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We calculate the dielectric response of adsorbate atoms on a metal surface assuming an Anderson
model of the system. The dielectric function is then used to predict the change in the surface optical
reflectance caused by the adsorbates. General results are obtained for substrates with one and two
electron bands with and without the assumption of momentum conservation in the band-to-band optical
transitions. A detailed analysis is carried out for the single-band momentum-conserving case. Here, the
model is the same as that studied by Caroli and Kjollerstrom if the substrate density of states and
various matrix elements are taken to be constants. However, we find an additional nonnegligible
contribution omitted in their analysis. In other single-band cases, we show the wide variety of behavior
which may be obtained for different parameter ranges and provide expressions to be used in data

analyses.

I. INTRODUCTION

A number of recent experimental investigations
have used optical-reflectance techniques to probe
the electronic properties of atoms chemisorbed on
solid surfaces, Changes in reflectance due to
chemisorption are measured as functions of adsor-
bate coverage and frequency. McIntyre® has pio-
neered the use of in sifu modulation spectroscopy to
study adsorption at the electrode-electrolyte inter-
face. Rubloff ef al.2 have more recently studied
adsorption at the metal-vacuum interface. In the
electrochemical case, these techniques provide a
unique probe of the surface electronic structure.

At the vacuum interface, such studies are a useful
supplement to the by now conventional photoemis-
sion, field-emission, and ion-neutralization spec-
troscopies which unlike optical reflectance yield
information only on filled electronic levels.

All of these experiments have been analyzed us-
ing an approach introduced by McIntyre and Aspnes. 8
The metal-adsorbate system is modeled by a semi-
infinite substrate, characterized by a bulk dielec-
tric function, which is covered with a monoatomic
layer with modified dielectric properties. The
chemisorption-induced changes in reflectivity can
then be associated with differences between the sur-
face layer and bulk dielectric functions. Although
obviously a considerable oversimplification, this
model has been useful in rationalizing a variety of
experimental data.

McIntyre suggested that resonance levels associ-
ated with the adsorbed atoms might be crucial in
determining the relevant dielectric properties.
Rubloff et al.? used somewhat arbitrary Lorentzian
parametrizations to represent such effects in order
to fit their experimental data. When account was
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taken of adsorbate-induced elimination of surface
states, and it was assumed that optical transitions
occurred from the adsorbate levels to the metal’s
Fermi level, many of the fitted adsorbate level po-
sitions agreed with those found using other spec-
troscopic techniques,

In this paper, we use an Anderson model of the
chemisorption system in order to obtain better ex-
pressions for the adsorbate-layer dielectric_func-
tion, Such expressions are suitable for use in fu-
ture fits to experimental data. This approach also
provides an expression for the dielectric function
of a dilute alloy which can be used to interpret the
recent optical-reflection experiments of Callendar
and Schnatterly* and Drew et al.® as well as 2 num-
ber of others.® In this context, Caroli” and Kjol-
lerstrom® have performed similar dielectric -func-
tions, assuming a one-band model, infinite band-
width, constant matrix elements and substrate den-
sity of states, and momentum conservation. Here
we relax those restrictions, In the special case
studied by Caroli’ and Kjollerstrom® we obtain
their results plus an additional term which they
overlooked. Our approach is similar to one used
earlier by Penn fo treat the effect of adsorbates on
photoemission® and field emission.** We use
Fermi’s Golden Rule and a many-body formalism
to calculate the imaginary part of the dielectric
function. Under certain circumstances, a consid-
eration of the required analytical properties of the
dielectric function permits us to immediately ob-
tain the real part from the imaginary part of that
function. In general, however, a Kramers-Kronig
transform must be performed.

We obtain general results for the adsorbate-lay-
er dielectric function € when the substrate & vector
is a good quantum number and when it is not due,
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11 OPTICAL PROPERTIES OF ADSORBATE ATOMS

e.g., to surface or final-state effects, Multiband
and single-band substrates are treated separately.
In general, the calculated adsorbate-layer di-
electric function together with the known substrate
dielectric function can be used in the McIntyre and

Aspnes (MA) expression to predict AR{w)/R or

for parametric analyses. We make some conve-
nient approximations in order to use our calculated
dielectric function to predict characteristic fre-
quency-dependent differential reflectances. In the
low-frequency limit, the MA formula for AR/R can
be approximated by wzel. For higher frequencies,
assuming a constant substrate dielectric function,
there are contributions to AR/R of the form we,
and we,.

In the single-band case, detailed analysis is pos-
sible, One simple approximation consists of as-
suming that all matrix elements are real constants,
the metal density of states is constant, and the
bandwidth is infinite. This corresponds to the ap-
proach of Caroli’ and Kjollerstrom.® We find, how-
ever, that they have omitted one of three terms in
the dielectric function. Within this real-constant-
matrix-element approximation, a single parameter
in addition to the level position E, and width I',
characterizes the frequency dependence of €, This
parameter o is essentially the ratio of the strength
of the excitations which consist of an adsorbate
electron jumping to a substrate state and then being
raised in energy to the strength of the direct exci-
tation of an adsorbate electron to an excited sub-
strate state. If | E | /I, the absolute value of the
adsorbate level energy with respect to the Fermi
level in units of the adsorbate level width, is 21,
then structure in AR/R appears at w~ E,. The na-
ture of the structure, i.e., a minimum or maxi-
mum, depends, however, on the magnitude of a.

In the more general single-band case, where the
band has a finite width, more than one parameter
is required to characterize € and AR/R. Then we
analyze the frequency dependence of each contribut-
ing term, For | E,!/T' 21 there is, in general,
structure at w~ E4 in the contribution to AR/R
which is lowest order in w™, High-order terms
have structure only for larger values of | E,| /T,
Structure in €, appears in general only for | E |/
I' >3, which should be contrasted with the use by
Rubloff et al. of a Lorentzian approximation to €,
in fitting experimental data. Finite bandwidths re-
duce but do not eliminate structure in AR/R, while
additional structure is often introduced at values
of w given very approximately by the sum of | E,|
and the bandwidth. These results should be used
in future detailed parametric analyses of experi-
mental data.

There are a number of terms in the dielectric
function which exist only for multiband substrates,
e.g., transition metals. These terms are not
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simply characterized and depend in detail on the
form of the energy bands. We present general ex-
pressions which can be used in their future anal-
ysis. At present it is difficult to assess their im-
portance.

We concentrate on adsorbates with a single vir-
tual level as opposed to the miltilevel system
sometimes found in practice. Furthermore, some
levels are probably more closely associated with
the substrate than with the adsorbate, a situation
not normally accounted for within the Anderson
model, However, if the adsorbate and the nearest
substrate atoms are taken as forming a complex
which itself interacts with the rest of the substrate
electrons, then the Anderson model may be ade-
quate.

In Sec. II, we derive various expressions for the
dielectric function, Formal results for €; are giv~
en in Sec, IIA. Section II B considers ¢, in the
one- and two-band cases when momentum is con-
served. In Sec. IIC, we obtain expressions for ¢,
valid when momentum is not conserved. Section
I D briefly treats ¢, for two-level adsorbates and
Sec. IIE describes how the real part of the dielec-
tric function can be obtained from its imaginary
part. Finally, in Secs. III A and III B we present a
variety of results for the intraband momentum-
conserving case, and in Sec, HOIC the momentum-~
nonconserving case is considered. In Sec. IID the
reflectivity is related to the dielectric function and
numerical results are presented.

II. CALCULATION OF ¢,,¢,
A. Formal expression for ¢,

The imaginary part of the dielectric function as-
sociated with the optical absorption of photons of
energy %iw, by a system of electrons is

€5(wp) = fc Yw)dw , 1)

where y(w) is related to the number of electrons
excited to final states of energy w per unit time and
is given by

¥(@)= B1/6) D f € (1 - £ (€]

X |G| 7 m " |26 (s — € = 00)0(E s = ) .
(2a)
Here ¢,, Im) are eigenvalues and eigenfunctions

of the Hamiltonian H for the system, f(¢) is the
Fermi function, 7=P,= ~§#8/8z and

B=(4ne?/Q) (i/m)? , (2b)
where § is the volume of the metal. Equations (2)
take spin degeneracy into account. vy can also be
written in the form
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Y(w)=F(w) Z | (m | T)m')|2<m|91(w - wp) | m)

x{m’| §'(w)|m") , (3a)
where
F(w) = Blwem)? flw - wg) [1 - flw)] (3b)
and
gH(w) = (1/20)[ §(w - i0") ~ G (w +i0%)]
§=(1/2i)[(w-40" - B) —(w+i0* —H)'].

It will be convenient to use a basis set {/ k)} which
does not diagonalize H rather than the set {Im)}
which does, Equation (3a) becomes

(3c)

Hw)=Flw) 2, |l Y®"|r|e™)
RR'R' R

x (k' §M(w - w) | 2" RSN W)|E) . (4)

We are specifically interested in calculating €,
for the case of a metal with adsorbates on the sur-
face. It will be assumed that the adsorbate-adsor-
bate interaction is weak compared to the adsorbate -
metal interaction and that the system is adequately
described by the Anderson model. ** The usual
form of the Anderson model'! makes use of an
overcomplete set of states: the metal states which
are themselves complete and the adsorbate state.
This leads to an incorrect expression for the den-
sity of states. This problem is treated by Ander-
son and McMillian'? (AM). Their result for the
Green’s function that describes the metal-adsor-
bate system and takes overcompleteness into ac-
count is

S (E+i0%) = (E+40" — H)ho= go(E£40")5,, .
+[ go(E£i0%) vy, — (k| ) ]AH(E £40%)

X[ Vgpogao(E £30%) —{al k)], (5)

where H is the metal-adsorbate Hamiltonian ex-
pressible as the sum of a metallic part, H, and
the change in potential caused by the adsorbate,
AV: and |a) is the wave function associated with
the adsorbate. The complete set of electron states
of the metal denoted by {I 2)} is such that Hyl &)
=€, k). It is understood that & includes all the
quantum numbers required to specify a metal state.
Here

g(Exi0")= (E - Hyx iN= (E -, xiN)™,  (6a)

where 7i/) represents the lifetime of an electron,
We assume A to be very small but finite, The pur-
pose of assuming X to be finite is primarily to fa-
cilitate obtaining €;(w,) by means of the Kramers-
Kronig relation. This will be described in detail
later in the paper. Also

Vea={k|E-H|a), (6D)
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-1
AHE£40%) = <E -€, - Z v,,,,gk(EiiO“)vka) ,
-3

(6c)
where €, is the energy associated with the state
la). Equation (5) is obtained from Eqs. (2.34) and
(2. 36) of the AM paper only after taking some no-
tational errors into account. Beginning with AM
(2. 36), H,, and G’ are referred to as V,, and G.

In Eq. (5), A™ represents the Green’s function
that describes the adsorbate. Thus the resonant
energy of the adsorbate, w,, is given by ReA(w,
—-40%)=0 and from (6¢)

W,= €, + Re(; I (A iO*)I/,m> , (7)

where vy, =(klw, - Hla). The width of the resonant
level is Im{3,v,, g(w, ~i0*)y,, ]. The approximation
of Eq. (5) for (E - H)™ is similar to that of the
original Anderson model but the effective metal -
adsorbate interaction is - v, = (H - E),, rather than
H,,.

We show in Appendix A that use of Eq. (5) in Eq.
(4) yields

Hw)= volw) + Flw) ; gh(@){[| el = wp)|?
— v elw = wo) | 210 (w = wy)

+[2 Reuy(w - wo)vf (w = wo)]AK(w — wo)}

*F“‘”Z,, g 1w -~ wp){ lua(@)|* = | v(@) |* 147 (w)

+[2 Reuy(w)vi (w)]A%(w)} (8a)
where
y() = E Tane & () (A V) » (8b)
'Uk(‘-") = ; Tkk'g{z'(w) (AV)k'a , (8c)
g i(w) = Re[ gy(w -0 ]=(w - &)/ [(w - Ek')z"'f] ’
(8d)
galw)=Im[ gy (w ~0%)]= 1/ [(w - €)%+ 2],
(8e)
A¥(w)=Re[A ™ w -i0")], (8t)
A(w)=Im[AHw-40%1], (8g)
AV=H-H,. (8h)

We have neglected the contribution of the last
term on the right-hand side of (A4a) since it rep-
resents intra-adsorbant transitions, i.e., transi-
tions from the filled portion of a virtual adsorbate
level to its unfilled portion. In most cases of in-
terest the adsorbate level is either almost entirely
filled or has a smaller width than the photon ener-
gy wp so the transition probability is very small.
We will consider intra-adsorbate transitions in the
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case when there are two different adsorbate levels
later in the paper,

It will be convenient to define the “wave func-
tions” ia”) and | a”) by

la'(w)) =gMw)aV|a)=|a) -gMw)v|a),  (9a)
la"(w)) =g {(w)aV]a)~ - g w)v]a) , (9p)
where we have used the fact that X in (8d) and (8e)
is small. The wave function | a’) represents the
wave function of the adsorbate including the effect
of the metal-adsorbate interaction —v=H -E,
la”) represents the hopping of an electron from the
adsorbate to the metal under the influence of the
potential AV, With the above definitions of 14’) and
la”) we find from Eqs. (8b) and (8¢c)
up(w)=(e|1|a’(w)) ,
ve(w) = (k| T]a"(w)) .
Use of (10) in (8) yields

(10a)
(10p)

Y(w)=vo+ 712+ 721
= yolw) + TF(w) [ (@ - B)A (W = wo) + 718w ~ wy) ]
+1F(w) [(0g = Bo)A (w) + 78R (w) ], (11a)

with
ay= 2 0w - &) |Ck|T]a’(w - wo) |, (11b)
B1=Zk:5>.(w‘ik)|<k‘1’la"(w—wo)>l2, (11c)

1= ; 8,(w ~ €)2 Re[(k | 7| a'(w ~ wo)) (a"(w — wg) | 7| B

(114)
az:zk: 5).((*’—wo—ﬁh)Klela'(w))‘a, (11e)
BZ:Zk:ﬁh(w—-wo—ek)l(khla”(w))ta, (11f)

Yo = ; Oy(w — wy — )2 Re[(k| 7| a"(w)) {a"(w)| T]#)],

(11g)
where

5,(w)= 112/ (0¥ +2%) (11h)

and §, is a delta function as A= 0,

Yo 1s the usual expression which describes tran-
sitions between metal wave functions. The remain-
ing terms involve adsorbate levels and are the ones
of interest here. y,; and v,, describe electron
transitions from the adsorbate to the metal and
from the metal to the adsorbate, respectively.
More precisely the first term in y;,, {3
=1F(w)ay AT (w - wp), is the probability that an elec-
tron is optically excited directly from the adsor-
bate state | a’(w — wy)) to a metal state with energy
w. The second term in yy,, {2 = 7F(w)g A (w — wy),
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is the probability that an electron on the adsorbate
with energy w — wqg jumps to a metal state of energy
w — wy and is subsequently excited to a metal state
of energy w by a photon. Finally the last term in
Y12 represents an interference between the two ex-
citation processes. The terms in y, have an anal-
ogous interpretation.

B. €, when momentum is conserved

In order to evaluate y(w) as given by Eq. (8) we
will assume the metal states {| E)} are adequately
approximated by Bloch states {| K, n)}, where now
k is a reduced wave vector, This is consistent
with the assumption of a long electron lifetime,
which implies that surface effects are relatively
small, For simplicity we will assume that there
are only two metal bands of importance.

It is shown in Appendix B that use of Eq. (8) in
Eq. (1) now yields for the intraband contribution to
Eg((ﬂo)

€2((00) = €é0) (U)o) + Eél) ((J)o)

€(21) (wo) = '53'[2":(( l Thnya ‘ 2>av

2 402
+{| Tan,nl lekn,a|2>av %) ¢1(wo)

+ Z 2 Re<Tkn,hnvkn,a Ta,kn>av
n

W, 2
X<w0+4x Palwo) - v ¢3(wo)>

- Zn: <| Tkn,knl2| an,a‘:z)av —34—:?%%2- ¢4(wo)],

Wo
1(wo) = (B/7°) fowo dol p(w)A'(w - wp) .
+p(w = wo)A(w)] (12b)
Saln)=8/7) [ dal plwd (o - wo)
- plw = wA (w)], (12¢)
poten)= (8/7) [ dw] p@) o - oo
+p(w - wdA®(w)], (12d)
Batoo)= (/) [ do [p(0I ™ - wo)
~plw - w)AMw)] , (12e)

where € (wp) is the imaginary part of the dielec-
tric function in the absence of adsorbates and (),,
is defined in (B6b). In the limit that A—0 we have

9 (wo) = (8/d) (| Tama| e

+ ( ! Tkn,kn‘zlvkma \2>lvw(-)2) ¢1(w0)
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+ <2 Re Tkn, ankn,a Ta,kn>av w(;l ¢2(w0) . (1 Zf)

If the metal has a constant density of states and
Mw)=A¥(w) +iA(0)= (w - E, +4T')™", the terms on
the right-hand sides of (12f) and (12a) which involve
¢, and ¢, are the same as those obtained by Caroli
and Kjollerstrom, respectively. These authors
considered only intraband terms. The terms in
(12f) and (12a) that involve ¢, and ¢; have béen in-
correctly omitted by those authors because they as-
sumed 7,,,, but not T, ., to be a constant indepen-
dent of & whereas T.pp -pn= — Tan,nne Then the term
(2 ReThp,knVan,aTa,an)ay in (12f) and (12a) vanishes by
symmetry and thus ¢, and ¢3 do not contribute to
A€,, Various authors*® have experimentally de-
termined the Anderson-model parameters V,,, €,,
and the level width I" for several dilute alloy sys-
tems by fitting their experimental optical data to
the Caroli-Kjollerstrom expressions. We have at-
temped to determine more accurate values for the
Anderson-model parameters than those obtained in
Ref. 4 by fitting their experimental curves to €
as given by (12f) with the matrix elements regarded
as adjustable parameters., This is the same pro-
cedure as adopted in Ref. 4 except the term in ¢,
was omitted there. We found that the additional
term does not allow for a better fit of the experi-
mental data and consequently the Anderson-model
parameters determined in Ref, 4 remain unchanged.
The reason for this is not clear at present.

In Appendix B we show that the contribution of
€(wy) from interband terms is

A€y(wy)= 2 : 2Re[ 7y, unTim a7Vsira 0 D1,
n
+ Z 2 Re [ Tu,kZTkﬁ,hnTkn,ankn,a ]0 ¢2,n
n

+ Z I Tkn,kil zl Van,a I2 ¢3,n ) (133')
n

where the brackets [ ], mean the term is taken as
constant and where » denotes one metal band and
7 the other;

San= @/ 1 [ AP 0, w0
0
+ fo “ dw Aw — w)N Y (w, wo)) , (13b)

b2,n= (B/w§) Im (— (wo —2i0)* f * dw A(w)M® (w, wp)

+(wg+2ia)7 fwu dw AMw - we) NP (w, wo)) ,
0
(13c)
wQ
¢3,n= (B/wf)Im (fu dw Aw) M*® (v, wp)

+ fowo dw Alw - we)N @ (w, wo)) , (13d)
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O(w—wy~¢€ .
MY (o, wo)zz °€ ) +z1r25(w—wo—€,,,,)
& W= &5 &

X8(w ~ &) , (13e)

O(w - €,)
N(l) = :30)
(0, wo) ; W= Wy — &7

+im zk: 6(w - €4n) 0(w —wo — &7) ,  (131)

2 ~ 8w — wy —€,,)
M (w, wy)= Zk: mﬁro%r , (13g)
and
A S prersar:cy SRNCE

Clearly the terms ¢;,, have a very complicated de-
pendence on band structure owing to the form of the
M% and NP,

C. €, when momentum is not conserved

If momentum conservationas defined by 7, p¢p
= Ay 4+ Thn,rn 1 DOt valid then y(w) is given by Eq.
(11). This might be the case if the electron that
is excited by the incident photon interacts strongly
with the hole it leaves behind., Taking the matrix
elements (k| 712'), (k| Ta) and v, as constants
and A~ 0 we can rewrite Eqs. (11b)~(11h) as

a;=Ap(w) , (14a)
ay=Ap(w - wy) , (14b)
7: = Gplwp(w ~ wy), i=1,2 '(14¢)
By = Bp(w)p(w — we)?, (14d)
Ba= Bp(w — wo)p(w)?, (14e)
where A, B, and G are constants given by
A= || T]aD?, (14£)
G=2nRe({k|7|a")a| T|R)), (14g)
B=1|(|7|a)|* vl (14h)

and we have assumed x~ 0" in (11).
D. €, for adsorbates with two resonant levels

We wish to allow for the possibility that there
are two resonant levels associated with the adsor-
bate and that there can consequently be optical
transitions between them, In the absence of the
metal-adsorbate interaction, the adsorbate states
obey a Hamiltonian H, and have energies €,, €; and
wave functions {a,), |ay) which satisfy

Halai>=€i}ai>’ i=1, 2. (15)

A straightforward application of the AM approach!?
yields the generalization of Eq. (A2) to this case
of two resonant adsorbate levels:
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Srne = 8x0rae

+ Z (g,,v,m —(k|a >)(A-l)i,j(vaj)¢' <aj|k >)

i,3=1
(16a)
and

(16b)

Ay =(E-€)0,;,; Eyai,kgkykyaj'

We denote the linear combinations of | g;) that di-
agonalize A by la,), lay). The lag), lay) are
related to | a,), | @s) by a unitary transformation,
We have

Ghr* = g10une + Z (ngk,a,
i=L,U

- (ela)) A} (Vajnegne = [2"),

(17a)
My=E =€ =2 Vo 8o, i=LU (170)
— Vay,
and €; is given by
€ ={a;|H,|a;), i=L,U. (17¢)

The positions of the resonant levels E;, E;, are giv-
en by

Re[A (B, -i0%)]=0

The dielectric function associated with adsorbate-
adsorbate transitions is obtained from

, i=LU. (18)

Ga@0)= [ Yaalw)de (192)
with
Taa(wo)= = & Fwg){A(0)Af(0 - wo) (| @}
+l¢; Fl* - ol - aiF)
AF(w)AJ(w - wo)[2 Re(dFRa11*)
+2Re(q>“ ®i7)]
+A{(w)Af(w - wp)[2 Re(pIFp 1)
- 2Re(¢p;781%)]
+Af(w)AN(w - wo) 2 Re(piT dir )
~2Re(¢i7 o1}, (19b)
where
8} =[aVe"(w ~wekrg¥ (w)av],,; (19¢)

and M, N are either R or I and 4, j denote la;) or
lay }. Equations (19) are derived in Appendix C.

E. €; via the Kramers-Kronig formula

Having obtained €,(w,) we may now calculate
€;(wp) using the Kramers-Kronig equation

ex(wo)= (1/m)P f 2 <), (20)
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where P denotes the principal part, and for the
cases of interest to us €,(~)=0, Clearly (20) is
valid only if €,(w) is no more singular than 1/w as
w~0. From Egs. (12) it is apparent that if A=0
only the first term in €}V (w,) satisfies this condi-
tion, Consequently we have used a small but finite
X in all our numerical calculations with Eq. (20),
A somewhat different approach for the intraband
contribution is also possible. The intraband con-
tribution to the dielectric function is, from (12a)

€5 (w) = Im((A/ w?){aid;(w) + blw + 2i0)™
X [®5(w) +i®4(w)]
+c(w+200) 2 [y(w) +idy(w)]]) , (21)

where A, a, b, and c are constants. In Appendix D

we show that in the limit of small A the real part of
(1

€ is given by
K
E;n(w):A((an') ; ( ><I’ (w)) +§5+§’
(22a)
where
% (w) ~<l> ® dw' ®w) .
G LSt e e
and B, C are constants given by
K
B=-Ac (gL(zw—) - ‘_Ei%_"l) , (22¢)
w w w=0
K
C=—Ab (%‘i)—- q’—zfﬂ) (22d)
‘ w=0

Thus we can determine €{’(w) in the limit of small
x simply by calculating &% (w), ®¥(w) as given by
(22b) and (12) and [®3(w)/ w?]g, [®a(w)/ w0 as giv-
en by (12) without having to calculate the Kramers-
Kronig transform of every term in (12a).

1II. MODEL CALCULATIONS OF ¢ AND NUMERICAL
RESULTS

We now consider the frequency dependence of the
dielectric function when the following conditions
hold: (i) Only intraband terms are considered, (ii)
matrix elements are considered constant, (iii) the
metal density of states is constant with the metal
bandwidths defined in Fig. 1.

A. Calculations of ¢, (w) assuming momentum conservation
as well as conditions (i)—(iii)

€, is given by Eq. (12f) which can be written in
the form

€% (w) = Aglw (1 +A; 02)8,+w 4,0,], (23a)
(]
$1,2= f (A (w’ - w)= A w")]dw', (23b)
h
- W, W<Wwyp
A {wr, w> Wy (23c)
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0 , w<wg
ll = (23d)
-Wgt+Ww, W>wg
Aw)={(w-E,)R+1]", (23e)

and all energies are in units of the level width T'y,
¢; in (23b) differs from ¢; as defined earlier in the
paper by a constant factor /7% which is adsorbed
into A, Ag and A, are always positive while A, can
be negative. If we assume that the expressions for.
the A, are real constants then (12f) has the form

€(w) = Ap[ w21+ w20P)p, - 203 g, ] . (24)
¢1,2 are simply evaluated. Thus for wr> wg >0,

$1,2= 0y,5= xarctan(w - E, ) +arctan(w + E,)

+(=1z1)arctan(E,), O<w<wg (25a)
= —arctan(E,)+arctan(w - E,)
+arctan(wg + E4)xarctan(w - E4 — wg),
Wp <W< Wy (25b)
=By, ,=Farctan(w — E4 — wp)
—arctan(w+ E, - wyg) tarctan(wy — Ey)
+arctan(E 4+ wg), wp<w (25¢)
and for wg > wg>0,
1,2= 01,2, O<w<wy (26a)
= —arctan{w + E, ~ wyp)+arctan{w+E,)
tarctan(E,)tarctan(wy — E4),
Wp< W< Wp (26b)
=B1,2, Wp<W. (26¢)

When wg, wg >, the term in Eq. (23a) proportion-
al to ¢, agrees with the expression for ¢; derived
by Kjollerstrom® and Caroli.” The term in Eq.
(23a) proportional to ¢, was overlooked by those
authors.

B. Calculation of €, (w) assuming momentum conservation
as well as conditions (i)—(iii)

In the limit wy, wy ~ < the real part of the dielec-
tric function follows immediately from (23a) and
(25a):

€ ()= w A+ w2A,) Ly + 0SA, L, (272)
or for the case of real matrix elements
e{™ (W) = Ap[w (1 + w2®) Ly - 2aw™L,], (27b)
where
N E)2+1][(w+E) Lﬂ) 2
Ll——21n< i+ 1) (27c)
(w-E)%+ 1>
2
retn(EH (#7d)
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The term in (27a) proportional to L, agrees with the
expression for €, given by Kjollerstrom, the term
in L, was overlooked.

For finite wy, wg, €; must be obtained by the
Kramers-Kronig integral of (12), As discussed in
Sec. II, €; cannot be obtained from (12f) by numer-
ical integration of the Kramers-Kronig equation be-
cause of the singular nature of some of the terms
in (12f). Consequently, it is necessary to use Eq.
(12a) for €, from which €, can be calculated nu-
merically, or alternatively Eq. (22), Equation
(12a) contains the terms ¢, ¢, in addition to ¢,, ¢5
which appear in (12f). From (12d) and (12e)

t2
toa= [ AR -0 A% dw’ (282)
1
and
AR(w)= (—iuf—%‘:—i . (28b)
Thus for wy> wp >0,
¢)3=L2, 0<w<w3 (293.)
_Lln( (Bi+D)[(w=-E,)P?+1] )
FN[(Ey+wpP+1][(w =By - wg ¥ +1]
Wp <W< Wp (29b)

=R=

[ VB

In ([(w"'EA wr) +1] (wr EA) +1]>
[(Ey+wgP+1][(w=-E4—wgf+1]/)’

wr<w (29¢)

and for wg > wr>0,

¢p3=Lz, O<w<wr (302)
[ w+Ey 0w + 1] [(wp = B4 )P +1]
"21n< &w+£A)2+1](E§+ 1)A ) ’

Wy
Ex

[
@©

FIG. 1. Schematic energy diagram used in obtaining
the results of Sec. III.
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Wr<wW<Wp (300)
=R, wg<w. (30c)

Thus for wp>wg >0,
da=Ly, O<w<wy (31a)

[(w~ws ~EP+1)(E% +1)
1n<[(w "EA)2+ 1]?(‘-03 +E4A)2+ 1] ) ?

L

Wy <W< Wy (31b)

L {w-wr+E )2+1][(w—w3 -E )2*“1]
T:Em( [{ws +E:)Z+ 1][(("T"EA)2+AI] )’

Wr<w (381c)
and for wg>wr>0,

$s=Ly, O<w<wy (32a)

. ( [(w-wr+E )P+ 1)(EE +1) )
n Hw+E ¥ +1][(wp~EL)P+1]/ 7

[ SE

Wp< W< Wp (32b)

=T, wp<w. (32¢)

From Eqs. (28)-(32) we can obtain €i? as given by

Eq. (12a) and €{* can then be found by a numerical
integration of the Kramers-Kronig equation.

The interband k-conserving terms correspond-
ing to Eq. (13) cannot be characterized by a quan-
tity as simple as a density of states. These terms
are very sensitive to €, (k) and €5 (k). Consequent-
ly, we do not attempt fo calculate them since any
results would clearly be very dependent on the
model band structure assumed.

C. Calculation of the dielectric function in the absence of
momentum conservation again assuming conditions (i)-(ii)

From Egs. (11) and (14) we find

noncons C 'D
g Safu Dol (33)

where C, and D, may be either positive or nega-
tive. The contribution of the first term to the real
part of the dielectric function is given by CyL;/w?
in the limit wy, wg—<. In this limit the analytical
properties of € (w) permit us to write down the
Kramers-Kronig transform of Eq. (33) using

P=-ca,=arctan{w - E,) —arctan (w + E,)

+2arctan(E,)  (34)

as

o C D, P
€{m) cons) _ QL] + g , (35)

where L, is given by (27c).

Recall that the Kramers-Kronig transform of
w™ ¢y, is given by w™ L, , in the limit wy, wy— e,
In what follows we will define L, (wy, wg) to be

such that the actual Kramers-Kronig transform of
W™ @y 518 T Ly o (wr, wp) for finite wy, wg.

D. Calculation of the reflectivity

As discussed above, we use the McIntyre ex-
pression to relate the fractional change in reflec-
tance to the dielectric properties of the substrate
and adsorbate layer. Then

SR ) (4= (G- D)
- (i) . @

R ¢

where €} , refer to the real and imaginary parts
of the substrate dielectric function, ¢!} refer to
the analogous effective-adsorbate-layer-dielectric-
function parts calculated above, d is the effective
thickness of the adsorbate, and c is the speed of
light.

If we ignore the frequency dependence of €”, then

ééi (W)= =o' wet? + B wed, (37)
Since € is in general positive, o' is a positive
constant while 8’ can be of either sign. A full
treatment would use the known frequency depen-
dence of €°, as Rubloff e al, did in their Lorentz-
ian fit to reflectance data. Some frequency de-
pendence of €” can be conveniently included by not-
ing that, in many metals at low frequencies,
> el ~1and fx1/w, Hence in such cases
B’ < @’ and

AR

- 2
— (W)==0w 61)

where 0 is a positive constant.

From the various expressions for €{*’ and ¢V
it is clear that, for the intraband k-conserving case
case, the coefficients of the terms involving L,
and ¢, are positive, Hence structure in those
terms is directly reflected in the dielectric func-
tion. In the interband case the coefficients of the
various terms in the dielectric-function expres-
sion can be of either sign and hence their structure
may or may not be inverted in the dielectric func-
tion,

From the AR/R equations, the sign of the €V
structure is inverted when used in the reflectivity
expressions. Thus, for the intraband k-conserv-
ing case, structure in L, is always inverted in
AR/R. The €, contributions may or may not be
inverted depending on the frequency regime in-
volved.

Note also that the ¢, and L, contributions are
even under the interchange E,, wg, wr—~ — E,, Wy, Wy
while the ¢,, L,, ¢4, and P contributions are odd
under that interchange.

In the case of the real-constant-matrix-element
approximation, intraband transitions, and % con-
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servation the real and imaginary parts of the di-
electric function, €{*’ and €§!’, are given by

Egs. (27b) and (24), respectively. From Eqgs. (37)
and (38) it is seen that AR/R is determined by
wes, wef?’) and «f €. For various positive val-
ues of o, the quantities we,, we;, and w?¢, are
shown in Figs. 2, 3, and 4 for E, =~3. Analogous
results are shown in Figs., 5-7 for E,=-1. For
E, =-3, structure appears-at w~|E,| for a52.
The structure persists at even higher values of
for E, =+3. Little, if any, characteristic struc-
ture appears in the E, =~1 curves.

In summary, for infinite bandwidths, the lowest-
order contribution in w™ to AR/R exhibits struc-
ture at w~|E,{>1. When higher-order contribu-
tions are present, they have in general structure
only for larger values of | E,|. It is however,
these higher-order contributions which were found
to be most important in alloy experiments. Struc-
ture in €§!’ appears in general only for | E, 123,
and the €'’ are not Lorentzian. This should be
contrasted with the use by Rubloff ef al. of a Lor-
entzian approximation in fitting their experimental
data.

FIG. 2. we; [wxEq. (24)] in the real—constént-matrix-
element approximation for E,=~3.
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-4 |

FIG. 3. wey [wxEq. (27b)] in the real-constant-ma-
trix-element approximation for E =~ 3,

In general the unoccupied bandwidth must be
taken as finite. For finite wy, structure in AR/R
is reduced in magnitude but remains, while addi-
tional structure is often introduced at values of w
given very approximately by wg+ E,. Such struc-

Ep-3

FIG. 4. w’¢ [w?x Eq. (27b)] in the real-constant-ma-
trix-element approximation for E =3,
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ture often appears even when no structure was
present in the infinite-bandwidth case.

APPENDIX A

We show here that use of Eq, (5) in Eq. (4)
yields Eq. (8). We note that if

AV=H-H, (Ala)
then
(R|(E+i0"AV|a)
= (k| g(E+i0*)(E - Hp) |a) - (% |g(E£i0*W |a)
=[17irg,(E£i0"))(k]a) - g, (E+i0") v,
~{k|a)~ g(Exi0")y,. (A1lb)
Equation (5) can thus be written as

Qe (B2 i0%) = g, (E £30°)5,0 + [A G (B2 i0%) ]ype

(A23)
where

[AG(E £ i0) |y = (2 |g(E% i0)AV |a)
XAHE=40")a| AVe(E £i0%) | #/).

(A2b)
From (Az) and (3c) we have
Gl (@)= gt ()8 +8GL ("), (A3a)
where
gl (w) = (1/29) glw - 40*) - glw + i0")], (A3b)
e
Tty
8 0 12

FI1G. 5. wey [wxEq. (24)] in the real-constant-matrix-
element approximation for E,=~1.

FIG. 6. wey [wxEq. (27b)] in the real-constant-ma-
trix-element approximation for E,=~-1.

FIG. 7. wle [w?x Eq. (27b)] in the real-constant-ma-
trix-element approximation for E,=~1.
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A ST (W) =[glw) AVAT: (w)AVg(w) F
+(1/24) [glw - i0)A VAL (w - i0%)
X AVglw - i0*) = glw + i0")A VAL (w +40%)

0P
X AVglw +i0%)] , (A3c)
AL (w240%)
= |a) <w— €a=2  Up(@) g (ws z'O")Vka(w)) Ya l
(A3d)

and from (6a)
glw+i0") =(w— Hyzx X)L, (A3e)
Use of (A3a) in (4) yields

'y((;)) = 'yo(u)) +F(O)) Z” Tkklg‘gl ((())Tkpkl:Agguk((lJ - (Ug)

14 3

+F((U) Z Tkk'g{z' (Q) ad wO)Tk'k"Agi"k(w)
re'R*?

+.F((U) Z TkklAg;ik't(w)T"ztlklll
RRURIORT 0

XAgk0l'k(CO"w0) y (A4a)

where T, ={k|TI2’) and
volw) = F(w)z'rkk, (@) Ty gh(w = wy) (Adb)
%

is the value y{w) takes in the absence of adsor-
bates.

Use of (A3c) in (A4) and neglect of the last term
on the right-hand side of (A4a) yields Eq. (8).

APPENDIX B

In this appendix we derive Eqs. (12) and (13).
Use of Bloch states {|k,n)} for the metal states
{N&)} in Eqs. (12)~(14) gives

ukn(w)= E len,k'n’(w— €Ie’rz');Ll(AV)le'rl',a
k'n*
-1
= Tuma = MZ, Tanntne (@ = €ge )1 00 e g, (BL2)
n

Uk"(w) =T Z Tk"’k"" 6X(CU bl €k’n’)(AV)k'n',a
k'n?

ey Z Tentns O W= €ope) Vyrye o, (Blb)
k'n’

where
(w - Ekn);l = (w - €kn)/[(w - €}m)z +7\2] 3 (BIC)
8w = €,) =7 I [(w = €,)2 +A%]. (B1d)

It is clear that as A= 0", (w - €,);'~ Plw — €,,)",
where P denotes the principal part and 0, (w - €,,)
- 8(w - €,) . Equation (8a) can now be written in

the form

() = %yw) +7F(w) Im(kzn 8, (@ = €,)
X [ [t = ) | = | (@ = wy) |2
+ 24 Rett,(w = wy) Vg (@ = o) [A% (0 = wy)
+i (@ - wo)]) +1F(w) Im<§ 8y (@ = wp — €,)
X [ [tn(@) [? = |04 |2
+2i Retty, (@) vi ()] [AR(w) +z’A’(w)]) . (B2

From Eq. (16) we have
[t (W) |2 = | 04n(w) ]2 + 2 Retty,(w) v, (w)

o 2 oy \=1
= ITkn,a ' - E (w = €pr — Z)‘) 2 Re(Ta,knTkn,kn' an',a)
n

) ey \~1
+ -y Va,en* Tent,knTknykn** Ven ",a((") - €4y e = iA)
n'n

X (Q) - €kn" - i)\).l 5 (BS)

where we have used the fact that 7,, p,» =84 4T4y 2ne -

An identical result analogous to (B3) holds for

[t = W) 12 = [0, (w = wy) 12 + 24 Rewy, (w ~ wp)

X V(@ — wy) when w in (B3) is replaced by w — wy.
For simplicity we will assume that at most two

metal bands are of importance, » and #Z. In this

case (B3) becomes

[0 (@) |2 = | 04n(@) |2 + 2 Rettg () v (w)
= ITkn,a {2 - (w — €pp = ik)-l 2 Re(Ta.knTkn;knvkn,a)
+(w = €pon — ih)-z lTkn,kn tz lvkn,a ‘2

(-1
~ (W= €z=iN)""2Re (Ta,knTkn,ka Vkﬁ,a)

2

£y )2 2
+{w = €5~ | Ten, kn I len,a
F{w = €y = AN Hw = €45 = IV
X 2Re (Va,kﬁ Tk?x,kn len,kn an,a) > (B4)
and a similar expression is valid if in (B4) we re~

place w by w ~- wy.
In order to evaluate v(w) from (B2) we require

Z 5, (w — wp ~ €,) [ l ukn(w)‘z- l ”hn(w),z
n

+2i Retty,(0) vy ()]

of Eq. (B4) as well as the analogous result with
W= Wy W,
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1. Intraband terms

We will first evaluate these quantities for the intraband terms; those terms on the right-hand side of
(B4) which involve only . We set

Il = Z 5).((") - Wy - €kn) [I Tkn,a IZ - (w = €= ih)-l 2 Re(Ta,knTkn,ankn,a) + (w = €pp— i}\)-z l Tkn,kn l 2 l an,a IZ] (B5a)

kn
and

I =z: 5, (w = €,,) [ I Ten,a Ia = (W= wy =~ €, — AN Re(Ta,knTkn,anhn,a) +(W = wp =~ €, = iN) -2 l Trn,kn I 2 , Venya ‘2] .
n

(B5Db)
In evaluating I; and I, we note that only those terms in the summation } ,, with €,,~w - wj or €,,~ w are

large since §,(w — wy - €,,) and §,(w — €,,) are Lorentzians of width A,

|4 -
; = (2,”)3 Zfdsk,nd€k,n !Vkiim l !
n n
we have

V
5>y 2 f,,o

T @ Zf

n eppTwewg

@ 2

Epn~wW~wg

Noting that

Sy, |Vk€hn |"1|<kn|7'|a) szdiknﬂ.lh[(w—wo' €kn)2+)‘z]-1

ASy, [Vkekn "1 2 Re(Ta,knTkn, ankn,a)de)m 7 M (w - wy - ) + 2] w - €en — i

ASpy | Vi€pn | ITkn,kn |2 ‘an,a lzfd€kn”'17\[(w - Wy = €,)° + M¥] "Hw = €, —iN)?

= plw - wp) Z [<(Tkn,a)w-w0>av -2 Re(Ta,knTkn,knvkn,a)w-w0>av(wo - 23!
n

+<(I Tkn,kn lzl an,a iz)w~wg>av (wo - 20\)2] 3

where

fek 'wodskn | Vi €pn | lg(kJ_
(L& (o)) ymsg dav= —ik wwmagBStn | Vi €nl

(B6b)
Similarly,

I, gAO(("")}": [ « ‘Tkn,a lz)w dav+ <2R3(Ta.kn Tnykn an.a)w Yav

X (@0 + 260 4 (([Tamyen |2 Vimya | 2o Yav (o + 260)7F]

(B7)
Thus the contribution to €,(w) from intraband
terms is given by

wo
cale)= ¥ (@u)+ Blrwor i | p()n (o~ wo)
X; [ <( lTkn,a lz)w >av

+ (w()”' 27:7\)-1 (2 Re(Tkn,kn Ven,a Ta,kn)w )zv

o)

+ B(mw)™® Im(f :op(w- we)A™ (w)

+ (wo"’ 21‘7\)-2 <( ITkn,Im |z I Vin,a

(B6a)

X‘; [ < ( (Tkn.a lz)w-wc}av
- ("-’o— 27:)\)-1 <2 Re(Tkn,kn VenyaTa,on )w-wg)av

Z)w-wom]) , (B8a)

where €/ (w,) is the dielectric function in the ab-
sence of the adsorbate,

+ (Wo= 2602 (Tam, 0| % Vimya

AHw)= AR(w)+inf(w) (B8b)

and { ),, is defined in (B6b).
If we regard the matrix elements in (B8a) as
being independent of w then we obtain Eq. (12).

2. Interband terms

We next evaluate the contribution to €,(wg) from
the interband terms in (B4), those that involve %n
and k77, We define

13=§? Bu(w = Wo= € = (W= €z =N
n

X 2 Re(Ty,un T am Vira)

2

+(w- €on— i)\)-lek,,,k; I 2 I Viiya
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+ (W= €p—iX)Hw— €z —in)™

X 2 Re (Va,k;'t TrnyenTen, bn an,a)] (B9a)

and
14=;61(w— En)l— (@ — Wy €45 —iN)™

X 2 Re (T, 4 Tam, kn Vimra)

+ (W= wg— € i)\)-z,Tkn,kﬁlz 'ka';.a lz

+ (0= Wy = €= i) Hw = wo— €5 -

X 2 Re(Va, 7 Tsiybn Tanykn Vimya)] © (B9b)

In treating this expression we will assume that all
the matrix elements are constants; 74, e~ Ta,n
=const, Furthermore in the first two terms on the
right-hand side of (B9a) and (B%) we replace X
with 0%; this cannot be done in the third term as
the substitution would lead to a denominator pro-
portional to w, This produces difficulties when we
use the Kramers-Kronig transform to obtain €;
from €, The third term on the right-hand side of
(B9a) becomes

(3) _ [
IS =2 ZRB[Va.knTkn,knTkn,kn an.a]O
. n

)
(w = wo— ekn)2+ A2

xf A€y, Sy ' Vi €in ] -

X (W= €py= N H(w — €5~ N)7

~2 Z Re[Va,kZ Trnvkn T rnykn an,a]tl
n
A
X fde
(0 wo=— €4,)F+ 22
S, Vy €1
w—€z—Ix "

(“) = €pn— ih)-l

(B10)

We now assume the integral [dS,, may be replaced
by [eppmw-wg dSp, to obtain

(3) —
I3% =~ Z 2 Refv,477 47, an Tanykn Vemalo
-n

X (o= 2i0)1 Y 6(w = wy= €4)(w— €g5—i0°)L .
kR
(B11)
Similarly the third term on the right-hand side is

I = kzb)‘(w— €)W — W — € — IN)Hw = wo— €45~ 4N)
n

X2 Re(Va,kﬁ Trnyin T knykn vkn,a)

. -1
= “Z 2 Re[Vy, 47 i, kn Tk i Vemalo(Wo + 281)
n

XY 0(w— €)@= Wo— €45—10%) (B12)
k

Consequently the contribution of the interband
terms to €,(wg) is from (B9), (B11), and (B12)
given by Eq. (13).

APPENDIX C

We derive here the dielectric function asso-
ciated with adsorbate to adsorbate electronic tran-
sitions when the adsorbate has two levels, Eq.
(19). As discussed in the text the Green’s func-
tion for the metal-adsorbate system when the ad-
sorbate has two virtual levels is

Glw)=glw) +gw)aV[aMw) + A w)]aVeglw).  (C1)
From Eq. (4) we have that portion of y{w,) asso-

ciated with adsorbate-to~-adsorbate transitions as

)’aa(w) = F(w)z Tkk'Tk"k"'[g(w)AVAEI(w)AVg(w)]{‘k”

RR'pIERE

iy
x[glw-w)AVAHw - w)AVglw =~ we)lyern
where (2
[Alw)) = (1/28)[ilw —i0%) ~ hl{w +40%)] (C2b)
and
(SAVA AV ) =2pA VoD AV o gr (C2c)

Assuming momentum conservation as in Eq. (19)
and using (A2b) in (A2a) yields

Yaalw) = Flw)(1/20)

x 2, {lrgwavl, Ajlw)ave (@rl; ,.

i,3ikek’
- [ 18" w)aV],, :Afw)[AVE (W) ]}
x{[g—("-’ "wo)AV]k'jA}(w —-wo)[AVg'(w - wo)]jk

- [g"(w _wD)AV]k'jA;(w —wo)[AVg*(w "wo)]jk} ’

(C3a)
where
W w)=hlw£0) . (C3b)

Carrying out the summations over %, %’ in (A3a)
yields

'yaa(wo) = F(w)(_ é)

. <Ej Re{[aVe'w ~wo)Tg*(w)AV];,;

xX[AVgHw)rgHlw —wg)AV];, ;AT w)Ajw - wo) }

-Re{[aVe'lw —wo)Tg (Ww)AV];,;

X [AVg (w)Tg*lw —wg)AV];, ;AN w — w AHw)} .

. (C4)
Noting

g'lw)=gMw) +ig’(w) , (C5)



11 OPTICAL PROPERTIES OF ADSORBATE ATOMS

[A Vg*(w - wo)@+(w)AV]j, i[A Vg’(w)Tg"(w - wo)AV]i,j
= |X[2~|7|?+2i Re(XY ™), (C6a)
where

Xx={aV[g*(w -we) g *lw) —g (w —wpkrg Hw)]avl, ; ,
(C6b)
Y={aV[g®w —wo)rg {(w) +g(w —wolrg *lw)]av,;

6
Also (Cée)

[aVe*w ~wo)rg (w)AV],, [AVe (w)Tg*lw —we)AaV];,;

=|8|% - | T|%+2iRelST*) (C7a)
where
S={AV[g®lw ~wo)7g Flw) +& (w —wo)7g (w)]av},; ,
(C70)
T={AV[g{w —wo)rg Hlw) ~g Flw —we)g Hw)]avl;,; .
(C7c)

APPENDIX D

In this appendix we derive Eq. (22) for € (w),
where € is the real part of the dielectric func-
tion arising from intraband transitions. Equation
(21) for the imaginary part of the intraband di-
electric function may be written as

& (w)=ATIm{[a +clw + 200) 2] [f (w) +id, (W) /w?
+blw + 200) 1 [¢F (w) +igy(w)[/w¥ + G (w) ,

(D1a)
W) =AIm{b(w + 200) [d4lw) — o5 (w)]/w?
+elw +200) 2 [@4lw) - o Fw)])/w?}, (D1b)
where ¢¥(w) is given by Eq. (22b). The quanti-

ties [0% (@) +1¢ ;{w)])/w? for i=1, 2 themselves rep-
resent valid dielectric functions since ¢;{w)/w?
is the imaginary part of a dielectric function and
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¢¥(w)/w? is its Kramers-Kronig transform. Con-
sequently the quantities [a + clw +2i0) 2} [oF (w)
+i04{w))/w? and blw + 2i2) ok (w) +id,lw)]/w? are
valid dielectric functions, since the terms

{w +2ix)™ are analytic in the upper half plane and
go to zero as w—~«, Therefore the real part of
the dielectric function € = €%’ +i€'!’ is given by

=€y +i€;
€ Pw)=ARe{[a +clw + 200) 2] [¢F (w) + ity (w)//w?
+blw + 200 ) oK (W) +idalw) /0] + §lw) ,

(D2a)
where
qw=t/mp [ 2 g . (D2b)
Using (B1)

€1(‘-0) (A/Tf) f dw —w WP ((wib:‘nz) [¢§(w ) - ¢3(w ’)]

e AC-C R0 I 0
In the limit A =0
’ .4 ’
(e o)
Ac (d40) ¢ (w’)
oA () o)
=c/w+ B/w?, (D4)

where we have used the fact that ¢Mw’), ¢4lw’),
and ¢,{w’) are even functions of w’. From (B2a)
and (B4) we have

P(w)m A<a+-——g> ¢f(w) Ab ¢§(w) +(_u1_32

c
w w w
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