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Static and quasistatic response of Ag surfaces to a uniform electric field
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By performing a first-principles surface-embedded Green-function calculation, we study the static and qua-
sistatic response of semi-infinite Ag~111!, ~001!, and ~110! surfaces to a uniform electric field oriented per-
pendicular to the surface. In addition to the linear and nonlinear induced electron densities in the static limit,
we calculate the electron-hole pair excitation rate within the quasistatic approximation using a golden-rule
formula. It will be shown that in spite of the large difference in layer spacing among the three surfaces, the key
parameters characterizing the response depend only modestly on the crystal orientation.
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I. INTRODUCTION

The theoretical description of the electronic excitations
metal surfaces has been a longstanding issue.1–4 Regarding
simple metals, major progress was achieved by use of
jellium model of Lang and Kohn.5–7 Within the time-
dependent local density approximation~TDLDA !,8,9 the lin-
ear and nonlinear response of semi-infinite jellium to a we
external field was studied extensively.10–13 In contrast, the
theoretical understanding of electronic excitations at nob
metal and transition-metal surfaces remains at a more
nomenological level. Among these Ag has attracted a p
ticularly large interest as it exhibits a sharp surface plasm
peak which can be utilized as a source for optical chem
sensors.14 Also, the Ag surface plasmon dispersion with
two-dimensional~2D! wave vectorq is qualitatively differ-
ent from that of simple metals.15–17 To understand thes
properties, response calculations were performed using
plified models in which the filled 4d shell of Ag was ap-
proximated by point dipoles~dipolium! or by a uniform di-
electric medium, whereas thesp electrons are treated withi
the Drude model or quantum mechanically within the jelliu
approximation.18–22

Performing a TDLDA response calculation for real me
surfaces at a finite frequencyv is still a very demanding
task. The difficulty arises in including a sufficient number
lattice vectors in the surface plane as well as in an accu
treatment of the asymptotic behavior of the induced fi
deep in the bulk. Localized valenced states add a furthe
source of difficulty in the case of transition metals. To o
knowledge, until now first-principles response studies of
surfaces were restricted to the static limit where the calc
tion is reduced to a ground-state problem. Aers a
Inglesfield23 investigated the electronic structure of a sem
infinite Ag~001! surface exposed to a uniform electric fie
using the embedding method of Inglesfield a
co-workers.24,25They explored the shifts of Shockley surfa
states and the screening charge density as a function o
field strength. A similar calculation was performed b
Weinert26 for Ag~001! with use of a full-potential linearized
augmented plane wave~FLAPW! method27 in the slab
geometry.

To achieve a more systematic understanding, in
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present work, we perform a first-principles static respon
calculation for three low-index Ag surfaces. Furthermore,
a very preliminary step toward dynamical response stud
we evaluate the electron-hole pair excitation rate within
quasistaticapproximation in which the matrix elements of
screened field at lowv are replaced by those of a linea
screened field atv50. Thequasistaticexcitation rate thus
obtained is directly related to a dimensionless param
j(q) introduced by Persson and Zaremba.28 A number of
spectroscopic quantities can be expressed in terms ofj(q),
including the friction force exerted on atoms and ions mo
ing on a metal surface.29 We investigate to what extent th
physical parameters concerning the static and quasistati
sponse of Ag surfaces are sensitive to crystal orientations
how they are different from the corresponding ones for se
infinite jellium with the samesp electron density as Ag.

The plan of the present paper is as follows. In Sec. II
discuss the ground-state and static response properties o
Ag~111!, Ag~001!, and Ag~110! surfaces. Section III begins
with a brief review of the quasistatic response theory. Th
we present calculated results of the electron-hole pair e
tation rate in the quasistatic limit. A summary is given in Se
IV. We use Hartree atomic units throughout this paper unl
otherwise stated.

II. GROUND-STATE AND STATIC RESPONSE
PROPERTIES

In order to be able to evaluate electron-hole pair exc
tion rates in the low-frequency limit, it is essential to d
scribe continuous one-electron energy spectra near the F
energyeF . Standard slab approximations for the surface c
culation are not suitable for this purpose because the en
continuum in the surface normal direction is replaced
discrete levels. In the present work we treat truly sem
infinite Ag surfaces within the local density approximation
density-functional theory30 using the embedding technique o
Inglesfield.24 In this method one first generates the embe
ding potential of a semi-infinite substrate for a given set
energy mesh points (e) and 2D wave vectors (k). Next a
self-consistent Green-function calculation is performed
the embedded surface region to determine the charge de
and the one-electron effective potential. We consider
©2002 The American Physical Society13-1
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~111!, ~001!, and~110! crystal surfaces of Ag. The two out
ermost Ag atomic layers are included in the embedded
face region, where the spacing between the neighboring
layers is chosen for simplicity as a bulk value. Indeed
atomic relaxations on the~111! and~001! surfaces of Ag are
known to be negligibly small, although the layer spaci
between the top and second layers is reduced by;7% for
the case of Ag~110!.31 A uniform electric field perpendicula
to the surface can be incorporated as a boundary conditio
the Coulomb potential on the vacuum side. The strength
the applied fieldEap is related to the induced charge per u
area,s, via Eap52ps. More details of our computationa
method, which combines the embedding approach and
FLAPW technique, were described in Refs. 32 and 33.

For each Ag surface we perform self-consiste
electronic-structure calculations for several values ofs
(usu<531024 a.u.). Figure 1 shows the calculated centro
of the induced electron density,zG , as a function ofs for
Ag~001!. The points can be fitted by a linear function, whi
indicates that the electron density in the presents range can
be accurately described as

n~r ,s!5n0~r !1sn1~r !1s2n2~r !, ~1!

wheren0(r ), n1(r ), andn2(r ) are the ground-state, linea
induced, and second-order induced electron densities, res
tively. n1(r ) has a unit weight per area when averaged o
space, whilen2(r ), with a dipolar character, possesses no
charge. In the same way, the one-electron potential may
expanded as

V~r ,s!5V0~r !1sV1~r !1s2V2~r !. ~2!

From Eq.~1!, n1(r ) andn2(r ) are obtained as34–36

n1~r !5
1

2s0
@n~r ,s0!2n~r ,2s0!#,

n2~r !5
1

2s0
2 @n~r ,s0!1n~r ,2s0!22n~r ,0!#, ~3!

FIG. 1. Centroid of the induced charge density,zG , as a func-
tion of surface charges for Ag~001!. zG is measured relative to th
outermost Ag plane. We use the convention that positives implies
a surplus of electrons at the surface.
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wheres0 is a small number within the range of Fig. 1.
Figure 2 shows the calculated contour maps ofn0(r ),

n1(r ), andn2(r ) for Ag~001! on a vertical cut plane contain
ing atoms in the first layer and their nearest neighbors in
second layer. Solid, dashed, and dot-dashed contours c
spond to positive, negative, and zero values, respectiv
The linear-induced chargen1(r ) is characterized by a majo
screening charge formed on the vacuum side of the top-la
atoms and Friedel oscillations toward the interior of t
metal. The complex contour patterns in the Ag core region
Fig. 2~b! are very similar to those obtained by Aers a
Inglesfield.23 The second-order induced chargen2(r ) was not
shown in their paper.n2(r ), plotted in Fig. 2~c!, consists of a
broad positive peak extended further toward the vacuum t
the main peak ofn1(r ), a negative peak just above the A
atoms, and Friedel oscillations toward the bulk. Apart fro
the complex contours inside the Ag core region and the
eral corrugation of the charge density, these features are
similar to those obtained for clean jellium surfaces34 and for
alkali-metal overlayers on jellium.36

To examine the crystal-orientation dependence, we p
planar averages of the linear-induced and nonlinear-indu
charge densities for the Ag~111!, ~001!, and~110! surfaces in
Fig. 3. We choose thez axis as the surface normal pointin
toward the vacuum. In spite of the large difference in int
layer spacingd, which equalsA6a/3, a/A2, and a/2 for
these three surfaces, respectively (a55.43 a.u. denotes the
nearest-neighbor Ag-Ag bond length!, the planar averages o
n1(r ) andn2(r ) in Fig. 3 look qualitatively very similar. For
a more quantitative comparison we evaluate two import
parameters. The first is the centroid of the planar averag
n1(r ), z1, which gives the position of the static imag
plane.7 (z1 coincides withzG in the limit s50.! The second
parameter is the dipole moment associated with the pla
average ofn2(r ), p2, which is proportional to the nonlinea
polarizability xzzz(v) in the limit of v→0. xzzz(v) can be
measured from the intensity of the optical second harmo
generation.11,34

Table I lists the calculatedz1 and p2 values of the three
surfaces together with their layer spacingsd, where z1 is
measured relative to the position of the top atomic plane.
completeness we also give the calculated work functionsF
of the three Ag surfaces. The calculatedF ’s for the~111! and
~001! surfaces are slightly smaller than those in Ref. 3
because in the present work we employed an improved

FIG. 2. Contour maps of~a! n0(r ), ~b! n1(r ), and~c! n2(r ) on
a vertical cut plane containing atoms in the top layer and th
nearest neighbors in the second layer for Ag~001!. Solid, dashed,
and dot-dashed lines correspond to positive, negative, and zero
ues of charge densities, respectively. Contour spacings are
31023, 0.1, and 4 a.u. from the left to right panels.
3-2
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sion of the embedding potential generated from the comp
band structure of a bulk Ag.33 Differently from previous ex-
perimental and theoretical works,37,38 the work functions for
the ~001! and ~110! surfaces do not follow the
Smoluchowski39 trend. This may be related partly to the a
curacy of the embedding potential for the~110! surface,
which will be discussed later, and partly to the very small b
non-zero~of the order of 0.01 electrons per unit cell! excess
charge in the embedded surface region.

It is seen thatz1 increases with the increasing layer spa
ing. However, as may be expected from Fig. 3, the ra
betweenz1 of Ag~111! and that of Ag~110!, 1.24, is much
smaller than 1.63, the corresponding ratio of the interla
spacing of the two surfaces. In contrast to the variation oz1
with layer spacing, the work function, which is determin
by the dipole moment of the laterally averaged ground s
density n0, does not rise monotonically withd but has a
minimum for Ag~001!. This shows that the induced densi
n1, which probes primarily the states near the Fermi ene
is differently influenced by the crystal structure than t
ground state density.

The 5s electrons of Ag correspond to the electron dens
of jellium with r s53. According to Weber and Liebsch,34

FIG. 3. Planar average of the linear-induced chargen1(r ) and
nonlinear-induced chargen2(r ) for the three low-index Ag surfaces
The origin of thez axis is chosen as the outermost Ag plane.

TABLE I. Parameters characterizing the static and quasist
response of three Ag surfaces.

~111! ~001! ~110!

d 4.43 3.84 2.72
z1 2.96 2.86 2.39
p2 169 162 157
j(0) 0.94 1.12 0.96
F ~eV! 4.90 4.71 4.79
15541
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the linear-induced charge of the jellium surface withr s53
has its centroid shifted by 1.35 a.u. outward from the edge
the positive charge background. Assuming that the Ag
layer is located byd/2 inward from this edge, we obtainz1
53.56, 3.27, and 2.71 a.u. for the~111!, ~001!, and ~110!
surfaces, respectively. Except for the~110! surface, these val-
ues are too large. The discrepancy arises because the je
surface withr s53 underestimates the work function of A
by more than 1 eV, and also because jellium cannot desc
the s-d hybridization. With a stabilized jellium model40 in
which a constant attractive potential is added in the inte
of jellium, the induced-charge centroid is moved on
slightly inward ~1.12 a.u. above the jellium edge41!. How-
ever, if the attractive potential is adjusted to match the c
culated work function of Ag, this inward shift is much large
The centroid is then located about 0.3 a.u. above the jell
edge, so that its distancez1 from the atomic plane become
even smaller than in our three-dimensional calculation. A
and Inglesfield23 obtainedz152.89 a.u. for the Ag~001! sur-
face, which is in very good agreement with the pres
result.

According to Table I, the nonlinear induced dipole m
mentsp2 also rise with increasing layer spacing. Neverth
less, the differences between the three surfaces are rem
ably small. Since the nonlinear-induced densityn2(r ) is
more extended toward the vacuum thann1(r ), it is less sen-
sitive to the local atomic configuration and the layer spaci
Also, it is evidently not the case thatp2 is largest for the
surface with the lowest work function. Such a simple re
tionship holds only for the one-dimensional jellium mode
As in the case ofz1, the three-dimensional crystal structu
influences the nonlinear surface response which is extrem
sensitive to the electronic states near the Fermi level i
quite different manner than the ground state density.

In previous calculations,p2 for Ag~001! was estimated as
110 a.u.~Ref. 23! and as 180 a.u.~Ref. 26!. Thus, our result
is closer to the latter. The calculatedp2 values for jellium
and stabilized jellium withr s53 were 365 and 321 a.u.
respectively,34,41 which are much larger than the correspon
ing ones of real Ag surfaces.

III. ELECTRON-HOLE PAIR EXCITATION RATE

The electronic density induced by a static electric fie
can be used to evaluate the dynamical response behavi
Ag surfaces in the limit of low frequencies. To establish th
relationship let us apply to the system an external field w
frequencyv and 2D wave vectorq,

fext~r ,v!52
2p

uqu
eiq•xeuquz. ~4!

The linear-induced electron density can be expressed as

n1~r ,v!5(
g

n1~q1g,v,z!ei (q1g)•x, ~5!

whereg stands for reciprocal lattice vectors according to t
2D translational symmetry. In the vacuum region, the line
induced field due ton1(r ,v) can be written as

ic
3-3
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f ind~r ,v!5
2p

uqu
g~q,v!eiq•xe2uquz

1(
gÞ0

f ind~q1g,v,z!ei (q1g)•x, ~6!

whereg(q,v) is a dimensionless surface response funct
introduced by Persson and Andersson42 for semi-infinite flat
jellium. In the present case the second term is associ
with the lattice structure in the plane.g(q,v) is expressed in
terms ofn1(r ,v) as

g~q,v!5E
2`

1`

dzeuquzn1~q,v,z!

52
uqu

2pAE drfext* ~r ,v!n1~r ,v!, ~7!

where A denotes the surface area. The imaginary part
g(q,v) is related to the electron-hole pair excitation rate p
unit area by28

w~q,v!5
4p

uqu
Im g~q,v!, ~8!

with w(q,v) defined by

w~q,v!5
2p

A (
i , j

~ f i2 f j !d~e j2e i2v!u^c i ufscfuc j&u2.

~9!

In Eq. ~9! c i stands for a one-electron wave function wi
energy e i , f i5u(eF2e i) is the Fermi occupation at zer
temperature, andfscf(r ,v)5fext(r ,v)1f ind(r ,v) is the
screened linear electric field. Now, we keepq finite and take
the limit of v→0. In this limit, w(q,v) behaves as
w(q,v)5vJ(q) where

J~q!5
2p

A (
i , j

d~e i2eF!d~e j2eF!u^c i ufscf~r ,0!uc j&u2.

~10!

By introducing the Fermi wave numberkF , the plasma fre-
quency vp , and a dimensionless functionj(q)
5(kFvp/8p)J(q), Eq. ~8! reads, in the quasistatic limi
(h5 1

2 kFvuqu21eF
21!1),

Im g~q,v!52
uqu
kF

v

vp
j~q!. ~11!

In the above derivation, we took the limit ofv→0 while
keepingq finite. Instead, if we take the limit ofq→0 with
the constrainth@1, Eqs.~8! and~9! still hold. However, in
this case,fscf(r ,v) at low v comprises two terms a
fscf(r ,v)5fscf(r ,0)1fb(r ,v), wherefb denotes the long
range part of the screened potential extending over the
region. For example,fb524p(v/vp)2(z2z1) for semi-
infinite jellium. As the matrix elements ofz2z1 diverge as
(e j2e i)

22, those offb do not vanish even in the limit o
v5e j2e j→0. Thus, in this limit, one obtains the sam
equation as Eq.~11!, except thatj(q) is replaced byjs1j i
15541
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1jb , where each of them is called the surface, interferen
and bulk term, respectively.28 Among them,js coincides
with j(q) at q50.

In the present work we calculate the electron-hole p
excitation rate in the quasi-static limit with the use of E
~10!. In the limit of q→0, fscf(r ,0) in Eq. ~10! can be re-
placed byV1(r ) in Eq. ~2!. V1(r ) behaves as24p(z2z1) in
the asymptotic vacuum region and vanishes in the interio
the metal. Using the Green function, we have

J~0!5
2

ApE drdr 8 Im G~r ,r 8,eF!V1~r 8!

3Im G~r 8,r ,eF!V1~r !, ~12!

where the Green function is calculated using the embedd
technique as described in Sec. II. The calculated value
js5j(q50) for the three Ag surfaces are tabulated in t
fourth row of Table I. To facilitate a comparison with th
previous jellium calculation, we used the jellium paramet
for r s53, i.e.,kF50.64 a.u., andvp50.33 a.u. in convert-
ing J(0) to a dimensionless parameterj(0). It is to be
noted that thisvp value does not correspond to the observ
plasmon energy of Ag, 3.8 eV. According to Liebsch,29 j(q)
for jellium with r s53 is a slowly varying function ofq,
which starts from 1.32 atq50, exhibits a broad maximum a
uqu;0.4 a.u. and tends to 0 at largeruqu. From Table I it is
seen that the jellium withr s53 overestimatesj(0) of the Ag
surfaces by 15;30%, indicating that energy dissipatio
takes place on real Ag surfaces less frequently than on
lium. This large difference is primarily due to small wor
function obtained in the jellium model which makes th
overall density profile smoother and more polarizable, a
therefore overestimates the rate of electron-hole pair prod
tion. Also note thatj(0) does not follow the monotonic tren
of z1 andp2. Instead, it shows a maximum for Ag~001!, i.e.,
where the work function is smallest. This trend is similar
the one found for the one-dimensional jellium model wher
higher work function implies weaker surface response a
therefore smallerj(0).28 Despite this similarity, the discus
sion below reveals the importance of three-dimensional
tice effects on the dynamical response properties of real
metal surfaces.

Since the Green function is diagonal with respect tok, the
integral with respect to the planar components of the coo
nates in Eq.~12! can be expressed in terms of thek integral
in the surface Brillouin zone~SBZ! and discrete summation
over 2D reciprocal lattice vectors at a givenk. If we write
J(0) as J(0)5*p(k)dk, p(k) equals the sum of
u^c i uV1uc j&u2 over all the possible pairs ofc i andc j , apart
from a constant factor.c i at a givenk is specified by the
band index andkz , the z component of the wave vector o
the Bloch state incident on the surface. The number of s
states is determined by the projection of the thre
dimensional Fermi surface onto the SBZ.

The Fermi surface of Ag consists of a single 5s band.
Thus, in case of Ag~001!, except for a small portion of the
SBZ near the zone boundary, one finds a single 5s state for a
givenk, and the electron-hole pair excitation with infinites
3-4
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mal energy takes place through an infinitesimal shift ofkz .
In Fig. 4~a! we show the calculatedp(k) for Ag~001!. It has
a large peak atk50, and decreases rapidly with increasi
k. This behavior can be understood within the simple jelliu
model. That is, atk50, the one-electron state on the Fer
surface has the largestkz . The tail of its wave function is
extended toward the vacuum and has the largest overlap
the induced potentialV1. With increasingk, the correspond-
ing kz value of the state havingeF decreases and the tail o
its electron wave function decays more rapidly toward
vacuum. This results in a rapid decrease of the matrix
ment ofV1 with increasingk.

On the other hand,p(k) for Ag~111! in Fig. 4~b! high-
lights the deviation of the Fermi surface of Ag from that
jellium. As is well known, the Fermi surface of Ag is con
nected in the@111# direction, and within the circular region
around k50, which corresponds to the projection of th
neck of the Fermi surface onto the SBZ of Ag~111!, there is
no state havingeF . Within this energy-gap region,p(k) van-
ishes identically, leading to a volcanolike shape ofp(k).
This may explain why the calculatedj(0) for Ag~111! is
considerably smaller than that of Ag~001!.

Figure 4~c! shows the calculatedp(k) for Ag~110!. It
looks more spiky than the two previous panels. In fact, w

FIG. 4. Distribution ofp(k) in the SBZ for ~a! Ag~001!, ~b!
Ag~111!, and~c! Ag~110! in arbitrary units. Two sides of the hori
zontal square correspond to two fundamental reciprocal lattice
tors b1 and b2, and the center of the square corresponds tok50.
Note that the actual angle between them isp/3 for Ag~111!. Also,
ub1u/ub2u5A2 for Ag~110!, whereb1 is parallel to the atomic chain
of the top-layer Ag atoms.
15541
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the decreasing interlayer spacing between two atomic lay
calculating the embedding potential of the substrate at h
accuracy becomes more difficult. While ground-state prop
ties like z1 andp2 are rather insensitive to the quality of th
embedding potential, the matrix elements entering intop(k)
are found to be very sensitive to the embedding poten
Hence,j(0) in Table I for Ag~110! might have a larger nu-
merical error than the other two. Apart from this numeric
difficulty, one still notices a qualtitatively different behavio
in p(k) for Ag~110!. In contrast to the other two dense
packed surfaces,p(k) for Ag~110! is more anisotropic and
does not exhibit a monotonic decay in the direction ofb2
which is perpendicular to the atomic chains consisting
top-layer Ag atoms. This may be interpreted as evide
that the electronic properties of this surface are of m
2D nature.

IV. SUMMARY

We studied the electronic structure of three low-index
surfaces under application of a uniform electric field orien
perpendicular to the surface, using a surface-embed
Green-function code that we developed recently. We dem
strated that our method is accurate enough to determine
only the linear-induced electron density but also the seco
order nonlinear-induced electron density. In addition to tho
static response properties, we estimated the electron-
pair excitation rate in the quasistatic limit which is equiv
lent to a surface response functionj(q) at q50. We dis-
cussed the crystal-face dependence of the response prop
as well as how they are different from the correspond
ones of jellium with the samesp electron density. The main
result is that the central quantities characterizing the respo
depend differently on crystal orientation, according to th
specific sensitivity to the range of electronic states wh
they primarily sample. In particular, the response proper
do not follow the variation of the work function with crysta
orientation.

As stated in Sec. I, performing a first-principles dynam
cal response calculation for semi-infinite crystal surfaces
seems too difficult. The easiest extension of the present s
may be to determinej(q) at finite q. This quantity can be
calculated from formula~12! by replacing V1(r ) by a
screened fieldfscf(q,0) corresponding to finiteq. If q is
chosen as commensurate as the surface unit cell, the c
lation of fscf(q,0) is reduced to a standard ground-state el
tronic structure calculation using a large supercell.
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