled surface
with a twofold symmetry.
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FIG. 6. Measured �left� and calculated �right� photoemission
spectra obtained for an excitation energy of 	
=21.22 eV from the
N-covered Cu�100� surface. In the theory, rumpling of N atoms has
been considered only. According to the experiment, the spectra were
calculated for two different mirror planes and for different electron
detection angles � as a function of photon energy and polarization.
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FIG. 7. Comparison of measured �left� and calculated �right�
photoemission spectra. The theoretical spectra have been calculated
with rumpling of N and Cu atoms.
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