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A detailed theoretical study of electron-phonon interaction in occupied and unoccupied Ȳ surface states on
Cu�110�, Ag�110�, and Pd�110� is carried out. We show that in the unoccupied surface state on Cu�110� and
Ag�110� the e-ph coupling parameter � is about three times smaller than that in the occupied surface state due
to distinct phonon modes that contribute to e-ph scattering. The difference in mechanisms of phonon-mediated
scattering for excited holes and electrons results from distinct spatial localization of occupied and unoccupied

states. In spite of both Ȳ surface states on Pd�110� are unoccupied they have spatial distribution similar to that
on other considered noble metal surfaces that leads to different phonon-mediated scattering in these states too.
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I. INTRODUCTION

Electronic surface states �SSs� play a crucial role in elec-
tronic and atomic processes on metal surfaces. SSs affect
work function of metals,1 increase the electron density in the
surface layers,2 thus influencing the relaxation of surface
layers3,4 and the energy shift of core electrons.5,6 SSs are
important for electron and hole dynamics on metal
surfaces7,8 and for epitaxial metal-on-metal growth
processes.9,10 Electronic excitations in SSs also play an im-
portant role in photodissociation and photodesorption pro-
cesses as well as in catalytic reactions.11,12 Of particular in-
terest are the �110� surfaces of fcc metals which show an
intrinsic structural anisotropy. It is well known that more
open crystal surfaces such as �110� of fcc metals or stepped
surfaces are generally more catalytically active than close-
packed surfaces.13 For example, Pd�110� is ten times more
active than Pd�111� for hydrogenation.14

The linewidth � of a SS is formed by three decay pro-
cesses: electron-electron scattering ��e-e�, electron-phonon
interaction ��e-ph�, and electron scattering by defects ��e-d�.
Thermal broadening of SSs originates primarily from the lin-
ear temperature dependence of the electron-phonon �e-ph�
coupling term.15,16 Additional thermal broadening is from
temperature-dependent part of �e-d, which depends on ther-
mal defect concentration.17,18 At zero-temperature limit the
e-ph contribution to � is normally of a few millielectron
volt, however, at room temperature �RT� it becomes one of
the most important contributions.

During the last decade, the e-ph interaction in surface
structures has been a subject of intensive theoretical and ex-
perimental investigations. Most of these investigations have
been performed for SSs formed on close-packed metal
surfaces15,16,19–27 while only few papers have been devoted
to the study of e-ph coupling in SS formed on the �110�
noble metal surfaces.28,29

Unlike �111� and �001� surfaces of noble metals, where

the energy gap at the �̄ point is determined by the projection
of bulk states in �L and �X directions, respectively, on the

�110� surface of these metals the energy gap is formed at the
Brillouin zone �BZ� boundary, at the Ȳ point, by the projec-
tion of bulk states along the direction which does not cross
the bulk BZ center.30,31 Two surface states are present in this
gap: the occupied �py like� and the unoccupied �s-pz like�
surface states. On Cu�110� the occupied surface state lies at
−0.51 eV below the Fermi energy �EF� �Ref. 29� and the
unoccupied one has energy of 1.7 eV.32 On Ag�110� the oc-
cupied SS has an energy of −0.106 eV �Ref. 33� while the
unoccupied SS lies at 1.6�0.2 eV above EF.34 The band
structure of Pd�110� is different from that of the �110� sur-
faces of copper and silver: the energy gap at the Ȳ point is
situated above the Fermi level and both surface states are
unoccupied.

The early estimation of �e-ph for the occupied SS on
Cu�110� had been done in temperature-dependent photoemis-
sion experiment.29 From the linear relationship between the
photoemission peak width and temperature the e-ph coupling
parameter �=0.23�0.02 was obtained. The estimation of
�e-ph for SSs on Ag�110� was performed by Dounce et al.28

by using temperature-dependent resonantly enhanced
second-harmonic generation �SHG� spectroscopy. They esti-
mated the d� /dT slope as 0.072�0.014 meV /K, which cor-
responds to �=0.13�0.02. It is important to note that �e-ph
as well as total surface-state transition linewidth obtained
from the SHG experiments includes contributions from
both surface states, and the obtained � is an average over
occupied and unoccupied states. These experimental
estimations28,29 of the e-ph coupling have not been supported
yet by the theoretical analysis.

In this paper we present the results of a detailed theoret-
ical study of the electron-phonon interaction of excited holes
and electrons in occupied and unoccupied surface states on
the �110� surface of noble metals �Cu, Ag, and Pd�. We do
not include the Au�110� surface into consideration since, in
contrast to Cu, Ag, and Pd, it is reconstructed. We show that

the e-ph coupling parameter � in the unoccupied Ȳ surface
state on the �110� considered noble metal surface is about
three times smaller than that in the occupied surface state due
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to distinct phonon modes providing e-ph scattering. We will
mainly focus on Cu�110� because of similarity of the scatter-
ing mechanism on the other �110� metal surfaces.

II. COMPUTATIONAL METHOD

The phonon-induced lifetime broadening of a surface
band state with momentum ki and binding energy �ki

, �e-ph,
is given by35

�e-ph�ki� = 2��
0

�max

��2Fki

E ����1 + n��� − f��ki
− ���

+ �2Fki

A ����n��� + f��ki
+ ����d� , �1�

where n��� and f��� are Bose and Fermi distribution func-
tions, respectively, �2Fki

E ��� and �2Fki

A ��� are Eliashberg
spectral functions that take into account both phonon emis-
sion �E� and phonon absorption �A� processes.

The strength of the e-ph coupling in one-electron state
�	ki

,�k,i� described by parameter �k,i is defined as the first
reciprocal moment of the Eliashberg spectral function
�2Fk,i��� �Ref. 35�

�k,i = 2�
0

�max �2Fk,i���
�

d� . �2�

The spectral function in quasielastic scattering approxima-
tion 
��ki

−�kf
��q,���
��ki

−�kf
� is given by

�2Fk,i��� =
1

�2��2� d2q	
�,f


�� − �q,��

� 
g�ki,k f,q,��
2
��k,i − �k,f� , �3�

where g�ki ,k f ,q ,��—the e-ph matrix element which reflects
the probability of electron scattering from the initial state 	ki
with energy �k,i to the final state 	kf

with energy �k,f by the
phonon �q,�. The sum in Eq. �3� is carried out over all final
electron states 	kf

and all possible phonon modes. The e-ph
matrix element is

g�ki,k f,q,�� = � 1

2M�q,�
�1/2

� 	ki

̂q,� · �RVsc
	kf

� ,

�4�

where M is the atomic mass, ̂q,� are the phonon polarization
vectors, and �RVsc is the gradient of the screened one-
electron potential with respect to atom displacements from
their equilibrium positions R.

In the present calculations we use an approach similar to
that used earlier for studying e-ph interaction in surface and
quantum-well states on the close-packed surfaces.18,21,24,36,37

This approach combines three independent approximations
to evaluate the e-ph coupling matrix elements �Eq. �4��.

�1� One-electron potential Vsc is represented by the Ash-
croft pseudopotential38 screened within Thomas-Fermi ap-
proximation. We used experimentally derived core radius in
the Ashcroft pseudopotential for Cu and Ag and fit it for

palladium to reproduce ab initio calculated27 � for the �̄
surface state on Pd�111�.

�2� To calculate phonon spectrum we used embedded
atom method interatomic potentials. To simulate a semi-
infinite �110� fcc metal surface a thin-film model of a two-
dimensional �2D� periodic slab consisting of 33 atomic lay-
ers is used. The same slab thickness we use to calculate
electronic band structure. The chosen thickness prevents in-
teraction between two opposite surfaces of the film. The cal-
culations of vibrational spectra are carried out by the dy-
namical matrix method. Diagonalization of the matrix gives
the eigenfrequencies and the polarization vectors of vibra-
tions. The local vibration densities of states FX,Y,Z��� were
obtained by projecting these eigenmodes onto the surface
atoms in a given �X, Y, and Z� direction.

�3� To describe electronic band structure of the �110� sur-
face we used a 2D model proposed recently.30,31 Unlike
�001� and �111� surfaces, which can be described by a
pseudopotential varying in the direction perpendicular to the
surface only,39 the description of band structure of the �110�
surface requires a two-variable-dependent pseudopotential.
This pseudopotential is given by30,31

V�y,z� = V�0��z� + V�1��z�cos�2�

a
y� , �5�

where a is the lattice parameter. In this model the wave func-
tions are written as

	k�r� =� 1

�0N�

eikxx	
gy

ei�ky+gy�y�ky

gy�z� , �6�

where �0 is the square of the 2D unit cell, N� is number of
atoms in the layer, and gy = 2�

a n �n is integer�. The fitting of
the pseudopotential parameters for the �110� surface of noble
metals was performed in Refs. 30 and 31. To eliminate the
effect of finite slab thickness �discreteness of the bulk elec-
tronic bands� we employ sufficiently large �1�10−2 Ha�
Gaussian broadening parameter in 
��� smearing in evalua-
tions of the spectral function �Eq. �3��.

The e-ph matrix element within this model can be written
as

g�ki,k f,q,�� = � 1

2M�q,��0
�1/2

	
gy

i ,gy
f
� dz�

i,ky
i

gy
i

�z�

� G��q,G�,gy
f − gy

i ,z��
f ,ky

f
gy

f

�z� . �7�

Here

G��q,G�,gy
f − gy

i ,z� = 	
R�,z

̂q,��R�,z�

� F0�qx + Gx,qy + Gy + gy
f − gy

i ,z − R�,z�

� e−iGxR�,xe−i�Gy+gy
f −gy

i �R�,y , �8�

where � is a number of atomic layer in the slab

F0�k,z� = − ikVsc�k,z� + ẑ
d

dz
Vsc�k,z� �9�

and G� is the 2D reciprocal lattice vector, which fulfills the
relation
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��k f − ki� = q + G� , �10�

where plus and minus signs correspond to the phonon ab-
sorption and emission processes, respectively.

III. CALCULATION RESULTS AND DISCUSSION

The calculated phonon dispersion curves along the high-
symmetry directions of the two-dimensional Brillouin zone
for Cu�110� are shown in Fig. 1, where the surface modes
and their polarization are denoted by color lines. The embed-
ded atom interatomic potentials describe the phonon spec-
trum of the Cu�110� as well as Ag�110� and Pd�110� in good
agreement with available experimental data and other theo-
retical results.40,41 One can also note that the vibrational
spectra of all the surfaces considered are alike.

The electronic band structure obtained by using the model
pseudopotential for the Cu�110� surface is schematically
shown in Fig. 2. Possible transitions of the excited electron
in the unoccupied SS1 state or the hole in the occupied SS2
state due to scattering by phonons to the bulk electron states
are illustrated by arrows.

In Fig. 3 the calculated Eliashberg function for unoccu-
pied and occupied surfaces states on Cu�110� is shown to-
gether with the direction-projected local densities of phonon
surfaces states and charge-density distribution of these elec-
tronic surface states. The �2F��� of the unoccupied state is
mostly determined by Z-polarized vibrations of the first
atomic layer atoms. These vibrations couple to the SS1 which
is mostly localized just above the surface atoms. In particu-
lar, the main sharp peak of the Eliashberg function at 12.5
meV results from the strong localized surface phonon Z
mode, which extends over the BZ boundary below the bulk
phonon spectrum �Fig. 1�. The integration of the inverse
frequency-weighted spectral function for this state in accor-
dance with Eq. �2� gives e-ph coupling parameter �=0.08.

The frequency distribution of �2F��� for the SS1 state is
similar to that for the �̄ surface state on the �111� noble metal
surfaces18,21,24 where vertical vibrations of the surface atoms
�Rayleigh mode� provide a sharp peak and give a main con-
tribution to the total phonon-induced decay. This similarity
results from analogous charge-density distribution of the s-pz
surface state on the �111� surface.

Contrary to the previous case, where the Eliashberg func-
tion has the sharp dominating peak, �2F��� for the occupied
surface state �Fig. 3�b�� is broad and has several peaks. This
leads to significantly higher e-ph coupling parameter, �
=0.24. This value is in close agreement with �=0.23�0.02
obtained by Straube et al. from the measured temperature-
dependent photoemission data for Cu�110�.29 �2F��� of the
occupied state is mainly formed by scattering processes pro-
vided by the Y-polarized vibrations of the first-layer atoms
together with the Z-polarized phonon modes localized at the
second-layer atoms. The first intense peak of �2F��� at
�7 meV results from the mixed �Y1 and Z2� vibration mode

localized in the vicinity of the Ȳ point �see Fig. 1�. The next
higher frequency peak of Eliashberg function at �11 meV is
predominantly determined by the Y-polarized vibrational
mode �located below the bulk phonons� localized at the first
atomic plane, mainly by a flat part of this band in the vicinity

of the S̄ symmetry point of the BZ. The peak at 15.8 meV as
well as the peak at �20 meV results mostly from scattering
by the Z-polarized phonon resonances localized at the second

layer at the X̄ point at the bottom of bulk phonon spectrum
and at the �X direction, respectively. The structure at
�20 meV has also contribution from scattering by the

Y-polarized surface phonon mode localized in the Ȳ gap.
The different mechanism of the phonon-mediated scattering
for excited hole in the occupied surface state with respect to
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FIG. 1. �Color online� Phonon-dispersion curves for the Cu�110�
surface. The surface modes are shown by color lines: green, red,
and blue lines are X, Y, and Z polarized modes, respectively. Solid
lines correspond to vibrations localized mainly in the first layer
while dashed ones denote the modes localized mostly in the second
layer.
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FIG. 2. �Color online� Schematic surface band structure of

Cu�110�. The white area is the Ȳ band gap supporting the SS states,
the gray area represents the bulk electronic bands projected onto the
Cu�110� surface. Solid and dashed black lines correspond to unoc-
cupied �SS1� and occupied �SS2� surface states, respectively. The
red arrows indicate the phonon-mediated excited electron �hole�
transitions from the SS1�SS2� state at Ȳ to the bulk states.
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that for electrons in the unoccupied state results from differ-
ent spatial localization of these states. The maximum of the
SS2 charge density is localized just above the second-layer
atoms while the maximum of the SS1 charge density is situ-
ated above the first-layer atoms. Thus, these states are related
to different atomic chains of the �110� surface and maxima of
charge density of the occupied state lie at minima of the
unoccupied state. As a result of this, the distinct vibrational

displacements contribute to the quasiparticle decay in these
states.

The scattering picture for the occupied SS is rather similar
to that in 1ML Na/Cu�111� quantum well �QW�.36,42 In the
latter system the scattering of excited holes localized in the
sodium QW is mainly due to coupling with the in-plane vi-
brations of Na atoms and with the Z-polarized vibrations of
the top Cu substrate layer atoms.

The similar values for the e-ph coupling parameters were
obtained for occupied and unoccupied surface states on the
Ag�110� surface �see Table I�. It should be noted that the

simple average of the calculated values of � for both Ȳ sur-
face states on Ag�110� agrees well with �=0.13�0.02,28

which includes contributions both from occupied and unoc-
cupied surface states. Despite the unoccupied character of
the lower SS on Pd�110� the general trend, namely, a small
�SS1

and significantly bigger �SS2
, is also obtained for this

surface. However, both �SS1
and �SS2

are smaller than the
respective e-ph coupling parameters on Cu�110� and
Ag�110�. This can be explained by smaller density of bulk
electronic states involved in the phonon-mediated SS elec-
tron scattering on Pd�110�. This tendency is in accordance
with the density-functional perturbation theory calculation

result for electron-phonon coupling parameter in the �̄ unoc-
cupied surface state on Pd�111�,27 which was obtained to be
0.08, significantly smaller compared to � in the respective
occupied SS on Cu�111� and Ag�111�.21,27

T (K)

�
e-

p
h
(m

eV
)

FIG. 4. Temperature dependence of the phonon-induced lifetime
broadening, �e-ph, for the unoccupied �solid line� and occupied

�dashed line� surface states at the Ȳ symmetry point on Cu�110�.
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FIG. 3. �Color online� Electron-phonon Eliashberg spectral

function �2F��� for the Ȳ �a� unoccupied and �b� occupied �black
lines� surface states on Cu�110�. The Y �red line� and the Z �blue
line� direction projected surface phonon densities of states F��� for
the first- �solid line� and the second- �dashed line� surface layers are
shown. Charge-density distribution for the �a� unoccupied and �b�
occupied surface states are given in a logarithmic scale. Grey balls
denote projections of atoms of a real crystalline fcc structure onto

the �11̄0� plane. Red and blue arrows show Y and Z polarization
vectors of the surface phonons which mostly contribute to the e-ph
scattering.

TABLE I. Calculated electron-phonon coupling parameter.

Cu�110� Ag�110� Pd�110�

SS1 0.08 0.08 0.03

SS2 0.24 0.28 0.17
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Figure 4 shows the calculated linewidth of unoccupied
and occupied surface states on Cu�110� as a function of tem-
perature. At zero-temperature limit, �e-ph=4.2 meV obtained
for the excited electron is significantly smaller than �e-ph
=9.6 meV calculated for the excited hole. For temperatures
above 100 K the computed temperature dependence can be
described by using high-temperature asymptotic behavior
�e-ph=2��kBT, which can directly be obtained from mea-
surements of temperature dependence of the linewidths of
the surface states. At RT the difference between hole and
electron �e-ph amounts to 26 meV. This value is comparable
with the electron-defect scattering contribution to the line-
width �30 meV� obtained for Au�111� at RT �Ref. 18� and is
significantly higher than the electron-electron contribution in
the noble metal surface states.8

IV. CONCLUSION

We have presented results of comparative study of the
electron-phonon scattering of excited holes and electrons in

occupied and unoccupied Ȳ surface states on Cu�110�,
Ag�110�, and Pd�110�. We show that in the unoccupied sur-
face state on Cu�110� and Ag�110� the e-ph coupling param-

eter � is about three times smaller than that in the occupied
surface state due to distinct phonon modes that contribute to
e-ph scattering. The calculated e-ph coupling parameter for
the occupied SS on the Cu�110� agrees well with the value
obtained from the temperature-dependent photoemission
measurements.29 The difference in mechanisms of the
phonon-mediated scattering for excited holes and electrons
results from distinct spatial localization of occupied and un-
occupied states. As a result, the different vibrational dis-
placements contribute to the quasiparticle decay in these

states. In spite of both Ȳ surface states on Pd�110� are unoc-
cupied they have spatial distribution similar to other consid-
ered noble metal surfaces that leads to different rates of the
phonon-mediated decay in these states.
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