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We show that the d-band of a transition metal surface induces intra-atomic hybridization of an atom in its
vicinity. It is demonstrated that such hybridization can have a profound influence on the resonance width and
hence lifetime of the atomic ionization level. The degree of Li s-p hybridization is found to be directly
correlated to the overlap of the d-band density of states with the Li 2s and 2p levels, and is shown to be not
due solely to long-range electrostatic image potential effects.
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Charge transfer reactions between gas phase atoms and
metallic surfaces are of fundamental importance in many dy-
namical processes such as heterogeneous catalysis,1,2

corrosion,3,4 stimulated desorption,5 and ion-surface
scattering.1,6,7 The most important fundamental physical
property determining the charge transfer rate between an
atom and a surface is the electron tunneling rate through the
potential barrier between the atom and the surface. Electron
tunneling results in a broadening of the atomic levels, i.e.,
the atomic levels become resonances. The resonance width is
directly proportional to the electron tunneling rate. Despite
their ubiquity and importance, first-principles theoretical in-
vestigations of the broadening of atomic levels near metallic
surfaces have been relatively scarce.6,8,9

Conventional methods10–12 for calculating the widths of
atomic levels near metallic surfaces are based on one-
electron approaches where simple model potentials are intro-
duced to describe the potential energy of an electron in the
surface region. The surface potential is constructed by add-
ing an imagelike potential representing the electron-surface
interaction and a pseudopotential describing the interaction
of the electron with the atom. As a result, it is not possible to
examine either the effect of realistic surface electronic struc-
ture or the changes of the electronic structure of the surface
that result from the chemical interaction of the atom with the
surface.

In a recent publication,9 we developed a periodic density
functional theory �DFT�-based deconvolution scheme to ex-
tract adsorbate energy level widths near surfaces, and applied
it to an adsorbate outside a nearly free-electron-like metal
surface �Al�. By comparing our calculated widths with re-
sults from simpler models that neglect changes in electronic
structure caused by the interaction between the surface and
the adsorbate, we established that the chemical interactions
between the atom and the surface can have a strong influence
on the broadening of atomic levels.

In this paper, we generalize our first-principles approach
and investigate the broadening of atomic levels near transi-
tion metal surfaces. We show that the chemical effects
caused by the interaction between an atom and a transition
metal surface can be much larger than for an atom near a

nearly free-electron-like surface. In particular, we provide
evidence that the d-band can mediate a strong mixing of the
atomic levels. As was established previously for hydrogen
interacting with simple metal surfaces,10 the mixture of
higher excited atomic states can significantly increase the
tunneling rates between an atom and a surface. Here we
demonstrate that the degree of intra-atomic hybridization
correlates strongly with the magnitude of the d-band density
of the states at the energies of the atomic levels.

Details on our scheme for calculating level widths can be
found in Ref. 9. The width of the atomic resonance is calcu-
lated from the projected density of states �PDOS�,8,9,13

�l��� = 2��
m

���m��l��2��� − �m� . �1�

In Eq. �1�, the PDOS ��l���� is a function of the energy �
and the state l onto which we are projecting. This function is
evaluated by calculating the overlap of m interacting Kohn-
Sham orbitals �m with the isolated atomic orbital �l. The
Dirac delta function ���−�m�, where �m is the energy of
orbital m, is then broadened using a small parameter. The
PDOS so obtained is a Lorentzian from which a width can be
extracted by deconvolution.8 In our earlier application to Li
scattering off Al�001�, the calculated widths were in excel-
lent agreement with experimental data.9

In the present application, the self-consistent valence elec-
tronic structure of Li outside a variety of main group and
transition metal surfaces is calculated using the periodic DFT
program CASTEP�3.2.14 We employ the local density approxi-
mation �LDA� for the electron exchange-correlation func-
tional, which is based upon the homogeneous electron gas
quantum Monte Carlo results of Ceperley and Alder, as pa-
rametrized by Perdew and Zunger.15,16 We find that the en-
ergy level widths are insensitive �to within �1 meV� to the
choice of exchange-correlation potential, as evidenced by
tests comparing energy level widths for Li/ Ir�001� obtained
from LDA to those from a generalized gradient approxima-
tion �GGA� to the exchange-correlation functional due to
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Perdew-Burke-Ernzerhof �PBE�.17 We therefore used the
LDA for all other studies in this work. Norm-conserving
pseudopotentials �NCPs� for Al, Mg, Cu, and Ir are taken
from the Trouiller-Martins libraries created by Allan and
Teter18,19 distributed with CASTEP�4.2.18 A more approximate
PDOS method20 is used to survey additional transition metals
�Rh, Ag, Pt, and Au� using the default ultrasoft pseudopoten-
tials �USPPs� �Ref. 21� included with CASTEP�3.2.12 Use of
supercell sizes, kinetic energy cutoffs for the plane-wave ba-
sis, and k-point meshes given in Table I converge the Li
energy level widths to within 0.05 eV. As established
earlier,9 the size of supercells we employ ensures that peri-
odic images of the Li atom are sufficiently distant that the Li
energy level widths are unaffected by these images. In order
to exploit mirror symmetry, a Li atom is placed on each side
of the metal slab. Then, in order to avoid spurious contact
�due to the periodic boundary conditions� between the two Li
atoms at large Li-surface separations, periodic images of the
surfaces are separated by 49 a.u. of vacuum. Seven layers of
substrate metal atoms are necessary �and hence are used� to
properly mimic the crystalline surface and to ensure no in-
teraction between the Li atoms on each side of the slab.9

Equilibrium bulk structures as predicted by DFT-LDA are
employed for calculations using NCPs, while experimental
bulk structures are used in the survey done with USPPs.

When a transition metal surface d-band lies close in en-
ergy to the Li 2s and 2p energy levels, we find strong polar-
ization of the Li atom valence states as Li approaches the
surface. As a result, the wave function corresponding to the
ionization level of Li becomes s-p hybridized,

�Li Hyb = c2s�Li 2s + c2p�Li 2p. �2�

Evidence for this transition metal surface-induced hybridiza-
tion is the appearance of a second �smaller� Lorentzian peak
in the PDOS obtained from Eq. �1�. As an example, Fig. 1
displays PDOSs for the 2s and 2p states of Li at a distance of
10 a.u. from an Ir�001� surface. The second Lorentzian
present in the Li 2s PDOS corresponds directly to the

Lorentzian in the Li 2p PDOS, and vice versa. This result
suggests that mixing between the Li 2s and 2p states is oc-
curring in the presence of a transition metal surface.

The mixing of Li 2s and 2p orbitals due to surface-
induced symmetry breaking should be accounted for when
calculating the effective width of the ionization level of Li.
Since the level now contains a mixture of both the Li 2s and
2p levels, the width can be written as

��LiHyb� = 	2s��Li2s� + 	2p��Li2p� . �3�

If interference effects between the Li 2s and 2p states are
neglected �their importance is assessed below�, 	2s and 	2p
simply would be the squares of the amplitudes c2s and c2p in
Eq. �2�, respectively. As we illustrate below, the magnitudes
of the coefficients 	2s and 	2p depend strongly on atom-
surface separation and the nature of the surface, and lead to
widths that are very different from those obtained by neglect-
ing Li 2p mixing �	2s=1 and 	2p=0�.

TABLE I. Plane-wave basis kinetic energy cutoff and k-point
meshes used for the given supercell models of metal surfaces stud-
ied in this work.

Supercell

Kinetic energy
cutoff
�eV�

k-point
mesh

k-point
spacing
�1/a.u.�

Al�001�-c�2
2� 500 8
8
1 0.030

Mg�0001�-�3
3� 400 4
4
1 0.057

Cu�001�-c�2
2� 850 4
4
1 0.065

Ir�001�-c�2
2� 640 4
4
1 0.062

Rh�001�-c�2
2� 310 4
4
1 0.062

Ag�001�-c�2
2� 340 4
4
1 0.061

Pt�001�-c�2
2� 280 4
4
1 0.060

Au�001�-c�2
2� 360 4
4
1 0.058

FIG. 1. PDOS for Li 2s �top� and Li 2p �bottom� for a Li atom
10 a.u. above a top site on the Ir�001� surface. 0 eV and 2.1 eV
correspond to the 2s and 2p energy levels, respectively, of an iso-
lated Li atom. Li s-p mixing is observed.
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While our analysis follows the usual convention of work-
ing in the diabatic representation of pure Li 2s and 2p states,
we decided to quantify the extent to which interference ef-
fects may change the quantitative widths calculated. This is
accomplished by carrying out the projection of the DOS onto
an adiabatic basis comprised of a linear combination of the
isolated Li 2s and 2p atomic orbitals. The coefficients of
these atomic orbitals were chosen such that the PDOS only
display a single Lorentzian peak.22 The width of this reso-
nance corresponds to the inverse lifetime of the hybridized
Li ionization level. The transformation to an adiabatic basis
systematically increases the ionization level widths calcu-
lated from Eq. �3� by 	60%, for all atom-surface separations
investigated. It does not, however, change any of our conclu-
sions gleaned from the simple and intuitive expression given
in Eq. �3�, which therefore is employed in the rest of our
analysis.

Figure 2 shows the predicted fraction of Li s-p hybridiza-
tion �	2p� as a function of d-band proximity to the Li 2s
level, for cases where Li is situated 10 a.u. above an on-top
site on a variety of fcc�001� metal surfaces. Here we define
d-band proximity as the difference between the energy cor-
responding to the right d-band full width at half maximum
�FWHM� and the energy level of the Li 2s state. Large,
negative d-band proximity values in Fig. 2 correspond to
smaller overlap between the Li 2s level and the surface
d-band. Consequently, as the d-band proximity values be-
come less negative, the Li 2s surface d-band overlaps be-
come larger. We observe a nearly perfect correlation �linear
regression coefficient of 0.946� between Li s-p hybridization
�	2s� and d-band proximity, suggesting that the hybridization
is mediated by the d-band. The data shown in Fig. 2 are
generated using a more approximate DFT-PDOS method20 in
order to efficiently survey a large class of transition metal
surfaces.

Further evidence of transition metal surface-mediated
s-p hybridization is provided by examining the polarization
of the electron density for a Li atom outside the metal sur-
face. Figure 3, which displays representative electron density
difference ���� maps, reveals that electrons in metal surface
d-orbitals are involved in the polarization of Li. The quantity
�� is defined as the difference between density of the inter-
acting system ��int� and the sum of the densities of isolated
surface ��metal

0 � and an isolated Li atom ��Li
0 �, ��=�int

−�metal
0 −�Li

0 . Upon analyzing ��, we find that more than one
type of d-orbital contributes. For example, the hybridization
is mediated by the Cu 3dz2 orbital for Li near Cu�001�,
whereas the s-p mixing is induced by the Ir 5dx2−y2 orbital
for Li near Ir�001�. By contrast, while some charge polariza-
tion on Li is present near Al and Mg surfaces, it is not
enough to produce significant hybridization �as reflected in a
low 	2p�.

The strength of the mixing is also related to the position
and width of the d-band center with respect to the isolated Li
2s and 2p levels. The Ir and Cu d-band densities of states
shown in Fig. 4 indicate that the greater Li level mixing
induced by an Ir surface is due to the closer position of the
d-band center to the Li 2s and 2p levels. Late transition

FIG. 2. Fraction of Li 2p PDOS �	2p in Eq. �3�� as a function of
d-band proximity to the isolated Li 2s level. 	2p is calculated for Li
10 a.u. from each metal surface. Open d-shell transition metals ex-
hibit the largest mixing of the Li energy level widths. The horizon-
tal shaded area corresponds to the range of 	2p predicted from a
jellium model that includes the image potential.

FIG. 3. �Color online� Density difference plots for a Li atom 10 a.u. above top sites on four metal surfaces �Ir�001�, Cu�001�, Al�001�,
and Mg�0001��. These absolute differences represent up to 	7.5% changes in density, even at 10 a.u. away from the surface. Greatest
polarization of the Li 2s occurs above transition metal surfaces and the polarization around the transition metal atoms occurs in patterns
characteristic of d-orbitals.
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metals �Groups 8-10� with larger d-orbitals and open d-shells
most effectively induce mixing of the Li levels.

It is conceivable that the intra-atomic hybridization we
observe might be due simply to long-range image potential
effects induced by the metal surface. We tested this possibil-
ity by calculating the intra-atomic hybridization within a jel-
lium model that includes the image potential.9 This model
predicts small 	2p �0.007-0.011� for all metals investigated at
an atom-surface separation of 10 a.u., as indicated by the
shaded area in Fig. 2. These 	2p values are consistent with
our DFT-based predictions for metal surfaces lacking
d-electrons �e.g., Al and Mg�, but not with those for transi-
tion metal surfaces: the intra-atomic hybridization predicted
by DFT for the latter surfaces are much larger than predicted
by the image potential alone. These results further highlight
the importance of the d-band in mediating the Li s-p hybrid-
ization, since jellium does not account for any effects due to
d-electrons.

The amount of mixing not only depends on the character
of the surface but also on the distance of Li to the surface.
The fraction of 2p PDOS, 	2p in Eq. �3�, varies with Li-
surface separation and increases as Li approaches the sur-
face. For small Li-surface separations, the s-p hybridization

is substantial due to the large overlap between the surface
d-orbitals and the Li orbitals. In general, at each equivalent
Li-surface distance, Li s-p mixing was consistently much
greater for transition metal surfaces than for nontransition
metal surfaces.

The s-p hybridization of the energy levels has a notice-
able impact on the effective widths of the ionization level of
Li near transition metal surfaces. Figure 5 compares the Li
widths calculated using Eq. �3� to those obtained neglecting
the hybridization, as a function of Li atom-surface separation
outside Cu�001� and Al�001�. Including Li 2s-2p mixing has
little effect on the widths of Li near Al�001�, whereas for Cu
and metals with even more d-electron character, the effects
of Li hybridization are large and crucial for a proper descrip-
tion of the width of the ionization level of Li.

In conclusion, we find strong evidence for a d-band me-
diated intra-atomic hybridization that enhances the mixing of
the Li 2s and 2p states and greatly influences the width of the
ionization level of Li outside metal surfaces. These increased
widths in turn suggest higher electron tunneling rates outside
transition metal surfaces compared to nearly free-electron-
like surfaces, consistent with observed trends in chemical
reactivity, e.g., transition metals are better catalysts and tend
to corrode more easily. A previously developed DFT-based
deconvolution technique is used to extract the width of the
ionization level. A comparison between transition metal sur-
faces suggests that larger d-band overlap with the Li levels
facilitates greater Li 2s-2p mixing. The amount of level mix-
ing is also reflected in the extent of polarization of the Li
electron density. We show that accounting for this mixing is
critical for describing the widths of the ionization level of Li.
Lastly, validation of the fidelity of our predictions is pro-
vided by comparison with the most closely related experi-
mental data available. At a Li-Cu�001� distance of 6 a.u.
�close to a chemisorption distance, but large enough where
our theory is expected to hold�, we predict a lifetime of 8 fs
for the ionization level of Li, which compares well with mea-
sured lifetimes23–26 of 6 fs for Cs above Cu�001�.

We are grateful to the National Science Foundation
�E.A.C.; Grant No. CHE-0201588� and the Robert A. Welch
Foundation �P.N.; Grant No. C-1222� for support of this re-
search, and to Accelrys, Inc. for providing the CASTEP soft-
ware.

FIG. 4. Metal surface d-band DOS for a Li atom 10 a.u. above top sites on �a� Cu�001� and �b� Ir�001� surfaces. Vertical lines at 0 and
	2.1 eV represent the positions of the isolated Li 2s and 2p levels, respectively. Larger overlap of the d band with the Li 2s and 2p levels
correlates with larger mixing.

FIG. 5. Broadening of the ionization level of Li as a function of
distance from Cu�001� and Al�001�, including or neglecting
Li 2s-2p mixing �Eq. �3��. Although the Li energy level widths for
Li near Al�001� are only slightly affected by Li 2s-2p mixing, the Li
widths for Li near Cu�001� are significantly enhanced by account-
ing for the mixing.
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