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Surface state vs orbital Kondo resonance at Cr(001): Arguments for a surface state interpretation
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We have performed a combined scanning tunneling spectroscopy, photoemission, and inverse photoemission
study of the surface electronic structure of Cr(001). Our results show three surface-related features, one below,
one above, and one right at the Fermi level E.. While the surface-sensitive features below and above the Fermi

level show characteristics of d,, .

orbital symmetry, the feature right at E exhibits predominantly d-like

orbital symmetry. Upon exposure to oxygen, its spectral weight continuously shifts into the unoccupied elec-
tronic states. These results are in conflict with the interpretation of this peak as orbital Kondo resonance but

point toward a Shockley-type surface state.
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The surface electronic structure of Cr(001) has been in-
tensively investigated in recent years. One focus of interest
was a surface-sensitive feature that appears close to the
Fermi level Ep, first observed in a combined experimental
and theoretical work by Klebanoff et al.'= Using polarized
light in their photoemission (PE) setup, they identified a
do-like surface state at Ep. Comparing their data with the
theoretical part of the work which predicted a d 2-like surface
state 0.68 eV above E, they concluded that the observed
feature was mainly unoccupied and their photoemission re-
sults showed this surface state truncated by the Fermi edge.
Additionally, a second surface state was identified at a bind-
ing energy of about 0.7 eV, which was assigned to nearly
degenerate spin-up and spin-down surface states with d,, and
d,. orbital character. About ten years later, Stroscio er al.*
performed scanning tunneling spectroscopy (STS) on the
Cr(001) surface. Since in STS the sample bias voltage, as
referred to the tip potential, can be tuned to negative and
positive voltage, this technique gives simultaneous access to
occupied and empty electronic states below and above Ep,
respectively. As a result, the measured signal is not any more
truncated by the Fermi edge. Stroscio et al.* were able to
derive the precise energetic position for the feature at 0.05
eV below E., generally supporting Klebanoff’s interpretation
of a Shockley-type surface state with d2 orbital symmetry.
According to band-structure calculations in the density-
functional theory (DFT) scheme, such surface states are a
general property of a bcc(001) surface.

Up to now, however, the surface electronic structure of
Cr(001), as observed experimentally, cannot be described ad-
equately by self-consistent DFT calculations, i.e., without ac-
counting for electron correlation effects. In order to fit the
calculated binding energy of the feature at E to the experi-
mentally observed value within DFT, the surface magnetic
moment was arbitrarily reduced down to a value, which is in
contradiction to experimental results.! To overcome these in-
consistencies, Kolesnychenko et al.> proposed a completely
different interpretation of the peak at E. Triggered by the
observation of crosslike patterns in scanning tunneling mi-
croscopy (STM) images, they excluded a d-like orbital
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symmetry for the feature at E and favored a d, ,-like char-
acter. Based on these findings, they came to the conclusion
that the feature represents an orbital Kondo resonance’
formed by two degenerate d,, . surface states located about
1 eV below and above E. Similar to the conventional Kondo
effect, where a local magnetic moment is screened by a spin-
flip mechanism, which leads to a resonance in the density of
states very close to the Fermi level, the orbital Kondo reso-
nance is produced by the flip of the orbital moment of the
d,, . surface states. In fact, in addition to the above men-
tioned occupied surface state observed by Klebanoff et al.,'3
an unoccupied surface state at an energy of 1.7 eV above E
had been identified by inverse photoemission (IPE) before.®

The interpretation in terms of an orbital Kondo resonance
was recently scrutinized by a temperature-dependent STS
study.® While not being able to bring about a decision which
of the two models—the “surface state” or the “Kondo reso-
nance” model—is correct, the obtained data allowed for put-
ting constraints on the conditions under which the two mod-
els might be valid. Namely, if interpreted in terms of a
surface state, a fit to the temperature-dependent spectral
width results in an electron-phonon mass-enhancement fac-
tor being five to ten times larger than the Cr bulk value.
Furthermore, it was observed that oxygen exposure of
Cr(001) leads to a peak at =135 meV, which is energeti-
cally too far apart from the Fermi level to be interpreted in
terms of a Kondo resonance. It could not be determined,
however, whether the peak continuously shifts with increas-
ing oxygen concentration or if the Cr-related peak intensity
decreases while a new impurity-induced surface state arises.

In this Brief Report, we present results on the surface
electronic structure of Cr(001), which were obtained by com-
bining STS, PE, and IPE in one ultrahigh vacuum (UHV)
system. Consequently, we were able to apply these methods
to one and the same well-defined preparation of the Cr
sample, thereby excluding any inconsistencies in our data,
which are due to preparation-dependent effects. We show
that our PE and IPE measurements consistently indicate a
d-like orbital symmetry for the peak at E, while the occu-
pied as well as the unoccupied surface state show d,, . be-
haviors. Additionally, upon exposure of the Cr(001) surface
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to oxygen, we observed a shift of the spectral weight away
from the Fermi level into the unoccupied part of the density
of states. These two experiments are in conflict with the in-
terpretation of this peak as orbital Kondo resonance and pro-
vide solid arguments for the Shockley-type surface-state
model.

Our experimental setup is described in detail elsewhere.'?
Briefly, it consists of a multichamber UHV system with base
pressures below 3 X 10~!" mbar in each chamber. In addition
to the already mentioned techniques, it is equipped with
techniques for surface preparation and analysis such as
argon-ion sputtering, Auger electron spectroscopy (AES),
and low-energy electron diffraction (LEED). While STS is
performed in a separate chamber of the UHV system, PE and
IPE are installed in the same chamber. Thereby, any sample
transfer inside the vacuum system can be avoided when
switching between PE and IPE. For excitation in PE, a stan-
dard helium gas discharge lamp is used, providing unpolar-
ized photons with an energy of 21.2 eV. The emitted elec-
trons are detected by an electron energy analyzer with a
total-energy resolution of about 20 meV. For excitation in
IPE, an electron beam is used. The electrons that impinge on
the sample undergo radiative transitions into unoccupied
states, thereby emitting photons which are detected at a fixed
energy of 9.8 eV by Geiger-Miiller counters located at angles
of 70° and 35° with respect to the electron beam. This allows
a qualitative analysis of the radiation pattern of the observed
states.1> The main advantage of our IPE system is its vari-
able energy resolution from 400 to 200 meV, which allows
the precise determination of peak positions even close to the
Fermi level.!3:1

The preparation procedure of the Cr(001) surface was
identical to Ref. 9. The quality of the surface was carefully
checked by AES, LEED, and STM. In agreement with Hénke
et al.,’ the cleaning procedure resulted in a clean surface
with terrace widths of several 100 nm. The results obtained
from the clean Cr(001) crystal at room temperature are
shown as filled black data points in Fig. 1. The top panel
displays STS data, which exhibit a peak position right at E.
The peak width amounts to about 300 meV, which reduces
significantly upon cooling the sample (not shown here). PE
and IPE results are shown in the middle and bottom panels,
respectively. Besides the peak at the Fermi level, which is in
both cases truncated by the Fermi edge, the PE results show
a feature at —0.5 eV, while the IPE data reveal a broad struc-
ture at about 1.65 eV above E.

The spectrum below Ep is dominated by a feature at
—0.5 eV that reacts very sensitively to surface contamina-
tion. In experiments performed on imperfectly prepared Cr
sample, we found the peak at about —0.65 eV with lower
intensity, which is comparable to the results of Klebanoff et
al.'3 and also to recent results'* that identified a peak at
—0.7 eV as bulk band transition. Upon further cleaning
cycles, we found the peak to shift toward E and to strongly
increase in intensity. When the clean sample is again exposed
to 0.4 L oxygen, the peak is instantly quenched (open dots in
Fig. 1) and a possibly bulklike contribution at —0.65 eV re-
mains. The same behavior was seen in another recent photo-
emission study.'® Since it is quenched upon adsorption of 0.4
L oxygen, we assign the peak at —0.5 eV to a surface state.
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FIG. 1. Surface electronic structure of Cr(001) as measured by
STS (top), PE (middle), and IPE (bottom panel) at T=295 K. All
three methods identify a surface-sensitive feature at £ on the clean
surface (filled dots). The open dots show PE and IPE measurements
for 0.4 L oxygen on Cr(001). (1L=1.33X 10" mbar-s)

The peak at the Fermi level as seen by STS shows up, as
expected, truncated by the Fermi edge in the PE spectrum.
Its energetic position can be derived to E=*=0.05 eV.

The bottom panel of Fig. 1 represents the IPE results. The
spectrum is dominated by a broad structure at about 1.65 eV
above Ep, which was found to react sensitively to surface
contamination (open dots). However, the broad structure also
contains bulklike contributions, which were also identified in
an earlier IPE study.® An additional peak close to E appears
in the IPE spectrum as shoulder at about 0.13 eV. However,
its true position is probably closer to E. This effect is due to
the limited energy resolution of about 200 meV and was
demonstrated by measurements of the Fermi-level crossing
of a surface state on Cu(111).'° Note that the intensity at E
is not only reduced upon adsorption of oxygen (open dots)
but also slightly shifts in energy to about 0.35 eV (see Fig.
1). We will discuss this in a detailed adsorption experiment.

The experimental results presented so far guarantee that
we observe the same surface-sensitive feature at E. by three
different techniques, i.e., STS, PE, and IPE, on a well-
defined clean sample. To decide whether the observed state
at Ep can be interpreted as orbital Kondo resonance or as
Shockley-type surface state, we analyzed the orbital symme-
try of the observed states. The interpretation as orbital Kondo
resonance is based on the assumption that the state at E has
the same symmetry as the surface states below and above Ep,
namely, d,. .. In contrast, according to DFT calculations,*
the Cr(001) Shockley-type surface state is expected to show
a dp-like orbital symmetry. In Fig. 2 we show PE and IPE
results for different experimental geometries to get insight
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FIG. 2. PE and IPE spectra obtained at 7=295 K in experimen-
tal geometries with different sensitivities to d 2-like (open dots) and
d,. ,.-like (filled dots) orbital characters (see text for details). The
same symmetry assignment was obtained at 7=160 K (not shown).

into the orbital character of the electronic states. Note that
the data were obtained from the same preparation of the
Cr(001) surface.

IPE data for normal electron incidence are shown in Fig.
2 as open (filled) gray dots for a photon take-off angle of 70°
(35°) with respect to the electron beam (see top panel of Fig.
2). The two data sets were taken simultaneously. The radia-
tion pattern of a d2-like state shows maximum intensity par-
allel and smallest intensity perpendicular to the crystal sur-
face. Consequently, higher intensity is expected in the 70°
counter than in the 35° counter for a d-like state. Exactly
this behavior is observed in the IPE spectra. The surface state
at 1.65 eV shows the opposite behavior, consistent with a
d, .-like orbital symmetry.

Our PE results support these findings. The open (filled)
black dots were taken in the experimental setup A (B) (see
top panel of Fig. 2). In both setups the electrons are detected
in normal emission. However, setup B differs from setup A
by—with respect to the surface normal—a smaller angle of
light incidence. This was experimentally realized by rotating
both the sample and the electron analyzer with respect to the
photon source. Since light is always transversally polarized,
setup A has a higher sensitivity for a d-like state than setup
B, although we used unpolarized light for excitation. Our
results reveal that the peak at Ej has significantly higher
intensity if measured in setup A than in setup B, which indi-
cates that the PE measurements confirm a do-like orbital
symmetry for the state at £ and are in agreement with our
IPE results. The surface-related feature at —=0.5 eV shows the
opposite behavior, pointing to a d,,,-like orbital symmetry,
in line with the results for the unoccupied surface state and
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FIG. 3. PE (left) and IPE (right) spectra for Cr(001) upon oxy-
gen adsorption at T=295 K. The data for different oxygen expo-
sures are offset with respect to each other. The spectral changes
induced by oxygen adsorption are displayed in the bottom panel as
difference spectra.

the expectations from theory. Our PE and IPE measurements
consistently exclude that the state at Ep has the same
d,, ,.-like orbital symmetry as the surface states below and
above Ep. Instead, it is a surface state with d 2-like character.
This is in conflict with an interpretation in terms of an orbital
Kondo resonance.

In a second decisive experiment, we performed an adsorp-
tion experiment with oxygen, as proposed by Hinke et al.,’
starting from a clean Cr(001) surface. The results are shown
in the top panel of Fig. 3. To get a better view of changes in
the near Fermi-energy region, only an energy range of 1 eV
around E is shown. For reasons of comparison, the PE spec-
tra have been normalized to equal background intensity at
—1.5 eV below Ep. The IPE results are not normalized as
usual, i.e., to equal background intensity or to equal maxi-
mum intensity, but given with their real intensities relative to
each other, i.e., normalized to equal charge absorbed from
the sample. This careful analysis was necessary for a mean-
ingful interpretation of the data as shown below.

The results for the clean Cr(001) surface are shown as
half-filled black dots in the top panel of Fig. 3. When 0.05 L
oxygen is dosed to the surface, the surface state at Ep is
rapidly quenched in the PE spectrum. The IPE measure-
ments, however, show an increased intensity at about 0.25
eV above Ep. This becomes obvious in the difference spectra
shown in the bottom panel. While the PE difference is nega-
tive throughout the entire energy range, indicating a general
intensity reduction upon oxygen exposure, the IPE difference
becomes positive at about 0.3 eV due to a slight shift of the
peak position in the IPE spectrum (see arrow in top panel).
The shift of the spectral weight away from the Fermi level
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continues as the oxygen dosage is increased to 0.1 L (crossed
circles) and 0.2 L (open dots). Finally, the peak is observed
at about 0.4 eV above Ep. Although it is difficult to derive
the exact peak positions, the IPE measurements provide
strong evidence of a continuous shift away from the Fermi
level. This observation is inconsistent with an interpretation
as orbital Kondo resonance but consistent with a Shockley-
type surface state.

It remains the question about the mechanism, which lead
to the crosslike patterns in the STM data centered around
impurities, as observed by Kolesnychenko et al.’> These pat-
terns were taken as evidence of an orbital Kondo resonance
with d,, . symmetry. Theoretically, however, it has been
shown that electronic states at the surface Brillouin-zone
center, such as s- and d2-like states, only lead to a constant
tunneling current without contributing to the measured cor-
rugation. This result was obtained by expanding the local
density of states (LDOS) in symmetrized two-dimensional
plane waves.!® The above-mentioned states represent the
lowest-order term of the expansion. Only higher order terms,
which may represent d,, ,.-like contributions, result in a lat-
eral variation of the tunneling current. In the particular case
of Cr(001), our PE and IPE results show that the electronic
structure at E is dominated by a surface state with primarily
d-like symmetry. We have to keep in mind, however, that
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electronic states with pure atomic-like orbitals do not exist in
solids. Instead, they always hybridize with other states of
different orbital symmetries. We speculate that the Cr(001)
surface state at the Fermi level possesses some admixture of
d,. . symmetry, which gives rise to the observed features
with corresponding symmetry in STM images.

In summary, our experiments show that the surface-
sensitive feature at the Fermi level of Cr(001) exhibits pre-
dominantly d-like orbital symmetry and that its spectral
weight continuously shifts into the unoccupied electronic
states upon adsorption of oxygen. These results cannot be
explained in terms of the orbital Kondo resonance model.
Instead, they are in favor of a Shockley-type surface state
with d_2 orbital symmetry as general feature of bce(001) sur-
faces. Future theoretical studies may shed light on still open
questions such as the size of the surface magnetic moment or
the extent of the electron-phonon coupling at Cr(001).
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