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Excited electron dynamics in Cu nanowires supported on a Cu(111) surface
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We present a theoretical study of the excited electron dynamics in infinite Cu monoatomic chains (nano-
wires) supported on a Cu(111) surface. A joint approach based on the wave packet propagation and the density
functional theory is used. The nanowire-induced potential obtained from ab initio density functional theory
calculations serves as an input for the wave-packet propagation study of the excited electron dynamics. The

energy dispersion and the lifetime of an unoccupied one-dimensional (1D) nanowire-localized electronic band
with sp character are obtained. From the group velocity and lifetime of the 1D sp-band states, it follows that
an excited electron can travel about four to five atomic sites along the nanowire before its escape into the bulk.
We show that the surface projected band gap and the surface Brillouin zone backfolding of the substrate states
play a fundamental role in the lifetime of the nanowire-localized states.

DOLI: 10.1103/PhysRevB.79.115438

I. INTRODUCTION

Artificial nanostructures at surfaces resulting either from
self-organization of adsorbed species'™ or atom-by-atom
building with scanning tunneling microscope (STM)
manipulation*~¢ attract considerable interest from both fun-
damental and practical points of view. Indeed, studies of
quantum corrals”" and quantum mirages!®!%16-18 showed
that nonmagnetic and magnetic nanostructures can be built
with tailored electronic properties. In the above examples,
the underlying physics consists in the quantization of the
two-dimensional (2D) continuum of the intrinsic surface
state by the corral structure.”® Similarly, electron confine-
ment of 2D surface state, image potential states, and quan-
tum well continua has been also observed in adatom and
vacancy islands,'®?® and in terraces bounded by steps.?’-0
Along with modification of the substrate states, artificial
nanostructures can lead to the appearance of new electronic
states such as has been observed for the monoatomic chains
at surfaces—subject of the present theoretical study.

Metal monoatomic chains were built recently with STM
manipulation at various substrates.’'~#*0 The atom-by-atom
construction of the chain allowed to follow the evolution of
its electronic properties with the chain length and link them
to the electronic properties of a single metal adatom. Thus,
Cu adatoms on Cu(111) surface and similarly Au and Pd
adatoms on NiAl(110) surface induce an adatom localized
resonance in the electronic density of states above the Fermi
level and inside the surface projected band gap of the sub-
strate. The latter characteristic is of central importance, as
explained below. As shown by ab initio studies,>**1=*3 an
adatom-localized resonance is formed by the hybridization of
the sp adatom orbitals. When the adatoms are aligned into a
chain, the sp resonances located at neighboring sites are
coupled. For an infinite chain (called a “wire” below), a one-
dimensional (1D) sp-band of excited electronic states ap-
pears. For a finite-size chain, the excited electronic states
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correspond to the quantization of the 1D sp-band by the
chain boundaries. This is supported by the comparison be-
tween an ab initio studies’**!*3 and experimental data, as
well as by the successful description of the experiment by
simple models based on the above picture.3!32383 Recently,
it was also shown that in the case of a circular closed line of
Cu adatoms (a circular corral) on Cu(lll), an excited sp
resonance appears delocalized on the curved line of adatoms;
the presence of this excited state was shown to significantly
alter the energy spectrum and the lifetime of the surface state
confined inside the corral.*

In the case of a straight atomic line, an excited electron
injected into the 1D sp-band would propagate along the
atomic chain for some distance before it vanishes into the
substrate. Obviously, this system is a surface-supported ana-
log of the freestanding nanowires or of the nanowires con-
necting metal leads thoroughly studied over the last
years®~* because of their possible applications in nanoscale
electronics®® as well as the possibility of using them as gas
sensors.’! For any system thought to serve as a wire for
nanoelectronic applications, the ability to support an electron
flux is crucial. While for freestanding nanowires or nano-
wires connecting metal leads the major phenomena control-
ling the electronic properties and conductivity are quite well
understood,>*>>>* metal supported monoatomic chains have
been mostly studied only from the point of view of the en-
ergies of their electronic states.>*3%41:35 It has been shown
that the dispersion of the 1D sp-band can be well described
with a tight-binding (TB) modeling only including the elec-
tronic states localized on the chain atoms.3*3%341 This is a
remarkable result since, for e.g., a Cu atom in the Cu wire
supported on the Cu(111) surface, one expects similar cou-
plings with its two neighbors in the wire and with its three
nearest neighbors in the substrate. (We assume fcc adsorp-
tion sites for the chain atoms.?*) Thus, instead of propagating
along the wire, an electron would rather escape into the sub-
strate. It has been argued that owing to the projected band
gap of the substrate, the nanowire-localized states are partly
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decoupled from the substrate which directly affects their
lifetimes.>>*#! Indeed, excited states at metal surfaces decay
via energy-conserving one-electron transfer into the con-
tinuum of the electron states of the substrate and via many-
body energy relaxation.”® Decoupling from the continuum of
the electronic states of the metal a priori should increase the
lifetime of the nanowire-localized states, as was reported for
the alkali adsorbate induced resonances on the (111) surfaces
of noble metals.’’-®! The detailed study of the lifetimes of
the nanowire-localized states appears timely, since the life-
time determines how long an excited electron can propagate
along the nanowire, i.e., whether an atomic wire on a metal
surface can be considered as an almost independent entity, or
simply as a protruding part of the substrate.

In a recent work,%? we have studied the energy and life-
time of the excited 1D sp-band of the electronic states local-
ized on a monoatomic Cu wire supported on the Cu(111)
surface. Scanning tunneling spectroscopy (STS) data have
been compared with theoretical calculations for electron mo-
menta along the wire k, up to 0.4 a.u. Supported by the good
agreement with experimental data, the calculations could un-
ravel the role of the surface-projected band gap of Cu(111) in
(partially) decoupling the nanowire from the substrate, and
thus stabilizing the nanowire-localized states. As a result of
the projected band-gap effect, we found that an electron in-
jected into the sp-band can travel a distance up to 12
A before it escapes from the nanowire into the substrate.

The present contribution extends the study of Ref. 62 in
several aspects. (i) The energy dispersion and the lifetime of
the 1D sp-band of the Cu-wire/Cu(111) system is computed
in a broad range of k.. This allows to reach the regime where
the surface Brillouin zone backfolding leads to a dramatic
increase in the energy-conserving resonant electron transfer
rate from the 1D sp-band into the electronic states of the
substrate. Correspondingly, the lifetime of the 1D sp-band
states decreases. [See Ref. 63 for a similar effect in the case
of the 2D quantum well states in p(2 X 2) Cs and Na ordered
overlayers on Cu(111).] (ii) The different decay paths of the
nanowire-localized states are analyzed. It is shown that the
electron escapes from the nanowire into both the 3D con-
tinuum of the propagating bulk states and the 2D continuum
of the Cu(111) Shockley surface state. The surface state is
the dominating decay channel for low k, values when the 1D
sp-band of nanowire localized states is outside the back-
folded bulk continuum. (iii) Finally, a detailed account of the
theoretical methods and approaches used in the calculation
of the nanowire-localized states is presented.

The paper is organized as follows. In Sec. II the theoret-
ical approaches are detailed. Section III presents the results,
their discussion and comparison with recent experimental
data. We end with some conclusions in Sec. I'V. Throughout
the paper, atomic units are used in equations, unless other-
wise stated.

II. THEORETICAL METHODS

The system under study is schematically represented in
Fig. 1. The Cu adatoms occupy the fcc adsorption sites on a
Cu(111) surface and form an infinite monoatomic wire struc-
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FIG. 1. (Color online) Schematic representation of a Cu nano-
wire supported on a Cu(111) surface. The Cu atoms in the wire are
adsorbed in fcc sites of the surface and along one of the (110)
directions. For the sake of clarity, the Cu atoms forming the wire
and the substrate Cu atoms appear in different colors (red and blue
respectively in the online version).

ture. The nanowire is along one of the (110) directions of the
surface with the nearest-neighbor distance of L=a/\2
=2.55 A between Cu adatoms in the wire (@=3.59 A is the
lattice constant of Cu). With the above geometry, the present
system is an infinite analog of the finite-size Cu chains stud-
ied experimentally by STM and STS.3*3 The distance be-
tween the Cu nanowire and the last layer of surface atoms is
1.92 A, as obtained here.

The dynamics of an excited electron in the nanowire is
studied within a one-electron wave packet propagation
(WPP) approach. The potential in which the excited electron
evolves is obtained via a mixed approach in which the
nanowire-induced potential is obtained by ab initio density-
functional theory (DFT) calculations and the Cu(111) surface
is represented with a model potential.** A description of the
WPP technique can be found in Refs. 56 and 65 and refer-
ences therein. The method employed here for the construc-
tion of the total potential of the system is described in Refs.
42, 66, and 67. Thus, we limit the description below to the
points specific to the present study.

A. Time propagation

The core of the WPP consists in the direct solution of the
time-dependent Schrodinger equation for the wave function
of the excited electron W(r,7) represented on a 3D mesh in
Cartesian coordinates r=(x,y,z). The z axis is chosen along
the wire, and the x axis is normal to the surface and goes
through the center of the Cu-wire atom placed at the coordi-
nate origin (see Fig. 1). The system is periodic along the wire
(z coordinate) so that W(r,7) can be represented in a Bloch
form:

We.d) = ey (), ()
with
wkz(x’y’z-'-L?t) = wkz('x’y’z’t)- (2)

The time evolution of ¢ (r,7) is governed by the Hamil-
tonian H; : '

.ﬁl//kz(r’t)
j—

ot :szl/sz(r,t), (3)

where
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T, is the “effective” kinetic energy operator. V(r) is the total
potential acting on the electron. It is given by

V(x,y,Z) = VS(x) + VW(x’y’Z) + VAbs(xiy)’ (5)

where V(x) is the model electron-surface interaction poten-
tial proposed by Chulkov ef al.%* This potential depends only
on the electron coordinate x perpendicular to the surface and
correctly reproduces the main physical features of the

Cu(111) surface at the T point: the projected band gap be-
tween —5.83 eV and —0.69 eV (all energies are measured
with respect to the vacuum level), Shockley-type surface
state at —5.27 eV, first image potential state at —0.82 eV.
Vw(x,y,z) is the nanowire-induced potential obtained from
the ab initio DFT calculations described below. Vap (x,y) is
an absorbing potential.®® Placed at the x boundary of the
computational mesh deep inside the metal and at both y
boundaries, Vaps(x,y) imposes the outgoing wave boundary
conditions consistent with the search for the nanowire-
localized quasistationary states.

Provided an initial condition ¢ (r,7=0)=y(r), the time
evolution is obtained by numerical short time propagation
with a typical propagation time step Az=0.05 a.u. The
“split-operator” technique®®’? is used:

l//kz(l',t+ Al) — e'iVA’/ze'iTsz’e'iVA’/zwkz(r,t). (6)

The action of the ¢™*V2”2 operator on the wave function is

local. The action of the e""«A" operator is calculated with the
Fourier grid pseudospectral method.”!72

The nanowire-localized quasistationary states appear as
exponentially decaying resonances of the system. Their en-
ergies E and decay rates I' can be extracted from o(w), the
density of states projected on the initial state (PDOS),

%

1 -
o(w)=—Re f " HMIA (1) dt . (7)
w

0 7n—+0

where the survival amplitude, A(z), is defined as
A(t) = (hy(r)| iﬂkz(l',t»- (8)

The resonances are associated with Lorentzian structures in
o(w). Note that within the present one-electron picture the
width of the resonance is equal to its decay rate. Once the
resonance energy E is known, the corresponding wave func-
tion can be extracted from the WPP calculation through

Yp(r) = f i EE (r,1)dt. 9)
0

The propagation time required to reach the convergence of
the PDOS can be extremely long when long-lived states are
present. In this case, E and I' can be obtained via the direct
fit of A(f) to a sum of several exponentially decaying terms
(see Ref. 56 for details).
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Obviously, an appropriate choice of the initial wave
packet #(r) can considerably ease the extraction of the en-
ergies and widths of the quasistationary states. In this work
we are interested in the quasistationary 1D sp-band of the Cu
wire, which is formed by the hybridization of the sp orbitals
located at the individual Cu atoms of the wire and is polar-
ized perpendicular to the surface. Accordingly, we have per-
formed WPP calculations with an initial wave packet given
by

Yo (x) = xe~ 0B (10)

i.e., mimicking the p, orbital centered on the Cu atom of the
wire. The parameter b was set equal to 12.5 aj.

B. Nanowire-induced potential

The nanowire-induced potential Vy, has been obtained
from ab initio DFT studies of the clean Cu(111) surface and
Cu-wire/Cu(111), in a methodology similar to the one carried
out in Refs. 42, 66, and 67. For the DFT calculations, we
used a plane-wave pseudopotential method as implemented
in the VASP code.” For an efficient and straightforward gen-
eration of Vy, in the wave packet propagation, we used a
nonlocal norm-conserving pseudopotential Vpp of Kleinman-
Bylander type’* to describe electron-Cu core interactions.
This potential has the general form

Vep = Viee + 2 |[VIXV, (11)
/

where V. is the local part and |V,) is the nonlocal projector
with angular momentum component /. The exchange and
correlation interactions were treated within a local-density
approximation (LDA).”>7¢ The Cu surface was represented
by a slab containing four Cu layers, a 8.3 A vacuum region
(in the direction perpendicular to the surface, x) and a
4% 1 surface unit cell (y and z directions, respectively). The
adsorption height of the Cu atom in an fcc hollow site on the
Cu(111) face of the slab was optimized, whereas the surface
atoms were fixed at their bare surface equilibrium positions.
We obtained an adsorption distance of 1.92 A between the
nanowire and the surface layer of Cu atoms. Comparing the
DFT calculations on the clean Cu(111) surface and on the
atomic chain+Cu(111) systems, we extract various quanti-
ties induced by the presence of the Cu atomic chain. Note
that the substrate atoms were not allowed to relax in the
compound system to facilitate the computation of the wire-
induced quantities.

With the density-functional inputs, the wire-induced po-
tential Vy, is calculated from the nonlocal part of the Vpp
potential, the wire-induced Hartree potential Vi and the
induced exchange-correlation potential V'™, Several steps are
followed.

(1) The wire-induced total charge density @™ verifying
the constraint of the charge neutrality is calculated as

ind

) 1
de == [nwire - nO] + 4_Avloc’ (12)
o

where n;. and n, are the electron densities of the surface
with a wire and the bare Cu(111) surface, respectively. Thus,
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the term in the square brackets corresponds to the wire-
induced electronic density. The last term is obtained via in-
version of the Poisson equation (A is the Laplace operator).
It represents the positive charge density responsible for the
Viee potential. Note that V). is the local part of the pseudo-
potential describing an electron interaction with the Cu atom
in the wire. It is acting on the electron and so includes the
negative electron charge. A

(2) The wire-induced exchange-correlation potential V™
is calculated as

Ve = Vi = Vi (13)

where V¥ and V°_ are the exchange-correlation potentials
of the surface with a wire and of the bare Cu(111) surface,
respectively. A

(3) Both @™ and V™ obtained from Egs. (12) and (13)
are well confined in x and y directions inside the DFT-
calculation supercell and they are represented on the same
grid of Cartesian coordinates as in the VASP code. The V™ is
then projected on a plane-wave basis allowing the direct in-
terpolation on the Cartesian grid used in the wave packet
propagation. ‘

(4) The wire-induced Hartree potential V19 is given by the

Poisson equation with 0" as a source:

AV = — 4™, (14)

Equation (14) is solved with a pseudospectral approach. Us-
ing the periodicity of the system in the z direction, Eq. (14)
can be recast in the following form in cylindrical coordinates
r=(p,¢,2):

ﬁz m2 - \2 ind . ind .
ot et (9 |V (m, jG.p) = 4mo™(m,jG,p),
_ J
AVl
T (15)

where m and j are integers, G=27/L is the reciprocal lattice
vector along the nanowire (L is the period). The expansion
coefficients Vi2%(m, jG, p) and 0™4(m,jG,p) are defined as

. 1 . o
Viip @.2) = =2 Vig'Om,jG, ple™#ei%,

NP m,j

. 1 . -~
0™ (p,p,2) = =2 @™(m. jG,p)e™ . (16)

NP m,j

A three-point finite difference method with zero boundary
conditions in p is used to obtain the matrix representation of
the 7, operator’’ inside a cylinder with a radius of several
hundreds atomic units. Equation (15) is then solved for each
m and j, and ng is calculated on the WPP mesh from Eq.
(16). It is worth mentioning that using the total induced
charge density ™™ keeps the calculation cell neutral, avoids
the logarithmic divergence of the potential at large p, and
allows an efficient implementation of the above procedure.

With all the above definitions, the wire-induced potential
used in our WPP study has the form

PHYSICAL REVIEW B 79, 115438 (2009)
V= V4 yind S VY. (17)
1

Obtained in this way, ViHnd and therefore Vy, is free from
artifacts due to the supercell periodicity of the DFT calcula-
tion, particularly in the y direction along the surface.

It is worth noting that the spatial grid used in the WPP is
much larger than the supercell used in the DFT calculations.
Thus, the band structure of the semi-infinite substrate can be
fully accounted for. In addition, the WPP calculation of the
energies and widths does not suffer from the quantization of
the continuum states in the finite box, since the optical ab-
sorbing potential imposes the proper outgoing wave bound-
ary conditions. The WPP calculation can then yield the life-
times of the quasistationary states in the system. Typically
the WPP grid covers the 3D box: -149.875<x
<41.875 a.u. perpendicular to the surface, —95.875<y
<95.875 a.u. parallel to the surface and perpendicular to the
wire, and —2.398 <7<2.398 a.u. along the wire (see Fig. 1).
The optical absorbing potential occupies a 50 a.u. region at
the negative x and both y extremities of the mesh. The uni-
form grid comprises N,=768 X N,=768 X N,=24 points.
With the periodicity introduced in the z direction we thus
describe the problem of an infinite Cu wire. Systems with a
finite number of Cu atoms such as dimers or trimers are out
of the scope of the present work. Though, the present results
of the infinite chain can be compared with experimental data
of finite-size chains, obtained via the analysis of their elec-
tronic states in terms of confined states in the chain.?*

The construction of the effective electron potential, as de-
scribed above, superimposes a model Cu(111) effective po-
tential from Ref. 64 and a wire-induced potential determined
from DFT calculations. The choice of this construction pro-
cedure has several advantages. First, the splitting of the ef-
fective potential in two parts is physically transparent. It is
well suited to study the properties of electronic excited states
as has been shown, e.g., in the previous study on Cu
adatoms.*? In particular, it allows to get rid of the supercell
geometry to study a single Cu chain and, thus, to efficiently
describe the excited state decay (charge transfer between the
Cu wire and the substrate). Second, the choice of a one-
electron model potential for the clean Cu(111) surface allows
us to easily include the correct image potential and surface/
image state energies, which are not described in general by
density-functional calculations based on local or semilocal
exchange-correlation functionals, although more refined ap-
proaches can handle this problem.”®’® Third, the full infor-
mation about the wire-induced potential, which is one of the
key ingredients in the present study, is retained from the
density-functional calculations.

III. RESULTS AND DISCUSSION
A. Energy of the nanowire-localized 1D sp-band

Energetics of the system under the study is summarized in
Fig. 2. The calculated energies of the 1D sp-band states are
presented together with those of electronic states of the clean
substrate. The system is periodic in z, the coordinate along
the nanowire. In order to emphasize the dynamics and in
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FIG. 2. (Color online) Electronic structure of the Cu nanowire
on Cu(111) system as a function of the electron momentum parallel
to the surface. The figure presents the substrate states: Shockley
surface state (dashed blue line) and 3D propagating bulk states as
well as the 1D sp-band states localized on the nanowire (black
squares and full black line). The energies are shown with respect to
the vacuum level. The left part of the figure shows the energy as a
function of k, (the electron momentum parallel to the surface and
perpendicular to the wire) for k=0 (k, is the electron momentum
along the wire). The right part of the figure shows the energy as a
function of k.. The substrate states are shown for k,=0 in the right
panel.

particular the decay of the quasistationary states, we present
a double figure showing the energy of the various states in
the problem, as functions of ky and k,, the electron momen-
tum projections on the two axes parallel to the surface. Be-
cause of the symmetry, only the energies corresponding to
the positive wave-vector values are shown.

Two sets of electronic states of the clean Cu surface ap-
pear in the figures:

(i) The propagating 3D bulk states of the clean substrate
have the following energy dispersion:

Esplkykyk) = E(k,) + k12 + K2/2. (18)

E(k,) is the eigenenergy of the Bloch wave in the V(x)
model potential used here® and thus contains the informa-
tion on the Cu band structure in the I'L direction. Within the
model potential,** the motion parallel to the surface is free-
electron like. In the left panel of Fig. 2, the energy of the
bulk states E;p(k,,k,,k.) is shown for k,=0, and in the right
panel of Fig. 2 for ky:O. The hatched area represents the k,
continuum of electronic states. Note the surface-projected
band gap between —5.83 eV and -0.69 eV for k,=0 and
k,=0.

(ii) The 2D Shockley-type surface state corresponds to an
electron located at and propagating along the surface.® Its
energy is inside the projected band gap of the substrate, and
it is given by

PHYSICAL REVIEW B 79, 115438 (2009)

Enplky.k) = Eg+ k2 + k212, (19)

with E¢=-5.27 eV.

The nanowire localized 1D sp-band appears inside the
projected band gap of Cu(111). The sp-band states are local-
ized in the y direction and so they do not disperse with & ;
the sp-band is thus shown as a straight line in the left panel
of Fig. 2. In the right panel of Fig. 2, the calculated energies
E,p of the 1D sp-band states are shown as function of k,, the
electron wave vector along the nanowire. The energy disper-
sion appears basically parabolic. Fitting the calculated ener-
gies in the low k, region with

Ep(k,) = Ey+ k2/2m* (20)

gives Ey=-4.07 eV and m*=0.5, i.e., 50% of the free elec-
tron mass. The 0.5 value is quite close to the effective mass
of the Cu(111) surface state, for which m*=0.412 has been
reported from photoemission studies.?' This 1D dispersion is
thus consistent with electron jumps along the Cu chain with
a Cu-Cu distance equal to that in bulk Cu. An effective mass
smaller than 1 has been also observed experimentally for
different supported metallic wires,3!-3%3437.82

Now let us turn to a specific feature linked with the peri-
odicity of the system in the z direction (right panel of Fig. 2).
At the 1D Brillouin zone boundary (k.= *=G/2), the 1D sp-
band splits into a lower and an upper branch with a band gap
of ~2 eV. The width of the lower energy subband is
~5.5 eV. This behavior is typical of a nearly free-electron
system. The substrate electronic bands (3D bulk band states
and the surface state) are backfolded at k,=*£G/2, however,
without band gap opening. Indeed, the continuum of sub-
strate states is not modified by the presence of a single nano-
wire. The band backfolding appears as a result of mathemati-
cal constraint where, with periodic boundary conditions, one
can choose between extended (—»=K_ = +%) or reduced
(-G/2=k,=+G/2) band-structure representations. The up-
per branch of the folded bulk band in the figure corresponds
to the K.=k,—G states of the extended band structure (K, =<
—G/2). The corresponding energy relation is given by

Esplkok,.K,) = E(k) + K2 + (k- G)/2. (21)

The band backfolding effect tends to partially close the pro-
jected band gap of the substrate or at least to partially soften
its effect (see a more precise discussion below). The
nanowire-localized 1D sp-band states appear in resonance
with (k,=0, K,=k,~G) states of the 3D bulk for some values
of k, (crossing between the 1D sp-band dispersion curve and
the states of the folded 3D band in the right panel of Fig. 2).
The presence of the projected band gap and 3D band back-
folding have very strong effects on the lifetimes of the
nanowire-localized states as discussed below. At this point,
one can also stress that, in the present work using the model
potential representation of the Cu(111) substrate from,% the
dispersion of the substrate states parallel to the surface cor-
responds to a free-electron motion and not to the proper ef-
fective mass. As a consequence, the actual k, region where
the band backfolding influences the system dynamics might
be different from the one found here.
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FIG. 3. Decay rate of the resonant sp state localized on a Cu
wire supported on a Cu(111) surface as a function of the wave
vector parallel to the wire, k..

B. Decay of the nanowire localized 1D sp-band states

The calculated resonant charge transfer (RCT) decay rate
I' of the nanowire localized states is presented in Fig. 3 as a
function of the electron wave vector parallel to the wire k..
Several ranges of k, values can be observed on the figure
with distinctly different I'(k,) behavior. For k, up to
~0.4 a.u., the RCT decay rate shows only a small variation
between 0.3 and 0.4 eV. For 0.4=<k,=<0.65 a.u., I'(k,) pre-
sents a sharp variation with a strong rise up to around 1 eV at
k,~0.525 a.u. and then a fast drop followed by an addi-
tional structure around k,~0.6 a.u. These features in the
I'(k,) dependence can be understood from Fig. 2 showing the
energies of the different states.

In the resonant charge transfer process, the initial 1D
sp-band state of energy Ep(k,) decays to substrate states
with the same energy: either 3D propagating bulk states or
the 2D surface state. Because of the periodicity, k,, the elec-
tron wave vector along the nanowire is conserved or can
change by an integer number of reciprocal lattice vectors, nG
(the integer n denotes the diffraction order). From Egs. (18)
and (19) we then obtain

Ep(k) = E(k,) + /2 + (k, + nG)*/2,

Eip(k) = Eg+ k)2 + (k. +n' G)%/2. (22)

Thus, the energy resonance between the backfolded substrate
states and the 1D sp-band states reflects the situation when
the decay of the quasistationary nanowire-localized state is
associated with a reciprocal lattice vector exchange (diffrac-
tion on the periodic structure).

As seen in the right panel of Fig. 2, for k,<0.4 a.u., the
sp-band is inside the projected band gap of the substrate.
There are no final states with k,=0 available for the electron
escape from the nanowire. From the left panel of Fig. 2, or
similarly from Eq. (22), it follows that RCT is only possible
into the electronic states of the substrate with a finite k.
These are the surface state with a fixed k, and the bulk states
with k,, above a certain value. Thus, because of the projected
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band gap, an electron escapes from the nanowire in the (xy)
plane (see Fig. 1) beyond a certain angle away from the
surface normal. The projected band gap thus blocks RCT
along the surface normal, which is the direction of the lowest
and shortest potential barrier between the nanowire and the
substrate. One can a priori conclude that the 1D sp-band
states are stabilized, and we assign the calculated width of
0.3+0.4 eV to the projected band-gap effect. Similar find-
ings have been reported for single adatoms*>37-6! and atomic
projectiles.%>83 The stabilizing effect of the surface-projected
band gap is further stressed below by the analysis of the
decay rates in the 0.4 <<k,<<0.6 a.u. region.

For 0.4<k,<0.6 a.u., the nanowire-localized 1D sp-
band (see Fig. 2) is in energy resonance with the backfolded
substrate states with a wave vector K. =k,—G, i.e., corre-
sponding to the exchange of one reciprocal lattice vector,
n=-1 in Eq. (22). Thus, a new RCT decay channel opens.
Assisted by a reciprocal lattice vector exchange along the
nanowire direction, an electron can escape from the nano-
wire into the substrate for k,=0. The projected band-gap ef-
fect is thus reduced, leading to a sizeable change in the decay
rate I". Starting from k,=0.4 a.u., I' grows, reflecting the
energy resonance with folded 3D bulk band states further
away from the band bottom. The decay rate reaches its maxi-
mum value for k,~0.525 a.u., and then it decreases again
because the 1D sp-band is approaching the folded band gap.

There is an additional structure in I'(k,) around 0.6 a.u.
We did not study it in detail, but we can notice that, in this &,
range, the 1D sp-band is in energy resonance with the back-
folded surface state band for k,=0 (see also Fig. 2). In this
region, the RCT decay into the 2D surface state band with
ky,=0 becomes possible, when assisted by a reciprocal lattice
vector exchange [n=-1 in Eq. (22)] and leads to the ob-
served structure.

Thus, the lifetime of the 1D sp-band strongly depends on
its energy with respect to the projected band gap of the sub-
strate, and thus on k, through the energy dispersion. The
projected band gap leads to the stabilization of the nanowire-
localized states (a longer lifetime), while the backfolding of
the substrate bands at the Brillouin zone boundary brings
additional decay channels and tends to increase the RCT
decay rate. A similar effect of the substrate band backfolding
has been reported recently for the 2D quantum well states in
p(2X2) Cs and Na ordered overlayers on Cu(111).63:8485

The results obtained for the lifetime of the upper branch
of the sp-band are consistent with the previous reasoning: in
the k, region in which the upper sp-band is located inside the
projected band gap (see Fig. 2) it presents a decay rate of
I'~0.3 eV. T rises to 0.7 eV when the upper sp-band is
degenerated with 3D bulk states with k,~0.

The computed decay rate of the 1D sp-band corresponds
to the one-electron energy-conserving resonant electron
transfer (RCT) from the nanowire into the substrate states.
However, the many-body energy relaxation also contributes
to the decay of excited states at surfaces associated with
adatoms,>®>° or artificial structures on surfaces.?*86 It corre-
sponds to the interaction between the nanowire-localized
electron and many-body substrate excitations with subse-
quent energy sharing between them.’*%” On a free-electron
metal substrate, the RCT is the dominating decay channel
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and its rate I" is at least 1 order of magnitude faster than the
many-body energy relaxation rate I',,. However, because of
the RCT blocking by the projected band gap, the two chan-
nels may become comparable in efficiency so that the life-
time of the excited state is given by r=1(I'+T,,).>*° The
calculation of the many-body decay rate of the nanowire-
localized states was not attempted here. Rather, we estimated
I',, from previously measured and calculated data for differ-
ent excited states at surfaces. For the alkali adsorbates on
Cu(111), the rate of the many-body inelastic decay for the
alkali-localized sp state was computed to be in the 20 meV
range.”*%® For extended states, such as quantum well states
or states confined in quantum corrals, I',, well below 20
meV have been reported®®%38 for states in the same energy
range as the present 1D sp-band. Thus, it appears reasonable
to assume that the many-body mechanisms are not signifi-
cant in the present system since the typical T',, rates are
much smaller than the one-electron decay rate obtained for
the 1D sp-band in this work (I'~0.2—1.0 eV). The lifetime
of the 1D sp-band states can be then well approximated as
=1/T.

C. Wave functions

The different aspects of the decay of the nanowire-
localized quasistationary states can be visualized on their
wave functions. We have plotted in Fig. 4 the resonant wave
function in the (xy) plane and in the (xz) plane for the (k,
=0) case [panels (a) and (b)], and for the (k,=0.5) case [pan-
els (c) and (d)]. In the first case, the 1D sp-band is inside the
surface-projected band gap, and in the second case, the 1D
sp-band is in the energy region of the backfolded bulk band
states.

As a first observation, in both cases (k,=0 and k,
=0.5 a.u.), the 1D nanowire localized state presents the typi-
cal characteristics of a delocalized state formed by the inter-
action between the sp, hybrids localized on the Cu atoms of
the nanowire. In the single adatom case, the long-lived sp,
hybrid is formed by the s and p, atomic orbitals, and it is
polarized along the surface normal away from the
surface.***? In Fig. 4, the 1D nanowire-localized state
clearly shows two features: the delocalization of the excited
electron density along the Cu atom chain and an electron
density shifted from the geometrical center of the nanowire
into the vacuum. This is very similar to previous studies of
finite-size Cu monoatomic chains on Cu(111),3*35 Au mono-
atomic chains on NiAl(110),*' and Ag monoatomic chains on
Ag(111) (Ref. 40) surfaces.

The different decays of the quasistationary states for k,
=0 and k,=0.5 a.u. lead to very different behaviors inside
the metal. Indeed, for k,=0, the decay of the nanowire-
localized 1D sp-band state appears in the (xy) plane as two
symmetric outgoing fluxes inside the metal [panel (a)]. The
finite angle between the outgoing electron flux and the sur-
face normal is consistent with the projected band-gap effect:
the nanowire-localized state is in resonance with metal con-
tinuum states only for some finite values of k, (see Fig. 2).
For k,=0, the electron transfer is blocked by the projected
band gap of the substrate and so, the electron density in the
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FIG. 4. (Color online) Electron density of the quasistationary sp
state localized on a Cu nanowire supported on Cu(111). The figure
presents the logarithm of the electron density for [(a) and (b)] k.
=0 and [(c) and (d)] k£,=0.5 a.u.. Results are shown in the (xy) and
(xz) planes and the origin of coordinates is placed at one Cu atom of
the wire (see Fig. 1). The dark areas correspond to a large probabil-
ity of presence of the electron and the color code is given in the
inset.

(xz) plane decays exponentially into the metal along the x
axis [panel (b)]. The decay of the nanowire-localized state
into the 2D continuum of the Cu(111) surface state appears
in the panel (a) of the figure as an outgoing flux parallel to
the surface around x=-2 a.u.. Observe that it is much more
intense than the decay into the bulk metal leading to the
conclusion that the surface state is the main decay channel
for the nanowire-localized 1D sp-band states at low k..

For k,=0.5 a.u., an additional decay channel is open. As
already discussed, it consists in the electron escape from the
nanowire into the metal continuum states characterized by
ky:O, and k.—G. It is seen in Fig. 2 as the resonance between
the nanowire 1D sp-band dispersion curve and the back-
folded substrate states. This “diffractive” decay is clearly
seen in Fig. 4(d) where an outgoing flux into the metal ap-
pears along the negative direction of the z axis. In addition,
in contrast to Fig. 4(a), in the panel (c) there is an outgoing
flux from the nanowire into the metal along the surface nor-
mal. The interference pattern seen in Fig. 4(c) and in particu-
lar Fig. 4(d) reflects the coexistence of both the “diffractive”
decay with k,=0 and a reciprocal lattice vector exchange and
the direct decay populating substrate states with a finite k,
[same as in Fig. 4(a)]. The decay into the surface state is
much less pronounced in the k,=0.5 a.u. case and the main
decay is into bulk states.

Examining the resonance wave functions illustrates well
the way the band folding softens the effect of the projected
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band gap. In particular, it appears that the band folding is not
really closing the surface-projected band gap. In the two de-
cay modes illustrated in Fig. 4, the RCT process is not asso-
ciated with an electron escaping along the surface normal;
this is always forbidden by the surface-projected band gap.
In both cases, the electron escapes a certain angle from the
surface normal: either via a finite k, value in the low k_ range
or via a “diffractive” process (K.=k.—G, possibly with k,
=0) in the 0.4<k,<0.6 a.u. range. ’

Thus, analysis of the wave functions of the quasistation-
ary states appears quite helpful and illustrative in revealing
different aspects of the RCT decay of the nanowire-localized
1D sp-band states: (i) effect of the projected band gap reduc-
ing the RCT efficiency; (ii) existence of two decay channels
associated with electron transfer into the Cu(111) surface
state continuum and into the 3D propagating bulk states; (iii)
existence of a RCT decay process assisted by a reciprocal
lattice vector exchange (band backfolding).

D. Distance traveled by excited electrons

The discussion of the excited electron dynamics in the
Cu-wire/Cu(111) system and the role of the projected band
gap can be completed with an estimate of the mean distance
d traveled by an excited electron along the nanowire. From
the energies E(k.) and lifetimes I'(k,) of the 1D sp-band
states, the mean distance d traveled by an excited electron
before it escapes into the substrate can be obtained as

JE(k) 1

)=k T

(23)

where v,=dE(k,)/ dk, is the group velocity, and 7=1/I'(k,) is
the excited state lifetime.

The results had been presented in Fig. 5 of Ref. 62. Ba-
sically, starting from k,=0 the distance d increases up to k,
~0.4 a.u. In this k, range, the 1D sp-band is inside the
projected band gap, the RCT decay rate of the nanowire-
localized states is almost constant (see Fig. 3), and d merely
reflects the k, dependence of the group velocity. The maxi-
mum propagation distance is d~ 12 A. Thus, thanks to the
surface projected band gap of Cu(111), an electron injected
into the sp-band of the nanowire-localized states can travel
over four to five nanowire atoms before it escapes into the
surface state or into the bulk. For higher values of the paral-
lel momentum, the additional decay channel associated with
a reciprocal lattice vector exchange opens and the travel dis-
tance d drops because of the decrease in the lifetime of the
nanowire-localized state.

E. Comparison with STM experiments

In order to have a direct comparison with earlier scanning
tunneling spectroscopy (STS) measurements,>* the perturba-
tion induced by the STM tip has to be included.®? To this
purpose, we have added an additional term, Ugry, to the total
potential in Eq. (5). It was introduced assuming a simple
planar capacitor model in which the potential in the STM
junction increases linearly with the distance to the surface

(),
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0 lf x << Xim
Ustm= | Flx = Xi)  if X <X < xgp (24)
U, i x> g,

where x;,, and x;, are the surface image plane and tip apex
positions, respectively. The slope (the field) is calculated as
F=Uy/(x4p—Xin) Where U, is the applied voltage (bias). Fol-
lowing the experimental conditions,** we used in the simu-
lations x[ip=7.42 A, ie., 5.5 A with respect to the center of
the atomic wire. One can notice that since excited states
above the Fermi level are probed, the potential due to the
STM tip is repulsive and lifts the energies of the states. Ac-
tually, it appears that the energy of a quasistationary state
under the STM tip, Egieq(Up), shifts by a quantity roughly
equal to a fraction of the STM bias, U,:

Eriqa(Up) ~ Eg + aU,, (25)

where E| is the state energy in the absence of the STM tip,
i.e., the energy discussed in the previous sections. The coef-
ficient « corresponds to the average position of the excited
electron inside the capacitor. We then look iteratively for the
value of the bias U such that the quasistationary state energy
Eria(Uy) becomes equal to the bias, U,. This yields the
apparent energy, E, . of the quasistationary state in the STS
experiment.

The widths of the quasistationary states are also modified
by the presence of the STM field. Two effects play a role:

(i) the applied field brings an extra force pulling the ex-
cited electron toward the surface leading to an increase in the
decay rate of the state;

(ii) in an STS experiment, the energy spectrum is obtained
by scanning the STM bias. As U, is scanned, the energy of
the quasistationary states varies as discussed above. The shift
of the resonance energy as the bias is scanned through the
resonance profile makes the resonance look broader. To illus-
trate this point, we can use the approximate Eq. (25). The
resonance center appears at the bias Uy=FEy/(l-a). In a
field-free case, the two points defining the width of the reso-
nance profile appear at Ey—I'/2 and Ey+I'/2. With the
present effect of the scanning bias, they appear at (E,
-I'/2)/(1-a) and (Ey+I'/2)(1-a), leading to an apparent
width equal to I'/(1 - a).

Figure 5 presents a comparison of experimental STS
3462 with computed results obtained including

app?

measurements-
the STM bias effect. The apparent resonance energy with
respect to the Fermi level, E,,,, and the apparent width, ',
of the 1D sp state are shown as a function of the wave vector
parallel to the wire (k,). An increase in the energy and width
with respect to the results obtained in the field-free case is
observed. It is indeed the consequence of the electric field in
the STM junction and these results confirm the significant
perturbing role of an STM probe. The figure also shows that
our calculated results (both for the energy and width of the
1D sp state) are in very good agreement with the experimen-
tal measurements.>*%? It thus gives us confidence in the set of
computational methods used here.
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— |m—a WPP (STM bias included) -
o experiment
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FIG. 5. (Color online) Energy with respect to the Fermi level
(upper part) and width (lower part) of the sp state as a function of
the wave vector parallel to the wire, k,. Squares: Theoretical calcu-
lations with the effect of the STM bias included in the simulations;
circles: experimental STS measurements (Refs. 34 and 62).

IV. CONCLUSIONS

We have performed a theoretical study of the excited elec-
tron dynamics in infinite Cu monoatomic chains (nanowires)
supported on a Cu(111) surface. The system is an infinite
analog of the finite-size chains studied recently with scan-
ning tunneling microscope manipulation at surfaces.’'~** In
the above references and in the following theoretical
works, 3404143 it has been demonstrated that the electronic
structure of Cu-chain/Cu(111) is characterized by a one-
dimensional chain-localized electronic band of excited states
with sp character.

The present contribution addresses both the energy and
the lifetime of the chain-localized states. In this purpose, a
mixed approach is used, in which the nanowire-induced po-
tential is obtained from ab initio density-functional theory
calculations, the Cu(111) surface is represented with a model
potential, and the dynamics of the excited electron is studied
with the wave packet propagation approach. This allows us
to remove the artificial effect of the supercell periodicity in-
herent to DFT treatments, and to avoid the quantization of
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the continuum of the electronic states of the substrate in-
duced by the finite-size computational box. The latter is cru-
cial for a reliable calculation of the width (decay rate) of the
nanowire-localized electronic states.

The same strategy has been already applied in our earlier
study of Cu-chain/Cu( 111),%2 however, the present contribu-
tion substantially extends the work of Ref. 62 in that the
energy dispersion and the lifetime of the chain-localized 1D
sp-band is determined in a broad range of k_, the electron
momenta along the wire. In particular, this allows us to reach
the regime where the surface Brillouin zone backfolding re-
duces the stabilization of the 1D sp-band states by the pro-
jected band gap of the Cu(111). Thus, a complete analysis of
the effect of the projected band gap in decoupling the nano-
wire from the substrate could be performed.

Our main results can be summarized as follows:

(1) For low k, (=0.4 a.u.), the projected band gap of the
Cu(111) substrate efficiently decouples the chain-localized
1D sp-band states from the substrate. The resonant electron
transfer rates from the chain into the substrate are then re-
duced, and an excited electron can travel along up to five Cu
atoms in the chain before its decay. Thus, the monoatomic
wire appears as a separate entity and not as a protruding part
of the substrate.

(2) In the 0.4<k,<0.6 a.u. range, the 1D sp-band dis-
persion curve is in resonance with substrate electronic bands
backfolded at the surface Brillouin zone boundary. An addi-
tional decay channel of the nanowire-localized states opens.
It consists in the resonant electron transfer between the 1D
sp-band states and substrate electronic states associated with
the exchange of a reciprocal lattice vector of the nanowire.
The opening of this “diffractive” decay channel reduces the
stabilization effect of the projected band gap and leads to a
strong reduction in the lifetime of the 1D sp-band states.

(3) The resonant wave functions of the 1D sp-band states
were extracted from the WPP for different k, values. The
associated electron densities nicely illustrate the projected
band gap and the surface Brillouin zone backfolding effects
on the decay of the nanowire localized states. The analysis of
the resonant wave function also showed that the 2D con-
tinuum of the intrinsic surface state of Cu(111) is one of the
main decay channels for the nanowire localized states and
even the dominant one at low k..

Finally, our results are in good agreement with STS mea-
surements. We show, in addition, how the scanning tunneling
spectroscopy perturbs the electronic states of the nanowire
(STM as a perturbing probe).
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