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d- and sp-like surface states on fcc Co(001) with distinct sensitivity to surface roughness
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The sensitivity of electronic surface states to modifications of the surface topography has been investigated
in regard to the orbital character of the respective states. The surface of face-centered-cubic Co(001) shows
two characteristic electronic states: an occupied d-like minority surface state around the center of the surface
Brillouin zone �̄ and an unoccupied sp-like surface state with an exchange splitting of 0.56 eV around the zone
boundary X̄. These states were studied experimentally on a 15-monolayer Co film on Cu(001) by spin-resolved
direct and inverse photoemission. In addition, the Co(001) surface was theoretically described by calculations
of the Bloch spectral function and of the direct and inverse photoemission intensities within the one-step-model
approach. Different surface topographies from atomically smooth to very rough, as proved by scanning tunneling
microscopy, were achieved by choosing varied growth and annealing temperatures for the preparation of the Co
films. Both types of surface states are highly sensitive to the film roughness, yet in a distinctly different way. The
less localized sp-like wave function causes a much higher sensitivity of the unoccupied surface state to lateral
inhomogeneities than the more localized d-type wave function of the occupied surface state.
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I. INTRODUCTION

Defect scattering at surfaces and interfaces play an im-
portant role for interface phenomena, e.g., the giant mag-
netoresistance effect, as well as for transport properties
relevant for device applications. Therefore they are studied
in detail to date. Defect scattering and disorder-dependent
dephasing processes were investigated by high-resolution
photoemission on rough Cu(111) surfaces.1 The scattering of
hot electrons by adatoms at metal surfaces was the subject
of a time-resolved two-photon-photoemission study of Cu
adatoms on Cu(001).2 Two-dimensional electron transport
through surface states in Bi(111) was shown to be strongly
dependent on surface roughness.3 Controlling surface or
interface roughness during device fabrication is by no means
a trivial task. Furthermore, the sensitivity of electronic surface
states to roughness depends on the character of their wave
functions.

The preparation of ultrathin face-centered-cubic (fcc) Co
films in Cu(001) has been refined since the early days of thin-
film growth. The morphology (i.e., the film topography and
its chemical composition) of ultrathin Co films is influenced
by minor variations in the growth conditions (see Ref. 4 and
references therein). In particular, we have recently shown
in a scanning tunneling microscopy (STM) study that the
morphology of Co films on Cu(001) can be tailored by varying
the preparation conditions.4 In addition, d- and sp-derived
surface states have been detected and expected, respectively,
on this surface. It may therefore serve as a suitable test case
for studying the sensitivity of surface states on roughness in
regard to their orbital character.

In this contribution, we focus on 15-ML (monolayer)-thick
Co films on Cu(001), which are free of Cu impurities from
the substrate. As an example for a d-like surface state, we
investigated a recently detected occupied minority surface
state, which appears around the center of the surface Brillouin

zone (SBZ) �̄.5,6 As an example for a sp-like surface state,
we looked for an unoccupied state, which is expected to
appear around the zone boundary X̄. This kind of state
was detected in former studies on various fcc(001) metal
surfaces7–9 but not for Co(001) so far. We identified this
state and determined its magnetic exchange splitting using
spin-resolved inverse photoemission. For both surface states,
we tested their sensitivity to the film roughness.

Our experimental investigations are accompanied by a
theoretical analysis. Due to pronounced correlation effects
present in the valence-band spectra of 3d-transition metals
like Co, which are not well described by plain single-
particle approaches like the local-spin-density approximation
(LSDA),10–13 we used a self-consistent combination of the
LSDA and the dynamic mean-field theory (DMFT)14,15 to
calculate the electronic structure of in-plane magnetized fcc
Co(001).11,13 A direct link to our spectroscopical experiments
is provided by a complete calculation of spectra within the fully
relativistic one-step model of photoemission that is based on
the LSDA+DMFT electronic structure input and additionally
takes care of the surface by a realistic model of the surface
potential, which is given by a spin-dependent Rundgren-
Malmström barrier.16 Using this analytical procedure, we were
able to achieve a quantitative agreement with the experimental
data, although more sophisticated many-body theories are in
principle needed due to the presence of nonlocal correlations
in ferromagnetic Co.

This paper is organized as follows: The experimental and
computational details are described in Secs. II A and II B,
respectively. In Sec. III A we present the results for the
occupied minority surface state. Experimental and theoretical
evidence of the unoccupied spin-split surface state around X̄
is given in Sec. III B. These sections contain also experimental
results for varying surface roughness. A summary of the results
is given in Sec. IV.
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental details

The experiments were performed in an ultrahigh-vacuum
apparatus equipped with multiple techniques for surface
preparation and characterization. The base pressure was better
than 3 × 10−9 Pa.

The Cu(001) substrate was cleaned by bombardment with
Ar+ ions (1 keV) and subsequently annealed to 850 K.
The sputtering and annealing cycles were repeated until no
contamination was detected with Auger electron spectroscopy
(AES) within the detection limit of 1% to 5% of a monolayer
(ML) depending on the impurity. At this point the low-energy
electron diffraction (LEED) measurements revealed a sharp
(1×1) pattern with low background. Terrace widths of more
than 80 nm were found with STM.

Co was evaporated from a high-purity rod by a water-cooled
electron-beam evaporator to avoid possible contamination
from a crucible. During evaporation the pressure was bet-
ter than 5 × 10−9 Pa. The evaporation rate was calibrated
to ≈0.5 ML min−1 by recording intensity oscillations of a
reflected specular electron beam (medium-energy electron
diffraction; see, e.g., Ref. 17).

The spin-dependent electronic structure was characterized
using spin- and angle-resolved direct and inverse photoemis-
sion (PE and IPE):18 The PE data were obtained using a 50-mm
simulated hemispherical sector analyzer (SHA50 from Focus
GmbH). Spin resolution was provided via a spin-polarized
low-energy electron diffraction (SPLEED) detector.19,20 A
helium discharge lamp with unpolarized He-I light (h̄ω =
21.22 eV) was used for excitation.

The IPE data were retrieved by employing a home-built
setup. Electrons from a GaAs photocathode are directed onto
the sample with well defined energy (7–14 eV), momentum,
and spin.21,22 The emission of photons is caused by electrons
undergoing radiative transitions into lower-lying unoccupied
states. Photons are detected at a fixed energy by a Geiger-
Müller counter. Its energy selectivity is based on the ionization
threshold of acetone used as counting gas and the transmission
cutoff of the CaF2 entrance window. The mean detection
energy is h̄ω = (9.9 ± 0.17) eV.22,23 The counter, used in this
study, is placed at angles of about 70◦ relative to the electron
gun in the measurement plane and about 30◦ out of the
measurement plane.

Different sample temperatures during Co deposition
(growth temperature TG) and different annealing temperatures
after deposition (annealing temperature TA) were applied to
influence the topography of the Co films. The different prepa-
rations are denoted by ℘(TG, TA). The resulting topographies
were characterized with STM in a detailed growth study
published recently.4 As in this study, we focused on 15-ML-
thick Co films in the present work. The different degrees of
surface roughness range from very rough (exhibiting only
small islands) to atomically smooth surfaces. Despite the
different topographies, the long-range crystallographic order
is in all cases fcc(001) as revealed by LEED measurements.
All surfaces studied here are free from Cu impurities as proved
by PE (for details, see Ref. 4).

The spin-resolved PE and IPE measurements were per-
formed after the sample was magnetized in the surface plane

along an easy magnetization direction of type 〈110〉. For a
correct interpretation of the spin-resolved spectra, it is im-
portant to know the remanent sample magnetization direction
with respect to the spin-polarization direction of the incident
electrons. For this reason, we performed magneto-optical Kerr
effect measurements for the different Co film preparations
studied in this work. In all cases, squarelike hysteresis curves
were obtained. The remanent magnetization equals magnetic
saturation, which indicates that the sample is remanently
magnetized in a one-domain state. Co was evaporated along the
surface normal to avoid steering effects.24 Thus, as expected
from the crystalline symmetry, no uniaxial anisotropy was
found: Both 〈110〉 directions are equivalent magnetization
directions. The PE and IPE spectra were measured at sample
temperatures of 295 K and below, which corresponds to
T/TC < 0.2 (TC: Curie temperature), i.e., close to the magnetic
ground state.

B. Computational details

The self-consistent electronic structure calculations were
performed within the ab initio framework of spin-density-
functional theory. The Vosko, Wilk, and Nusair parametriza-
tion of the exchange and correlation potential was used.25

The electronic structure was calculated in a fully rela-
tivistic mode by solving the corresponding Dirac equa-
tion. This was achieved using the spin-polarized relativistic
multiple-scattering Korringa-Kohn-Rostoker based Munich
SPR-KKR program package.26,27 To account for electronic
correlations beyond the LSDA28,29 we employed a combined
LSDA+DMFT scheme, self-consistent in both the self-energy
calculation and the charge-density calculation, as implemented
within the relativistic SPR-KKR formalism.30 As a DMFT
solver the relativistic version of the so-called spin-polarized
T -matrix plus fluctuation exchange (SPTF) approximation31,32

was used. In contrast to most other LSDA+DMFT implemen-
tations, within the SPR-KKR scheme the complex and energy-
dependent self-energy �DMFT is implemented as an additional
energy-dependent potential to the radial Dirac equation, which
is solved in order to calculate the new Green’s function. This
procedure is repeated until self-consistency in both the self-
energy and the charge density is achieved. The double counting
problem (separation of the Hubbard Hamiltonian from the
LSDA one) was considered within the usual around-mean-field
(AMF) limit. This scheme was successfully used in describing
photoemission from 3d transition metals.10–12

The self-energy within the DMFT is parametrized by the
averaged screened Coulomb interaction U and the Hund ex-
change interaction J . For Fe, Co, and Ni it is usually accepted
that the averaged on-site exchange interaction J coincidences
with its atomic value J ≈ 0.9 eV. This parameter can be
calculated directly within the LSDA and is approximately
the same for all 3d elements.33 The determination of U is
a quite serious problem, and usually semiempirical values are
assumed.34 In fact, the parameter U is strongly affected by
the metallic screening and it is estimated for the 3d metals
between 1 and 3 eV. Here we used U = 2.2 eV for Co. With
this value for the averaged on-site Coulomb interaction we
found the optimal agreement between the experimental and
theoretical peak positions.
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In our DMFT calculations, we used 4096 Matsubara
poles to determine the corresponding SPTF self-energy. The
effective potentials were treated within the atomic sphere
approximation (ASA). For the multipole expansion of the
Green’s function, an angular momentum cutoff of lmax = 3
was used. The integration in k space was performed by the
special points method using 1600 k points in the irreducible
wedge.

In our spectroscopical analysis we used the experimentally
determined value for the work function φ = (4.81 ± 0.05) eV.
This value is in accordance with previous results.35,36 For the
photoemission calculations lifetime effects in the initial states
have been included via the imaginary part of the complex self-
energy obtained from the self-consistent LSDA+DMFT cal-
culation. For the inverse photoemission calculations a heuristic
imaginary value iVi = 0.05(E − EF) was added to Im(�DMFT)
because of the mostly sp-like nature of the unoccupied surface
related features, which are located at higher energies. To
take care of impurity scattering we used in addition a small
constant imaginary value of iVi = 0.05 eV. For the final states
a constant imaginary part iVf = 1.5 eV has been chosen,
again in a phenomenological way. A realistic description
of the surface potential is achieved using a spin-dependent
barrier of Rundgren-Malmström type.16 The parametrization
of the Co(001) surface barrier that finally led to a quantitative
agreement between the measured and calculated spectra is
the following: z

↑
i = −1.93, z

↓
i = −1.79, z

↑,↓
a = −3.97, and

z
↑,↓
e = 0.0. Aside from the fact that the image plane zi is

slightly spin dependent, these barrier parameters are the same
ones as used for Cu(001).37 According to the experimental
situation all spectroscopical calculations were performed for
an in-plane orientation of the magnetic field, at which the
magnetization points parallel to the �̄X̄ direction (i.e., along
〈110〉) in the corresponding SBZ.

III. RESULTS AND DISCUSSION

A. Occupied d-like minority surface state

For fcc Co(001) a d-like minority surface state around
the �̄ point of the SBZ was identified with spin-resolved PE
and two-photon photoemission.5,6 In accordance with these
investigations, our results confirm the surface state SS

↓
d at

E − EF = −0.45 eV for normal electron emission.
Figure 1 shows our spin-resolved PE results for 15 MLs of

Co on Cu(001) prepared under varied conditions. The position
of SS

↓
d is marked with a gray bar. Pictures of STM measure-

ments on the left-hand side illustrate the corresponding surface
topographies.4 Three different preparations were studied (from
bottom to top):

(i) The preparation ℘(TG = 115 K, no annealing) results in
a rough surface due to the suppressed mobility of Co adatoms
at low growth temperature. The surface exhibits islands with
a size between 3 and 6 nm.

(ii) The preparation ℘(TG = 295 K, no annealing) results
in a fairly smooth surface. Here five layers are exposed at a
time.

(iii) The preparation ℘(TG = 115 K, TA = 555 K) results
in an atomically smooth surface. Two layers are exposed only

FIG. 1. (Color online) Spin-resolved PE measurements for 15-
ML Co grown on Cu(001) for different growth and annealing tem-
peratures (right-hand panel). The corresponding surface roughness
is apparent in the STM measurements on the left-hand side. The
PE measurements were obtained for normal electron emission at
a sample temperature of T = 145 K. The spectra were normalized
to equal background intensity at E − EF = −4.1 eV. The gray bar
marks the position of the minority surface state SS

↓
d . BS

↓
d and BS

↑
d

are transitions from 3d bulk states with minority and majority-spin
character, respectively. In addition, theoretical PE spectra for a
Co(001) surface from a one-step model calculation are shown in
the left upper corner of the figure.

due to the fact that a noninteger number of MLs was evaporated
onto the surface.

The spectral feature of SS
↓
d is present in all spectra, yet with

significantly different intensity. It directly reflects the degree
of surface roughness: The smoother the surface, the higher is
the intensity. For the atomically smooth surface, the spectral
features appear even sharper than for the surface prepared at
room temperature (RT). This is not only true for SS

↓
d but also

for BS
↓
d (see detailed discussion below).

The experimental findings are in line with theoretical
predictions, which expect a d-like occupied minority surface
state at �̄ at E − EF = −0.45 eV. The state SS

↓
d is located in

a �1-symmetry gap, which opens below E − EF = −0.3 eV
for minority-spin electrons.5 For majority-spin electrons,
the symmetry gap opens below E − EF = −1.6 eV. The

245426-3
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majority-spin partner to SS
↓
d is, however, not observed in

experiment nor does it appear in calculations, in which lifetime
broadening effects of the initial states are taken into account.
Lifetime broadening is mainly due to electron-hole pair decay,
which is dominantly present in the majority spin channel.12,13

If lifetime broadening effects are neglected in the calculation,
the majority-spin partner SS

↑
d is located around E − EF =

−1.7 eV at the �̄ point of the SBZ. Calculated spectra for
Co(001) within the one-step formalism for photoemission are
displayed in the left upper corner of Fig. 1, and resemble our
experimental results.

In order to quantify the spectral width of the feature SS
↓
d ,

we exposed the surfaces to 0.1 L (1L = 1.3 × 10−4 Pa s)
of O2 at T = 145 K. Figure 2 shows the spin-resolved data
for the clean surface (dotted and solid lines) in comparison
with the data for the surface exposed to O2 (up- and
downward pointing triangles) plus the difference spectra for
minority spin (squares). The measurements were obtained for
two different film preparations: ℘(TG = 115 K, TA = 555 K),
and ℘(TG = 295 K, no annealing). The difference spectra

FIG. 2. (Color online) Spin-resolved PE measurements for two
differently prepared 15-ML Co films on Cu(001) [℘(TG = 115 K,
TA = 555 K), ℘(TG = 295 K, no annealing)] before and after ex-
posure to oxygen. For each preparation, the spectra for the clean
surface, for the surface exposed to 0.1 L of oxygen, and the difference
spectrum for minority spin are shown. The difference spectra reveal
the energy E − EF of SS

↓
d and its spectral width.

FIG. 3. (Color online) Color-coded contour plot for the calculated
Bloch spectral function (left-hand side) and for the theoretical PE
intensity obtained within the one-step model (right-hand side). High
spectral intensity is indicated by dark colors. The dispersion of
surface-related features, the minority surface state (labeled SS

↓
d ) and

an additional surface-resonance-like state, was obtained by using
the determinant criterion and is marked by circles and squares,
respectively.

reveal the adsorbate-sensitive spectral features, i.e., primarily
surface-related features. The width of SS

↓
d was estimated by

fitting a Gaussian line to the surface-related feature around
E − EF = −0.45 eV. For the surface prepared at RT, the full
width at half maximum (FWHM) of SS

↓
d amounts to (270 ±

20) meV whereas for the atomically smooth sample it is only
(220 ± 20) meV. Here one should note that the absolute values
depend on details of the background subtraction in the spectra
for the clean and adsorbate-covered surface. Nevertheless, our
analysis gives an indication toward a sharper surface state on
the atomically smooth Co(001) surface. Our result is in line
with the expectation that defects cause increased scattering3

and scattering shortens the lifetime, which means an increase
in linewidth.1 Furthermore, this adsorbate experiment enabled
us to verify the energy E − EF = −0.45 eV for SS

↓
d at normal

electron emission.
In addition to the calculated photoemission spectra for

normal electron emission shown in Fig. 1, we calculated the
Bloch spectral function for energies below the Fermi level
as a function of k‖ in the �̄X̄ direction (i.e., along 〈110〉).
The results are shown in a color-coded contour plot in the
left-hand panel of Fig. 3. High spectral intensity is indicated
by dark colors. The calculation was done in a fully relativistic
way, therefore the minority and majority-spin systems are not
separated. The contour plot in the right-hand panel of Fig. 3
reflects the experimental situation. PE calculations using the
one-step model take final-state and matrix element effects into
account. Due to the pronounced lifetime broadening in the
initial states, a strong smearing of all dipole-allowed spectral
features appears for energies E − EF � −1.2 eV.

The surface state SS
↓
d is clearly present at E − EF ≈

−0.5 eV at the �̄ point. The dispersion of SS
↓
d around the

�̄ point is indicated by circles, which were determined by
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employing the determinant criterium.38 With increasing k‖, the
minority surface state disperses toward the Fermi level, crosses
the Fermi level, and becomes unoccupied. The dispersion of
the surface state is in line with experimental findings and
previous slab calculations using density-functional theory in
the local-density approximation by Miyamoto et al.6 We note
in passing that a second surfacelike feature is predicted by
our determinant criterium and is marked by squares in the
E(k‖) plot. This surface-resonance-like state shows the same
dispersion as the Co 3d bulk bands. A surface-related state in
this energy range was also predicted by slab calculations.6

B. Unoccupied exchange-split sp-like surface state

Face-centered-cubic crystals of noble and transition metals
with (001) surface exhibit a characteristic unoccupied sp-like
surface state within a gap of the surface-projected bulk-band
structure. This gap is located mostly above the Fermi level,
originates from a gap at the L high-symmetry point and appears
around the X̄ point of the SBZ.7–9 Numerous IPE studies were
dedicated to this state, e.g., on Cu,39 Ag,40 Ni,41,42 Fe,9,43

but the state was not observed for Co(001) so far. Figure 4
shows our spin-resolved IPE measurements of an atomically
smooth fcc Co(001) surface for an electron incidence angle of

FIG. 4. (Color online) Spin-resolved IPE spectra for 15 MLs of
Co on Cu(001) measured at room temperature for θ = 45◦ along �̄X̄.
The Co film was prepared at TG = 115 K followed by an annealing
to TA = 555 K. The experimental data are shown in comparison with
theoretical spectra for fcc Co(001). The inset shows spin-integrated
IPE spectra for different film thicknesses: 5, 15, and 30 MLs. The
surface state SSsp (indicated by a gray bar) appears at the same energy
for all thicknesses.

45◦ along the �̄X̄ direction (i.e., along 〈110〉) in comparison
with a calculated spectrum. In the experiment, a spin-split
spectral feature labeled SS

↓↑
sp appears around 4.5 eV above the

Fermi level. The minority-spin part of SS
↓↑
sp is located at an

energy of E − EF = (4.79 ± 0.02) eV, the majority-spin part
at E − EF = (4.23 ± 0.02) eV (see the thin vertical arrows in
Fig. 4). At the electron incidence angle of 45◦, SS

↓↑
sp is probed

close to the X̄ point of the SBZ, where the band minimum
is expected. Thus the experimentally observed spin splitting
resembles the exchange splitting and amounts to �E

exp
ex =

(0.56 ± 0.04) eV. This corresponds to the theoretical result:
�Etheo

ex = 0.68 eV. Here, the minority surface state SS
↓
sp is

located at E − EF = 4.98 eV and the majority-spin partner at
E − EF = 4.30 eV.

Two further spectral features are observed in Fig. 4: (i) A
spin-split feature labeled SR

↓↑
sp between 2 and 3 eV above EF

with pronounced majority but only weak minority intensity
in experiment and theory. From the theoretical calculations
using the determinant criterium, surface character is attributed
to SR

↓↑
sp . It appears along the boundary of a gap in the projected

bulk-band structure and is found as a surface resonance also
on the equivalent surfaces of Cu,37 Ni,42 and Fe.9,43 (ii) The
pronounced intensity with predominant minority character
close to EF originates from Co 3d bulk bands. Empty minority
d states plus an sp band crossing EF with increasing angle of
electron incidence are responsible for the observed intensities.
The majority intensity is less pronounced for normal electron
incidence (not shown here).

We can exclude that the feature SS
↓↑
sp in our data for 15-ML-

thick films stems from quantum-well states (QWSs) for two
reasons: (i) In a former study, sp-type QWSs were identified
for film thicknesses of up to 10 MLs.44 Already at a thickness
of 12 MLs, bulklike transitions were observed. (ii) As shown
in the inset of Fig. 4, the energetic position of the state SSsp

(indicated by a gray bar) does not depend on the film thickness,
whereas QWS energies depend strongly on the film thickness.
Moreover, the state SSsp is highly sensitive toward oxygen
exposure (not shown), which is a characteristic behavior of
surface states.

To investigate the sensitivity of SS
↓↑
sp to surface roughness,

we performed spin-integrated IPE measurements for varied
surface preparations resulting in different surface topogra-
phies. Our results are displayed in Fig. 5 for four different
surface preparations (from bottom to top):

(i) Preparation ℘(TG = 115 K, no annealing).
(ii) Preparation ℘(TG = 115 K, TA = 295 K). The anneal-

ing to TA = 295 K results in an increased Co adatom mobility,
which allows the Co to arrange in larger rectangular islands.
This reduces the film roughness in comparison to ℘(TG =
115 K, no annealing).

(iii) Preparation ℘(TG = 295 K, no annealing).
(iv) Preparation ℘(TG = 115 K, TA = 555 K).
For low-temperature film growth without annealing, the

surface is roughest and no surface state is observed. The
spectral intensity of SSsp increases with decreasing surface
roughness. When the sample is annealed to RT (℘(TG =
115 K, TA = 295 K)), the island size increases and, as a
consequence, the roughness decreases. For a Co film grown at
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FIG. 5. (Color online) Spin-integrated IPE measurements of 15-
ML Co grown on Cu(001) for different surface topographies (right-
hand side) in relation to corresponding STM measurements (left-hand
side). For the preparations ℘(TG = 115 K, TA = 555 K) and ℘(TG =
115 K, TA = 295 K), the sample temperature was T = 295 K during
the measurement. For the preparations ℘(TG = 295 K, no annealing)
and ℘(TG = 115 K, no annealing) the sample temperature was T =
145 K during the measurement. The spectra were normalized to equal
background intensity.

RT [℘(TG = 295 K, no annealing)] the surface-state intensity
is about as high as for an atomically smooth film [℘(TG =
115 K, TA = 555 K)].

In contrast to the occupied d-like minority surface state,
which is present independent of the preparation conditions,
yet with different intensity, the unoccupied sp-like spin-split
surface state is absent for the film with highest roughness.
Its intensity increases significantly as soon as the Co islands
at the surface get larger and the roughness decreases. This
behavior is a consequence of the different lateral extensions of
the respective wave functions, more localized for d and less
localized for sp states.

Finally, we present fully relativistic LSDA+DMFT Bloch
spectral function and corresponding one-step model calcula-
tions for the unoccupied electronic structure. The results are
shown in a color-coded contour plot in Fig. 6. The left-hand
panel shows the Bloch spectral function for the unoccupied
states along �̄X̄. Several spectral features can be distinguished,
in particular the spin-split surface state SS

↓↑
sp around X̄ at

an energy of E − EF = 4.98 eV for SS
↓
sp and at E − EF =

FIG. 6. (Color online) Color-coded contour plot for the calculated
Bloch spectral function of the unoccupied electronic structure of
Co(001) (left-hand side). Calculations within the one-step model of
IPE for h̄ω = 9.9 eV (right-hand side). High spectral intensity is
indicated by dark colors. The dispersion behavior of the sp-like
surface resonance SR↓↑

sp is indicated by green up and red down
triangles for the majority and minority-spin channels, respectively.

4.30 eV for SS
↑
sp. The right-hand panel of Fig. 6 shows one-

step-model IPE calculations for h̄ω = 9.9 eV. Compared with
the Bloch spectral function, the IPE contour plot contains the
spin-split surface state SS

↓↑
sp only as a weak intensity smeared

out in energy because of strong damping effects, which are
neglected in the calculation of the Bloch spectral function.
On the other hand, the series of image-potential states IS↓↑
is not reproduced by the Bloch spectral function. They only
show up in calculations with realistic Coulomb-like surface
potential, which is not included in the LSDA approach using
an exponential decay instead. The spin-split sp-like surface
resonance SR

↓↑
sp in Fig. 4 is hardly visible as a dispersing

feature in the IPE calculations because of its overlap with bulk
states and due to damping effects, which are more pronounced
for higher energies. To determine the dispersion behavior of
SR

↓↑
sp , we performed an additional calculation, in which we

neglected broadening effects and included impurity scattering
only by a small constant imaginary value of iVi = 0.05 eV.
The derived spin-resolved dispersion is shown in Fig. 6(b) as
green up and red down triangles.

IV. SUMMARY

We identified two crystal-induced surface states for fcc
Co(001), experimentally realized by a 15-ML-thick Co film
on Cu(001). A d-like occupied surface state of minority-spin
character labeled SS

↓
d appears 0.45 eV below the Fermi energy

around the �̄ point of the surface Brillouin zone. A sp-like
unoccupied surface state labeled SS

↓↑
sp appearing at about

4.5 eV above the Fermi level at the zone boundary X̄ is found
to be exchange split by 0.56 eV. Both surface states are well
described by fully relativistic LSDA+DMFT calculations of
the Bloch spectral function and corresponding one-step model
calculations of the spectral intensities. The good agreement
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between experiment and theory concerning the dispersion
behavior of the occupied surface resonance is due to the real
part of the self energy. This quantity causes a shift of the
various d bands located in the vicinity of the Fermi level of
about 0.2 eV toward EF.

The two different surface states show a distinct sensitivity to
surface roughness. The spectral intensities for both states are
most pronounced on the atomically smooth surface, where,
in addition, the spectral width of SS

↓
d is smallest. However,

the two states respond differently to lateral inhomogeneities.
While the d-like surface state SS

↓
d is not quenched by surface

roughness, SS
↓↑
sp does not appear on the rough surface with

island sizes between 3 and 6 nm. These observations can be
understood as a consequence of the different types of wave

functions. The more localized d-like wave function is less
sensitive to lateral inhomogeneities than the less localized sp-
type wave function.
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