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Spin-polarized surface states close to adatoms on Cu(111)
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We present a theoretical study of surface states close to 3d transition-metal adatoms (Cr, Mn, Fe, Co, Ni, and
Cu) on a Cu(111) surface in terms of an embedding technique using the fully relativistic Korringa-Kohn-
Rostoker method. For each of the adatoms we found resonances in the s-like states to be attributed to a
localization of the surface states in the presence of an impurity. We studied the change of the s-like densities
of states in the vicinity of the surface-state band edge due to scattering effects mediated via the adatom’s d
orbitals. The results obtained clearly show that a magnetic impurity causes spin polarization of the surface
states. In particular, the long-range oscillations of the spin-polarized s-like density of states around an Fe

adatom are demonstrated.
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I. INTRODUCTION

Following the first experimental observation of a surface
band at Cu(111) in terms of angle-resolved photoemission’
(ARPES), electrons at close-packed surfaces of noble metals
have been at the center of much experimental”>’ and
theoretical®~!? attention. For a pristine surface the energies of
Shockley surface states lie in the “gap” around the L point of
the bulk Brillouin zone, their wave functions being confined
to the surface. The corresponding dispersion relations have
been determined by ARPES and were found to be two-
dimensional free-electron-like parabolas.!>® One of the
highly interesting features of this phenomenon is the re-
sponse to perturbations causes by placing, e.g., adatoms on
the surface. As to be expected such a response is character-
ized by long-range Friedel-like charge oscillations governed
by the dispersion relation of the two-dimensional surface
electron gas. The existence of long-range interactions be-
tween adatoms on surfaces supporting surface states can lead
to the formation of an atomic superlattice as recently shown
both experimentally’ and theoretically.'” Until recently scan-
ning tunneling microscopy (STM) studies of atoms on well-
defined Cu, Ag, and Au(l11) surfaces imaged only the
charge distribution of the surface electrons.>” Remarkable
developments in spin-polarized STM,'! however, are ex-
pected to detect spatial variations in the magnetic density,
which in turn might provide an understanding of the mag-
netic behavior of this kind of systems.!>!> Evidently, this
also opens up the possibility of designing magnetic
nanostructures for both scientific and technological purposes.

In accordance with a theoretical prediction by Borisov
et al.,'® by using STM at 7 K, Limot et al.'” very recently
reported on an adatom-induced localization of the surface
states electrons on Cu(111) and Ag(111) surfaces. The exis-
tence of such resonances for a single Cu adatom was also
shown theoretically by Olsson et al'® in terms of a
parameter-free pseudopotential method. The appearance of a
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peak in the density of states (DOS) just below the surface-
state band can be attributed to a theorem by Simon claiming
the existence of a bound state for any attractive potential in
two dimensions.'®!° It was demonstrated in Ref. 17 by com-
paring results for Co and Cu adatoms on Cu(111) that the
type of adsorbate influences the shape of the adatom-induced
resonance. For this very reason we performed a systematic
study for a series of 3d impurities (Cr, Mn, Fe, Co, Ni, and
Cu) on Cu(111) in order to identify spin-dependent features
of the occurring resonance.

II. METHOD OF CALCULATIONS

Within multiple-scattering theory the electronic structure
of an ensemble of nonoverlapping potentials is described by
the so-called scattering path operator (SPO) matrix (for more
details see, e.g., Ref. 20). The SPO matrix 7., which refers to
a finite cluster C embedded into a host system, can be ob-
tained from the Dyson equation®!

7o(E) = 7(ENI - [t;,(E) - 5" (E) 1 my(E)} ", (1)

where #;,(E) and 7,(E) denote the single-site scattering matrix
and the SPO matrix for the unperturbed host confined to sites
in C, respectively, while ¢, denotes the single-site scattering
matrices of the embedded atoms. Note that Eq. (1) takes into
account all scattering events both inside and outside the
cluster.

First, a fully self-consistent (SC) calculation is performed
for the Cu(111) surface by means of the screened Korringa-
Kohn-Rostoker (SKKR) method.?> Then for single adatoms
placed on top of Cu(111) the multiple-scattering problem is
solved self-consistently in terms of the embedding method
discussed in details in Ref. 21. The self-consistent calcula-
tions for both the semi-infinite Cu(111) host and the adatoms
were performed using the atomic sphere approximation
(ASA) and the local spin-density approximation in the pa-
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FIG. 1. Left panel: positions of maxima in the Bloch spectral

functions near to the T’ point of the SBZ (dots). The solid line refers
to a parabolic fit. It should be noted that only the first third of the
SBZ is displayed (K=0.65). Right panel: density of the surface
states ([ky| <0.15) close to a clean Cu(111) surface. The different
values for the imaginary part of the energy used are displayed ex-
plicitly. The Fermi energy and the bottom of the surface-state band
are indicated by a dashed and a dotted horizontal line, respectively.

rametrization of Vosko et al.?* Due to the fully relativistic
treatment applied, the orientation of the effective magnetic
field had to be specified: it was chosen to point along the z
axis (normal to the surface). In order to evaluate the inevi-
table Brillouin-zone integrations, in the self-consistent calcu-
lations 70 k; points were used in the irreducible wedge of the
surface Brillouin zone (SBZ). For the calculation of the ¢
matrices and for the multipole expansion of the charge den-
sities, necessary to evaluate the Madelung potentials, a cutoff
of €,,,=2 was assumed. Energy integrations were performed
by sampling 16 points on a semicircular contour in the com-
plex energy plane according to an asymmetric Gaussian
quadrature. The densities of states were calculated parallel to
the real energy axis with an imaginary part of 1 mRy by
sampling about 50 000 k; points within the irreducible wedge
of the SBZ. In the present calculations no attempt was made
to include surface relaxations: the geometry was taken to be
identical to an ideal Cu bulk fcc lattice (lattice constant
ay=3.614 A).

III. RESULTS AND DISCUSSION

In order to determine the dispersion relation and the ef-
fective mass of the surface electrons Bloch-spectral
functions®* (BSF’s) were evaluated in terms of the SKKR

method for k points between the I' and K points in the
fee(111) SBZ close to the Fermi energy. It should be recalled
that the dispersion relation of the surface-state band can be
defined by the position of the maxima in the BSF. In agree-
ment with experiments the calculated dispersion relation is a
free-electron-like parabola as indicated in Fig. 1. The bottom
of the calculated surface-state band is only about 0.3 eV
below the Fermi energy which is a bit smaller than the ex-
perimental values (0.4 eV).>% Also in good agreement with
the experimental data® is the corresponding effective mass
m"=0.37m, as obtained using an appropriate fitting proce-
dure. In Fig. 1 also the density of the surface states in the
vicinity of the band edge is displayed. Shown is the s-like
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FIG. 2. Calculated spin-projected s-like density of states at the
impurity positions. Insets: spin-projected total density of states of
the adatoms. In each entry, the majority- and minority-spin DOS are
depicted by dotted and solid lines, respectively.

DOS of the first vacuum (empty sphere) layer as integrated

over a sphere of a radius of 0.15 X 1/bohr centered around T’
of the SBZ. Note that the corresponding DOS at the substrate
layers decays exponentially with increasing distance from
the surface. As our calculations do not include structural de-
fects (e.g., steps) at the surface, electron-electron interaction
beyond the density functional theory, or electron-phonon in-
teraction, a sharp onset of the surface-state band is expected.
As clearly demonstrated in Fig. 1 by decreasing the imagi-
nary part of the energy from 5 to 0.5 mRy the onset of the
surface band approaches, indeed, a steplike behavior. Since
the experimental onset [~30 meV (Ref. 17)] is fairly well
recovered in the case of 1 mRy for the imaginary part, all the
DOS in the rest of the paper refer to this case. It should be
noted that, in order to smooth out spurious oscillations in the
calculated density of the surface states, in this case a sam-
pling of more than 50 000 k; points within the irreducible
wedge of the SBZ (about 2000 k; points for |k;| <0.15) was
needed; see also a recent theoretical STM study by Hofer and
Garcia-Lekue.?

In Fig. 2 the calculated s-DOS and total DOS (insets) for
the chosen series of adatoms are presented as projections
with respect to the two spin directions. As is also evident
from the spin-split peaks in the total DOS, dominated mainly
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by d-like contributions, the Cr, Mn, Fe, Co, and Ni adatoms
on Cu(111) were found to be magnetic with spin moments of
Se=421up, Sipn=43%up, Sp.=327up, S¢,=2.02up, and
Sxi=0.51up, while the Cu adatom is nonmagnetic. It should
be noted that within a relativistic description the electronic
spin is not a constant of motion. In the present cases, how-
ever, characterized by large exchange splittings and weak
spin-orbit interactions, it is quite illustrative to view the two
spin channels separately by making use of the approximation
discussed in Ref. 26.

Concentrating first on the case of the Cu adatom, quite a
broad peak is found just below the bottom of the surface
state band (E=~—0.025 Ry). The appearance of this peak in-
dicates that adatoms act as an effective attractive potential
for surface-state electrons, inducing thus a certain degree of
localization. The position of the peak with respect to the
surface-state band edge of the adatom-induced peak agrees
well with the one obtained in Ref. 18. The calculated width
of the peak, being also consistent with Ref. 18, is, however,
approximately 3 times larger than experimentally
measured.!” In view of the model calculations of Ref. 17, the
most likely explanation of this disagreement is that the over-
lap (coupling) of the localized state with the bulk states is
overestimated in our calculations. This can be a consequence
of the fact that we neglected the geometrical relaxation of the
impurity with respect to the ideal fcc lattice position.

The fairly narrow d band of the Cu adatom lies well be-
low the two-dimensional (2D) surface band (E;~-0.1 Ry).
It can therefore be assumed that the adatom-induced reso-
nance at £~—0.025 Ry is hardly influenced by d-like states.
This allows us to consider the Cu adatom as a reference
when identifying the effects of d states on the adatom-
induced resonance in the case of other impurities. Indeed, a
three-peak structure in the s-DOS of the Cu adatom can be
observed just at the peak position of the d band. In the lower
panel of Fig. 3 it is demonstrated that the complicated struc-
ture of these peaks arises from relativistic effects, since by
“switching off” the spin-orbit coupling (SOC) in terms of the
scaling scheme proposed by Ebert et al.?’ only a single peak
is obtained, very similar to the scalar-relativistic calculation
of Ref. 18. By using this approach, in Fig. 3 we also illus-
trate that this peak in the s-DOS is a direct consequence of
the hybridization between s- and d-type atomic orbitals. In
the upper panel of this figure the d-DOS is decomposed ac-
cording to symmetry-adapted spherical harmonics resulting
in three components: two of them corresponding to the two-
dimensional irreducible representation (E) of the Cj, point
group—namely, according to the sets of symmetrized basis
functions {d,,.d»_} and {d,,.d,}—and one to a one-
dimensional representation (A;)—namely, with respect to
{d2}. Clearly enough, the s states that correspond to A; sym-
metry can hybridize only with d states as is apparent from
the line shapes of the corresponding scalar-relativistic DOS
in Fig. 3.

From Fig. 2 the appearance of the adatom-induced local-
ized state is also obvious in the case of the magnetic impu-
rities as only a slight variation of its position in energy oc-
curs. This indicates that each kind of impurity acts in a
similar manner as an attractive potential well for the 2D elec-
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FIG. 3. Upper panel: calculated scalar-relativistic d-DOS of a
single Cu impurity on a Cu(111) surface as partitioned into d,.-,
dy-, dyy- d2-, and d,2_-like contributions. Lower panel: relativis-
tic (dash-dotted line) and scalar-relativistic s-DOS (see text) at the
same site. The DOS presented in this figure are normalized to one

spin projection.

tron gas. As can be seen, however, in the case of magnetic
adatoms the shape of the adatom-induced resonance is dif-
ferent for the two spin projections. This observation can be
well explained in terms of the energetic position of the cor-
responding d bands of the impurities. For Mn, Fe, and also
Co the majority d band lies reasonably deep below the
adatom-induced resonance. Therefore, the line shape of (say,
majority) spin-projected s-DOS around E=-0.025 Ry is
practically unchanged as compared to the Cu case. Within
the energy range displayed, an s-d hybridized peak in the
majority s-DOS is seen for Co around —0.12 Ry. An analysis
in terms of symmetry-adapted spherical harmonics (basis
functions) as discussed in the case of the Cu adatom applies
also in this case. Interestingly, however, the s peak is not
split into three subpeaks as in the case of the Cu impurity: as
apparent from the corresponding inset, the spin-projected
d-DOS of Co are well separated in energy; therefore, the
mixing of different spin states due to spin-orbit coupling,
which gave rise to the splitting of the s-d2 hybrid peak for
the Cu impurity, is quite negligible. For Cr and Ni the posi-
tion of the majority d band is just at the bottom of surface
band. The adatom-induced resonance appears therefore just
as a small shoulder on the upper side of the s-d hybridized
peak.

For all magnetic adatoms investigated the minority d band
overlaps with the 2D surface-state band. In the series Cr—Ni
its position moves downwards in energy and its width de-
creases monotonously. For Mn and Fe a moderate peak can
be seen at the position of the very sharp d band, while for Co
and Ni a “shoulder” just above the adatom-induced localized
peak is visible. The occurrence of these peaks is of similar
origin as the s-d hybridized peaks in the majority-spin chan-
nel: the continuum states experience resonant scattering due
to an overlap with an adatom’s d orbitals, giving thus rise to
well-known virtual bound-state resonances. As can be shown
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FIG. 4. Calculated minority-spin (upper panel) and majority-
spin (lower panel) s-DOS at a site in the same plane as a single Fe
impurity on a Cu(111) surface with respect to the distance between
these two sites. The distance (in units of the two-dimensional lattice
constant) is indicated in the legend of the lower panel.

in terms of a noninteracting Anderson model, this effect is
proportional to the DOS of the continuum band, which de-
creases if the position of the d band moves towards the bot-
tom of the surface band. This explains qualitatively the trend
for the width of the minority d band. It is, however, apparent
that the minority-spin adatom-induced resonance peak
(E=~-0.025 Ry) is considerably larger for Co and Ni as for
Cu, a fact which might be attributed to a strengthening of the
localization of the 2D surface electrons due to d-like virtual
bound states very close in energy.

In Fig. 4 the s-DOS for both spin directions is shown for
a site at selected distances measured with respect to an Fe
adatom in the same plane (parallel to the surface). It can be
observed that the line shapes related to the adatom-induced
resonance and the minority-spin resonant scattering vanish in
fact at a radius of about 3—4 in units of the 2D (in plane)
lattice constant. Beyond this radius a line-shape characteris-
tic for the 2D surface-state band appears to evolve, however,
with a broader onset than for the pristine Cu(111) surface.
This broadening can again be attributed to the interaction
(overlap) between the surface states and the d states of an
adatom.

At a distance of seven 2D lattice constants (~17.9 A) the
s-DOS is practically the same as calculated for the clean
Cu(111) surface. The long-ranged oscillatory behavior of the
densities of states can, however, still be resolved. In Fig. 5
the DOS at a selected energy—namely, 34 mRy above the
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FIG. 5. Calculated minority-spin (solid line) and majority-spin
(dotted line) s-DOS at E—Er=0.012 Ry of a site positioned in the
same plane but at a certain distance from a single Fe impurity on a
Cu(111) surface. Inset: s-like magnetization density of states
(MDOS).

bottom of the surface-state band—is displayed for both spin
channels as a function of the distance from an Fe adatom. A
simple estimate of the wavelength of the 2D Friedel oscilla-
tion,

T

A= ———=,
iN2m'E

()

gives A= 15 A= 6a,, which can be read off from Fig. 5. As
shown in the inset of Fig. 5, a magnetic impurity also in-
duces long-range oscillations in the magnetization density of
states (MDOS, defined as the difference of the spin-projected
DOS), with the same period. Clearly, these oscillations in the
MDOS lead to a long-range RKKY interaction on noble-
metal (111) surfaces as discussed, e.g., in Ref. 10.

IV. CONCLUSION

We presented a series of calculations for spin-dependent
surface states close to 3d transition-metal adatoms (Cr, Mn,
Fe, Co, Ni, and Cu) on a Cu(111) surface. In agreement with
previous theoretical'® and experimental'” studies the appear-
ance of an adatom-induced resonance just below the surface-
state band edge is shown. The occurrence of an additional
peak in the s-DOS caused by the adatom’s d-like states was
found below the adatom-induced resonance not only for a Cu
adatom'8 but also for magnetic adatoms in the majority-spin
channel. We also found evidence of an interaction of the
minority-spin d states of the magnetic impurities and the
surface-state continuum, which for Co and Ni possibly ex-
plains the remarkable enhancement of the adatom-induced
resonance peak in the minority-spin channel. The different
shape of the adatom-induced resonance for Cu and Co was
indeed observed in experiments!” and is in qualitative agree-
ment with our calculations. Finally, we pointed out the exis-
tence of long-range spin-polarized oscillations of the surface
states around a magnetic impurity being the very origin of a
2D RKKY interaction.
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