PHYSICAL REVIEW B 66, 155413 (2002

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 Ad.1), (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.

DOI: 10.1103/PhysRevB.66.155413 PACS nuni§er73.20.At, 71.45.Gm, 78.68m

I. INTRODUCTION present work, we perform a first-principles static response
calculation for three low-index Ag surfaces. Furthermore, as
The theoretical description of the electronic excitations a@ very preliminary step toward dynamical response studies,
metal surfaces has been a longstanding i$sti®egarding Wwe evaluate the electron-hole pair excitation rate within the
simple metals, major progress was achieved by use of th@uasistaticapproximation in which the matrix elements of a
jellium model of Lang and KohA:’ Within the time- screened field at loww are replaced by those of a linear-
dependent local density approximati6FDLDA),2° the lin-  screened field ab=0. The quasistaticexcitation rate thus
ear and nonlinear response of semi-infinite jellium to a wealobtained is directly related to a dimensionless parameter
external field was studied extensivély’® In contrast, the £(q) introduced by Persson and ZarenfBaA number of
theoretical understanding of electronic excitations at noblespectroscopic quantities can be expressed in terngg of,
metal and transition-metal surfaces remains at a more phdacluding the friction force exerted on atoms and ions mov-
nomenological level. Among these Ag has attracted a paring on a metal surfac€.We investigate to what extent the
ticularly large interest as it exhibits a sharp surface plasmophysical parameters concerning the static and quasistatic re-
peak which can be utilized as a source for optical chemicasponse of Ag surfaces are sensitive to crystal orientations and
sensors? Also, the Ag surface plasmon dispersion with a how they are different from the corresponding ones for semi-
two-dimensional2D) wave vectorq is qualitatively differ-  infinite jellium with the samesp electron density as Ag.
ent from that of simple metaf$™*" To understand these = The plan of the present paper is as follows. In Sec. Il we
properties, response calculations were performed using singliscuss the ground-state and static response properties of the
plified models in which the filled @ shell of Ag was ap- Ag(111), Ag(001), and Ag110 surfaces. Section Il begins
proximated by point dipole&ipolium) or by a uniform di-  with a brief review of the quasistatic response theory. Then,
electric medium, whereas tisp electrons are treated within we present calculated results of the electron-hole pair exci-
the Drude model or quantum mechanically within the jelliumtation rate in the quasistatic limit. A summary is given in Sec.
approximation8 =22 IV. We use Hartree atomic units throughout this paper unless
Performing a TDLDA response calculation for real metal otherwise stated.
surfaces at a finite frequenay is still a very demanding

tas!<. The difficglty arises in including a sufficient number of Il. GROUND-STATE AND STATIC RESPONSE
lattice vectors in the surface plane as well as in an accurate
. . . . PROPERTIES
treatment of the asymptotic behavior of the induced field
deep in the bulk. Localized valenakstates add a further In order to be able to evaluate electron-hole pair excita-

source of difficulty in the case of transition metals. To ourtion rates in the low-frequency limit, it is essential to de-
knowledge, until now first-principles response studies of Agscribe continuous one-electron energy spectra near the Fermi
surfaces were restricted to the static limit where the calculaenergyer . Standard slab approximations for the surface cal-
tion is reduced to a ground-state problem. Aers anculation are not suitable for this purpose because the energy
Inglesfield® investigated the electronic structure of a semi-continuum in the surface normal direction is replaced by
infinite Ag(001) surface exposed to a uniform electric field discrete levels. In the present work we treat truly semi-
using the embedding method of Inglesfield andinfinite Ag surfaces within the local density approximation in
co-workers**25They explored the shifts of Shockley surface density-functional theor using the embedding technique of
states and the screening charge density as a function of theglesfield?* In this method one first generates the embed-
field strength. A similar calculation was performed by ding potential of a semi-infinite substrate for a given set of
Weinert® for Ag(001) with use of a full-potential linearized energy mesh pointsef and 2D wave vectorsk). Next a
augmented plane wavéFLAPW) method’ in the slab  self-consistent Green-function calculation is performed in
geometry. the embedded surface region to determine the charge density
To achieve a more systematic understanding, in th@nd the one-electron effective potential. We consider the
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. FIG. 2. Contour maps afa) ny(r), (b) n1(r), and(c) ny(r) on
280 7 1 a vertical cut plane containing atoms in the top layer and their
o nearest neighbors in the second layer for(@Qf). Solid, dashed,
L L L 1 L and dot-dashed lines correspond to positive, negative, and zero val-
-5.0 2.5 0'?4 25 50 ues of charge densities, respectively. Contour spacings are 2.5
c{x10 a.u.) x1073, 0.1, and 4 a.u. from the left to right panels.

FIG. 1. Centroid of the induced charge density, as a func- whereao, is a small number within the range of Fig. 1.

tion of surface charge for Ag(001). z; is measured relative to the Figure 2 shows the calculated contour mapsngfr),

outermost Ag plane. We use the convention that positiienplies  n,(r), andn,(r) for Ag(001) on a vertical cut plane contain-

a surplus of electrons at the surface. ing atoms in the first layer and their nearest neighbors in the
second layer. Solid, dashed, and dot-dashed contours corre-

(112), (001, and(110 crystal surfaces of Ag. The two out- spond to positive, negative, and zero values, respectively.

ermost Ag atomic layers are included in the embedded surfhe linear-induced charge,(r) is characterized by a major

face region, where the spacing between the neighboring Agcreening charge formed on the vacuum side of the top-layer

layers is chosen for simplicity as a bulk value. Indeed theatoms and Friedel oscillations toward the interior of the

atomic relaxations on thgl11) and (001 surfaces of Ag are  metal. The complex contour patterns in the Ag core region in

known to be negligibly small, although the layer spacingFig. 2(b) are very similar to those obtained by Aers and

between the top and second layers is reduced-Bo for  |nglesfield® The second-order induced chamgr) was not

the case of AgL10).3! A uniform electric field perpendicular shown in their papen,(r), plotted in Fig. Zc), consists of a

to the surface can be incorporated as a boundary condition @froad positive peak extended further toward the vacuum than

the Coulomb potential on the vacuum side. The strength ofhe main peak of,(r), a negative peak just above the Ag

the applied fieldE,,, is related to the induced charge per unit atoms, and Friedel oscillations toward the bulk. Apart from

area,o, via E;p=2mo. More details of our computational the complex contours inside the Ag core region and the lat-

method, which combines the embedding approach and theral corrugation of the charge density, these features are very

FLAPW technique, were described in Refs. 32 and 33.  similar to those obtained for clean jellium surfatesnd for

For each Ag surface we perform self-consistentalkali-metal overlayers on jelliurif

electronic-structure calculations for several values oof To examine the crystal-orientation dependence, we plot

(lo|<5x10"* a.u.). Figure 1 shows the calculated centroidplanar averages of the linear-induced and nonlinear-induced

of the induced electron densitgg, as a function ofo for charge densities for the Atl1), (001), and(110 surfaces in

Ag(001). The points can be fitted by a linear function, which Fig. 3. We choose the axis as the surface normal pointing

indicates that the electron density in the presemange can toward the vacuum. In spite of the large difference in inter-

be accurately described as layer spacingd, which equals\6a/3, a/\2, anda/2 for
) these three surfaces, respectivey=5.43 a.u. denotes the
n(r,o)=ng(r)+ony(r)+any(r), @ nearest-neighbor Ag-Ag bond lengthhe planar averages of

whereno(r), ny(r), andn,(r) are the ground-state, linear- n.(r) andnz(r) in. Fig. 3 Iook.qualitatively very similgr. For
induced, and second-order induced electron densities, respet MOre quantitative comparison we evaluate two important
tively. n,(r) has a unit weight per area when averaged oveparameters. T_he f“?‘ is the centrp_ld of the planar_avgrage of
space, while,(r), with a dipolar character, possesses no nef'1("). Z1, which gives the position of the static image

7 . . . . . . _
charge. In the same way, the one-electron potential may bRlane: (2 coincides withzg in the limit o=0.) The second
expanded as parameter is the dipole moment associated with the planar

average ofh,(r), p,, which is proportional to the nonlinear

V(r,0)=Vo(r)+aVy(r)+o?Vy(r). 2 polarizability x,,{ @) in the limit of ¥—0. x,,{w) can be
measured from the intensity of the optical second harmonic
From Eq.(1), ny(r) andny(r) are obtained &8¢ generation3*

Table | lists the calculated; and p, values of the three
surfaces together with their layer spacindiswhere z; is
measured relative to the position of the top atomic plane. For
completeness we also give the calculated work functibns

1 of the three Ag surfaces. The calculate& for the (111) and
ny(r)=——[n(r,a0) +n(r,—ag)—2n(r,0)], (3 (001) surfaces are slightly smaller than those in Ref. 32,
20% because in the present work we employed an improved ver-

1
nl(r): T._O[n(ryo'o)_n(ry_g'o)]:
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n, n, the linear-induced charge of the jellium surface witl 3
— — has its centroid shifted by 1.35 a.u. outward from the edge of
(@ (11) the positive charge background. Assuming that the Ag top
| layer is located byd/2 inward from this edge, we obtany
120 =3.56, 3.27, and 2.71 a.u. for tHé&11), (001), and (110
.30 surfaces, respectively. Except for ti6.0) surface, these val-
ues are too large. The discrepancy arises because the jellium
10 surface withr =3 underestimates the work function of Ag
0 by more than 1 eV, and also because jellium cannot describe
-10 the s-d hybridization. With a stabilized jellium mod@lin
20 which a constant attractive potential is added in the interior
-30 of jellium, the induced-charge centroid is moved only
slightly inward (1.12 a.u. above the jellium edte How-
ever, if the attractive potential is adjusted to match the cal-
culated work function of Ag, this inward shift is much larger.

F (@) (111)

- (b) (001)

: (e) (001)

L (©) '(110)'

0.1 I 120 The centroid is then located about 0.3 a.u. above the jellium
0.0} L () (110) 1-30 edge, so that its distan@g from the atomic plane becomes
e e even smaller than in our three-dimensional calculation. Aers
4 20 z(a2u )4 6 4 20 (a2u) 4 6 and Inglesfiel@® obtainedz, = 2.89 a.u. for the A@O01) sur-

face, which is in very good agreement with the present
FIG. 3. Planar average of the linear-induced chargg) and  result.

nonlinear-induced charge(r) for the three low-index Ag surfaces. ~ According to Table I, the nonlinear induced dipole mo-

The origin of thez axis is chosen as the outermost Ag plane. mentsp, also rise with increasing layer spacing. Neverthe-

less, the differences between the three surfaces are remark-

sion of the embedding potential generated from the comple®P!Y small. Since the nonlinear-induced density(r) is
band structure of a bulk A% Differently from previous ex- More extended toward the vacuum tharr), it is less sen-
perimental and theoretical worR&38 the work functions for sitive t.o .the chal atomic configuration ar)d the layer spacing.
the (001) and (110 surfaces do not follow the Also, it |s'eV|dentIy not the case t_hapxz is Iargest' for the
Smoluchowsk® trend. This may be related partly to the ac- s_urfac_e with the lowest work fungtlon. _Such a _S|mple rela-
curacy of the embedding potential for th@10 surface, t|on_sh|p holds only for the one.-dlmer.13|onal jellium model.
which will be discussed later, and partly to the very small but?S in the case of;, the three-dimensional crystal structure
non-zero(of the order of 0.01 electrons per unit deskcess mflue_r_mes the nonlinear surface response which is extremely
charge in the embedded surface region. se_nsm\_/e to the electronic states near the Ferml_level in a

It is seen thak, increases with the increasing layer spac-Aauite different manner than the ground state density.
ing. However, as may be expected from Fig. 3, the ratio In previous calculationg, for Ag(001) was estimated as
betweenzl of Ag(lll) and that of AgllO), 1.24, is much ;10 a.u.(Ref. 23 and as 180 a.L(REf. 26. Thus, OU!’ re_:sult
smaller than 1.63, the corresponding ratio of the interlayefS closer to the latter. The calculatgg values for jellium
spacing of the two surfaces. In contrast to the variatiom, of and Stal_blllzeiqujelll_um withr¢=3 were 365 and 321 a.u.,
with layer spacing, the work function, which is determined _respectwel;?, ““which are much larger than the correspond-
by the dipole moment of the laterally averaged ground staté"d ones of real Ag surfaces.
density ny, does not rise monotonically witld but has a
minimum for Ag001). This shows that the induced density lll. ELECTRON-HOLE PAIR EXCITATION RATE
n., which probes primarily the states near the Fermi energy,
is differently influenced by the crystal structure than the
ground state density.

The 5s electrons of Ag correspond to the electron densit
of jellium with r¢=3. According to Weber and Liebscf,

The electronic density induced by a static electric field

can be used to evaluate the dynamical response behavior of

Ag surfaces in the limit of low frequencies. To establish this

yrelationship let us apply to the system an external field with
frequencyw and 2D wave vectoq,

TABLE |. Parameters characterizing the static and quasistatic T ig-xalalz
response of three Ag surfaces. Pl )=~ We e (4)
(111 (002) (110 The linear-induced electron density can be expressed as

d 4.43 3.84 2.72 (@0
z 2.96 2.86 2.39 nl(r,w)I%: ni(q+9g,0,2)e"97 9, ©)
P2 169 162 157
£(0) 0.94 1.12 0.96 whereg stands for reciprocal lattice vectors according to the
@ (eV) 4.90 4.71 4.79 2D translational symmetry. In the vacuum region, the linear-

induced field due tm,(r,w) can be written as
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2 , +&,, where each of them is called the surface, interference,
¢ind(r-w):Hg(q@)e'q'xe_lq‘z and bulk term, respectivef§. Among them, &, coincides
with £(q) atq=0.
> (440 x 5 In the present work we calculate the electron-hole pair
&4 $ind(d+g,0,2)e ' (6)  excitation rate in the quasi-static limit with the use of Eq.
(10). In the limit of g—0, ¢¢(r,0) in Eqg.(10) can be re-
whereg(q,w) is a dimensionless surface response functiomlaced byV,(r) in Eq.(2). V;(r) behaves as- 4m(z—z,) in
introduced by Persson and Anders§dior semi-infinite flat  the asymptotic vacuum region and vanishes in the interior of
jellium. In the present case the second term is associatefle metal. Using the Green function, we have
with the lattice structure in the plang(q,») is expressed in
terms ofn,(r,w) as 2
E(0)= EJ drdr’ ImG(r,r',ep)Vy(r')

o(.0)= | dzdny g0,

XImG(r',r,eg)V4(r), (12
|al * where the Green function is calculated using the embedding
T 27TAJ’ dr $ex(r, @)Na(r, ), ™ technique as described in Sec. Il. The calculated values of

where A denotes the surface area. The imaginary part o s=£(q=0) for the three Ag surfaces are tabulated in the

0(q,w) is related to the electron-hole pair excitation rate perourt.h row qf Table 1. T.O facilitate a comparison with the
unit area by previous jellium calculation, we used the jellium parameters

forrg=3, i.e.,ke=0.64 a.u., and,=0.33 a.u. in convert-
A ing E(0) to a dimensionless paramet&f0). It is to be
w(q,w)= Wlm 0(q,w), (8) noted that thiso, value does not correspond to the observed
q plasmon energy of Ag, 3.8 eV. According to Liebscr(q)
with w(q,w) defined by for jellium with rg=3 is a slowly varying function of,
) which starts from 1.32 aj=0, exhibits a broad maximum at
_cm NS e _ NE |g|~0.4 a.u. and tends to O at largeyf. From Table | it is
w(g,@)= A Z, (fi= 1) 3= €= ) (il Pect Y51 seen that the jellium with =3 overestimateg(0) of the Ag
(9) surfaces by 1530%, indicating that energy dissipation
takes place on real Ag surfaces less frequently than on jel-
lium. This large difference is primarily due to small work
function obtained in the jellium model which makes the
overall density profile smoother and more polarizable, and
therefore overestimates the rate of electron-hole pair produc-
tion. Also note tha&(0) does not follow the monotonic trend
of z; andp,. Instead, it shows a maximum for £A@P1J), i.e.,
o where the work function is smallest. This trend is similar to
E(q)= n E 8(€i— €) 8(€;— €p)|(thi] pse 1.0 [ 4)|%. the one found for the one-dimensional jellium model where a
bl higher work function implies weaker surface response and
10 therefore smalleg(0).% Despite this similarity, the discus-
By introducing the Fermi wave numb&g, the plasma fre- sion below reveals the importance of three-dimensional lat-
quency w,, and a dimensionless function§(q) tice effects on the dynamical response properties of realistic
=(krwp/87)E(q), Eq. (8) reads, in the quasistatic limit metal surfaces.

In Eqg. (9) ¢; stands for a one-electron wave function with
energye;, fi=60(ec—¢) is the Fermi occupation at zero
temperature, andpg(r,w)= deulr,®) + ding(r,w) is the
screened linear electric field. Now, we kegfiinite and take
the limit of w—0. In this limit, w(g,») behaves as
w(q,w)=wE(q) where

(7=3kew|q| ter1<1), Since the Green function is diagonal with respedt tthe
il integral with respect to the planar components of the coordi-
_a o nates in Eq(12) can be expressed in terms of tkentegral
Im g(q,w)—Zk—F w—pg(q). (1) in the surface Brillouin zon€SBZ) and discrete summation

over 2D reciprocal lattice vectors at a givkn If we write

In the above derivation, we took the limit af—0 while  E(0) as =E(0)=[p(k)dk, p(k) equals the sum of
keepingq finite. Instead, if we take the limit o—0 with  [(y;|V,|y;)|? over all the possible pairs af; andy;, apart
the constrainty>1, Egs.(8) and(9) still hold. However, in  from a constant factory;, at a givenk is specified by the
this case, ¢s(r,w) at low » comprises two terms as band index and,, the zcomponent of the wave vector of
D1 )= Psei(r,0)+ Pp(r,w), where ¢, denotes the long the Bloch state incident on the surface. The number of such
range part of the screened potential extending over the bulktates is determined by the projection of the three-
region. For exampleg,= —477(w/wp)2(z—zl) for semi-  dimensional Fermi surface onto the SBZ.
infinite jellium. As the matrix elements of—z; diverge as The Fermi surface of Ag consists of a singls band.
(ej—si)_z, those of¢,, do not vanish even in the limit of Thus, in case of A@QO01), except for a small portion of the
w=¢€j—€;—0. Thus, in this limit, one obtains the same SBZ near the zone boundary, one finds a singlstate for a
equation as Eq(11), except that(q) is replaced byés+ & givenk, and the electron-hole pair excitation with infinitesi-
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the decreasing interlayer spacing between two atomic layers,
calculating the embedding potential of the substrate at high
accuracy becomes more difficult. While ground-state proper-
ties likez; andp, are rather insensitive to the quality of the
embedding potential, the matrix elements entering pitio)

are found to be very sensitive to the embedding potential.
Hence,£(0) in Table | for Ag110 might have a larger nu-
merical error than the other two. Apart from this numerical
difficulty, one still notices a qualtitatively different behavior
in p(k) for Ag(110. In contrast to the other two densely
packed surfaceqy(k) for Ag(110 is more anisotropic and
does not exhibit a monotonic decay in the directionbgf
which is perpendicular to the atomic chains consisting of
top-layer Ag atoms. This may be interpreted as evidence
that the electronic properties of this surface are of more

R
RN 0‘¢‘¢“‘:::“‘:'\‘
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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- 2D nature.

zontal square correspond to two fundamental reciprocal lattice vec- V. SUMMARY

tors b, andb,, and the center of the square correspondk=d.

Note that the actual angle between themri8 for Ag(111). Also, We studied the electronic structure of three low-index Ag
|ba|/|b,y|= /2 for Ag(110), whereb; is parallel to the atomic chains surfaces under application of a uniform electric field oriented
of the top-layer Ag atoms. perpendicular to the surface, using a surface-embedded

Green-function code that we developed recently. We demon-
mal energy takes place through an infinitesimal shifkpf  strated that our method is accurate enough to determine not
In Fig. 4@ we show the calculatep(k) for Ag(001). It has  only the linear-induced electron density but also the second-
a large peak ak=0, and decreases rapidly with increasing order nonlinear-induced electron density. In addition to those
k. This behavior can be understood within the simple jelliumstatic response properties, we estimated the electron-hole
model. That is, ak=0, the one-electron state on the Fermi pair excitation rate in the quasistatic limit which is equiva-
surface has the largekt. The tail of its wave function is lent to a surface response functigq) at g=0. We dis-
extended toward the vacuum and has the largest overlap wittussed the crystal-face dependence of the response properties
the induced potentia¥/;. With increasingk, the correspond- as well as how they are different from the corresponding
ing k, value of the state havingr decreases and the tail of ones of jellium with the samsp electron density. The main
its electron wave function decays more rapidly toward theresult is that the central quantities characterizing the response
vacuum. This results in a rapid decrease of the matrix eledepend differently on crystal orientation, according to their
ment ofV, with increasingk. specific sensitivity to the range of electronic states which

On the other handp(k) for Ag(111) in Fig. 4(b) high-  they primarily sample. In particular, the response properties
lights the deviation of the Fermi surface of Ag from that of do not follow the variation of the work function with crystal
jellium. As is well known, the Fermi surface of Ag is con- orientation.
nected in thg111] direction, and within the circular region As stated in Sec. |, performing a first-principles dynami-
around k=0, which corresponds to the projection of the cal response calculation for semi-infinite crystal surfaces still
neck of the Fermi surface onto the SBZ of Agl), there is  seems too difficult. The easiest extension of the present study
no state havingr . Within this energy-gap regiop(k) van-  may be to determing(q) at finite g. This quantity can be
ishes identically, leading to a volcanolike shape pgk). calculated from formula(12) by replacing Vi(r) by a
This may explain why the calculateg{0) for Ag(111) is  screened fieldp.{q,0) corresponding to finitey. If q is
considerably smaller than that of Aip1). chosen as commensurate as the surface unit cell, the calcu-

Figure 4c) shows the calculategh(k) for Ag(110. It  lation of ¢<{q,0) is reduced to a standard ground-state elec-
looks more spiky than the two previous panels. In fact, withtronic structure calculation using a large supercell.
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