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We decompose the lowest-order nonlocal corrections to the local-density approximation to the exchange
and correlation component of the metallic surface energy in terms of its wave-vector components.
Comparison with the full exchange shows significant improvement over the local-density form. An
interpolation between the surface-plasmon-dominated small-wave-vector contributions and the nonlocal
correction for large g is suggested, and some of the difficulties inherent in this method are discussed.

I. INTRODUCTION

In a recent paper® (to be referred to as I)
Rasolt, Malmstrom, and Geldart have analyzed
in great detail the implication of a procedure??
which attempts to incorporate surface-plasmon
contributions in the exchange and correlation en-
ergy (E,.) of a metallic surface. This scheme
[called the wave-vector interpolation (WVI)] which
relies on being exact for both small and large
wave-vector q fluctuations was shown (see I) to
fail quantitatively in the intermediate-q range,
precisely the range for which the WVI was de-
signed.

An approximation for E  was suggested by
Hohenberg and Kohn,* which is referred to as the
local density approximation (LDA). In the LDA
E,. is approximated by

E B = [ d% u(F)e,n(F), ()

where exc(n(?)) is the exchange-correlation energy
per electron of a homogeneous electron gas of
density n(T). Equation (1) can be decomposed in
terms of its wave-vector components® 3 (see also
I). Then

3 i
2=t [ [air [ arotam)
x[S¥@, (TN -1],

(2)

where S2(q, n(T)) is the structure factor of the
uniform electron gas with local density »(T) and
the integral over X is the usual coupling-constant
integration.® We will, in this paper, be interested
exclusively in the exchange-correlation contribu-
tion to the surface energy; i.e., the energy (per
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unit area) required to cleave this uniform electron
gas. We therefore define this energy as®

E “ dq
= —_X¢c _ i §
Ixe = 247 J, kg na), (3)

where A is the area of the cleaved surface.

Equation (1), or equivalently (2) is expected to
be adequate for large q. For g in the intermedi-
ate- or small-wave-vector region Hohenberg and
Kohn suggested a nonlocal correction E7! of the
form:

Eni=_1 fd3'rfd37'K“(f—Y";n(f'0))

X [(n(T) - n(¥'))?], “)

with K related to the response function of the
uniform electron gas.* Since both Egs. (1) and (4)
are related to the uniform system they are not at
all likely to contain the contributions of surface
plasmons, contributions which are related to the
global surface geometry. Such terms which dom-
inate E, (q) for small wave-vector fluctuations®®’
have, however, rigorous g -0 limit? given by

d dq(k
= 0= [0 -10)),  ®
where
4702 1/2
b=, =(12E)

ng is the bulk density, and w, the surface-plasmon
frequency ws=w,/\f2- The WVI suggests a simple
interpolation (see also I) between Eqs. (2) and (5)
which turns out to be inadequate. In this paper

we suggest one possible improvement by approxi-
mately including the contribution of Eq. (4) in the
WVI.
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FIG. 1. Taken from Ref. 8. The dashed curve is the
full HF surface energy for the finite-barrier model as a
function of A (see text). The barrier height is set equal to
Mo=k2k%/2m. The solid curves o} and o,+ o, are the sur-
face energies of the local density and local density with
gradient corrections, respectively. The insert compares
the local and gradient contributions calculated with mod-
el and Lang-Kohn“ densities, and it is clear that this
model represents the true density very well.

An approximate treatment of Eq. (4) is to expand
K, in a gradient expansion,® i.e.,

Eni= f 4% B (n( ) Vn(F) Vn(T). (6)

The convergence of such an expansion has been
carefully examined in the case of a model Hartree-
Fock surface-energy calculation® (see Fig. 1) with
a realistic surface-density variation and found to
be very adequate. We therefore suggest, as an
improvement to WVI, not to interpolate between
Eqgs. (2) and (5) (Ref. 2) but rather to decompose
the gradient contribution in Eq. (6) into its g-vec-
tor components® and treat both Egs. (5) and (6) as
corrections to LDA [Egs. (1) or (2)] in the small-
and large-gq regions, respectively,

In Sec. II we present a detailed study of the g-
vector decomposition of Eq. (6) for exchange con-
tributions alone. In Sec. IIIl we include the corre-
lation contribution to Eq. (6). In Sec. IV we draw

J

_ vla)g’k Sy (% = [ 3 g 1( 4q 3]_ - [ 3g 1
ym(q)—”—h—a—f-fd rn(r){6>(2kp(r)—q)—2+ . _s(ka) 0>(2k; q)_2+2kF_8

e | T
5 j— —
4 —
3 - —
3
st —
i
>~
Lo -
k) Y,
-~ )LD LDG
° X/
I _
S _
N
. | I
(o] [ 2 3

a/ke

FIG. 2. Wave-vector decomposition of the exchange
contribution to the surface energy of the IBM with bare
Coulomb interparticle interaction. The curve labeled
Yo is the LDA [Eq. (7)]; curve labeled Yipg is the LDA
plus gradient [Eq. (22)], and the curve labeled Yy is the
full exchange results. It should be pointed out that vy
goes like q'1 /2 for small g in the IBM. This pathological
behavior is an artifact of the IBM (see Sec. II) and does
not occur for realistic density profiles.

conclusions concerning some of the difficulties and
many uncertainties inherent in this procedure.

The problem of presenting a unique and unam-
biguous structure for E, (n(T)) at a metal surface,
which includes surface-plasmon contributions, is
a long standing and yet unsolved problem.!®!* The
purpose of the present work is to present some
additional results which might motivate such a
solution.

II. ¢-VECTOR DECOMPOSITION FOR THE EXCHANGE
SURFACE ENERGY

In this section we study in considerable detail
the WVI within the Hartree-Fock (HF) approxima-
tion alone., Such a detailed study within the LDA
was presented in I and the results are repeated for
completeness in Figs. 2 and 3. The curve labeled
Ywp is evaluated from Eq. (2) with S% the HF
structure factor. In other words,
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FIG. 3. Same as Fig. 2 but with a Yukawa interparticle
interaction 4me®/(g?+ A?). The screening length A is set
equal to 2App and the density corresponds to »,=2.

where 6’(x)=1 for x>0 and 0 for x <0 with kz(T)
=[37%(T)]'/°. The metal surface considered was
that of the infinite-barrier model (IBM), where

n(T) = n(2)=ne{1+ (3/9*) y cos(y) - sin(9)]}
(8)

with y =2kpz and z the axis perpendicular to the
surface. This density was introduced in Eq. (7)
and () was set equal to the bare Coulomb inter-
action (4me?/¢?) in Fig. 2 and to v(q) =4me?/(g*+ %)
in Fig. 3. The bulk density n,=1/[(47/3)r3] was
set equal to 7,=2, and A= 2Xgq with App = 4ks/ma,
and a,=7#%%/me’.

The full HF-IBM results (yyy) are also presented
in Figs. 2 and 3 for the bare and Yukawa interac-
tions. These results correspond to the surface-
energy contribution from a single Fourier compo-
nent g of the well-known form for the exchange
energy, i.e.,

Eo=-t [a% [ % o@e | ol F, 7P,
©)

where p(T,T’) is the second-order density matrix,
The analyses of Eq. (9) leading to the results of
Figs. 2 and 3 are covered in considerable detail
in I.

Clearly, for the IBM, the LDA and the full HF
show significant deviations, and as shown in I
these differences cannot be accounted for by the
WVI even when correlations are included. Of
particular concern are the differences in the re-
gion of ¢ around % (see I). Therefore, any cor-
rection to the WVI should be closely scrutinized
and with this in mind we turn to the contribution
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of Eq. (6). Our task is to decompose Eq. (6) into
its g-vector fluctuations within exchange alone;
we reserve the calculation of correlation for the
following section. The sum of E]*(g) and the LDA
will then be compared with the full IBM-HF sur-
face energy (Figs. 2 and 3).

Before we turn to the treatment of Eq. (6) we
make a brief comment concerning the convergence
of Egs. (1) and (6). The IBM density when in-
serted in Eq. (6) results in a very poor conver-
gence for the surface energy for a wide range of
Yukawa screening lengths.!? When the full HF
surface-energy calculation was carried out for a
finite-barrier model (in which a realistic density
profile similar to that of Lang and Kohn*® can be
achieved!?), the convergence was found to be very
adequate (Fig. 1). It would therefore be prefer-
able to examine E ?}(q) within the finite-barrier
model. Unfortunately, no wave-vector decompo-
sition has been carried out for such a model.
Nevertheless, some interesting conclusions can
still be drawn from the decomposition of Eq. (6)
within the IBM (see below).

The coefficient B, in Eq. (6) is related to the
response function F(K) (Ref. 14) through

B,.=3(a% - a2b,) (10)
and
F(R)=a'+ bk + 0(kY), (11)

where a, and b, refer to the K expansion of the
static Lindhard screening function and a= -du/ dn,
where u denotes the exact chemical potential [we
use here for F(K) the convention of Ref, 14]. The
full exchange form of the undecomposed B, has
been derived by Geldart and Rasolt!® (to be re-
ferred to as II) for the ladder graphs in Fig. 1 of
II. To decompose it in terms of individual q-vec-
tor fluctuations immediately presents a consider-
able task for a number of reasons, We will there-
fore restrict our analysis in this work to the low-
est-order exchange [Fig. 3(a) of II] and correla-
tion [Figs. 3(b) and 3(c) of II] graphs. (We return
to this point in Sec. IV.)

Following standard analysis!® the contribution
to @™ from the terms in Fig. 3 of II is written

d )
=l _ -1 + —_— —G
at=az'+2tr, S (Z(p) B o(p))
m
-”2—kFZ(kF,0), (12)
with ag' the Lindhard contribution given by a3!
=—mkp/7?, Wo=k2:/2m, and for notational con-

venience we set #=1. The contributions to b are
given in II and are summarized
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2
’ N m m
b=by+d +b"+b —mz(kp,O) (13)

with b, the Lindhard contribution given by b,
=m/127%k;, and where
33
E‘a 3 Golp )>]

g tr,az [z(p)(z FH Gy(p) -

(14)
b= ztr, (z(p)fa—g 6p)) (15)
and
b" = -4 tr {[0Fo(a)/ou V(@) V2 V(g) - | V. V(q) 1] }
(16)

In Egqs. (12)-(15) p is a four energy-momentum

and Z(p) the self-energy given by

Z(p)= ~tr, [ V(Q)Go(i’ + q)] . (18)

The g in tr,, V(q), and Fy(q) is a four vector ¢
=(q, 4,) and V(q)=(3) in the HF, and V(q)
=v(q)[1/e(q) - 1] for correlation (see Sec. III).
Finally F(q) is the dynamic Lindhard screening
function'*:!* related to e(q) by e(q)=1 - 41e?/q*F,(q)
and
tr, )= [B (o). (19)
» (217)4
Restricting the analysis of Eqs. (12)—=(16) to the
HF approximation, only b’ and 4" contribute to b,
and the decomposed form for (a,+ a,)™! and b_ can
be evaluated to yield

- _ R d3 - 2
vector p=(p,p,), €5 =p’/m, Gy(p) is the single- (@+a) = a5 - f (s Q) e €@k ~ )
particle propagator given by F
20
Golp) = 1 (17 =0
° Po—€;T Lot i Sgn(e; = Ho)’ and
)
K o
b,=bo+ 24712k3 f(zﬂ)av(Q)< 55— 6 (ks - q) +“g‘ kpﬁ(q—ZkF)"’?FG (‘I‘Zkr)>- (21)

Combining Egs. (3), (6), (10),
¥(q) in the HF approximation:

| Vn( r)l

(20), and (21) we get the following form for the gradient contribution to

velq)= -qu v(qQ) fd ks (F) [ %49)(2121?(;) -qQ+ %kg(;)a(q - sz(-I..))'*' %kﬁ(?)é'(q - 2k1"(§))] . (22)

It is this term we evaluate next for a range of ¢
for two densities and two different interparticle
interactions [ v(§)]. We then combine it with the
local-density term (Eq. 7) and compare the re-
sult with the full HF expression.

The first density we consider is the IBM density
Eq. (8). Inserting it into Eq. (22) and integrating
over z for two different »(q) and combining it with
Eq. (7), we get the results displayed in Figs, 2
and 3 by the curve labeled ;. Clearly the ad-
dition of y; does not bring the exact HF and v,
to full agreement for bare or Yukawa »(q). Never-
theless, it is also clear that the addition of ¥,
brings ¥y pg and Yy to closer agreement (espe-
cially in the range of q around k). Since the
WVI is designed to correct primarily for the re-
gion of g <k this is an important change. While
the interpolation from y,(q) to the small-q region
suggested by the WVI is invalid, the interpolation
from y ¢ could be a considerable improvement,
particularly for a realistic density; we return to
this point shortly.

In Fig. 3, A was set equal to 2x;;. The motiva-
tion is that for large A the full IBM HF and the
LDA and the LDA plus gradient all agree closely.?
Figure 3 demonstrates that close agreement be-
tween the total surface energy does not imply
similar agreement between individual ¢ vectors.

The excellent convergence for the finite-barrier
density® (Fig. 1) strongly suggests that the agree-
ment between v and v, (Figs. 2 and 3) is likely
to improve further for realistic density variation.
Unfortunately, no exact decomposition of y for
a finite-barrier model exists to enable such a
comparison (see Sec. IV). To get a feeling for the
effect of a realistic density on y,; we evaluate Eq.
(22) with a model density profile of the form

n(z)=no 1 +e™#) (23)

with y=2k,z and f=0.5 adjusted to fit the alumi-
num density variation.!®> The results are presented
in Fig. 4 for A=0 and A=2X;;. The most striking
feature is that the exaggerated behavior of v, at
small ¢ (Figs. 2 and 3) is strongly damped. Cou-
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FIG. 4. Wave-vector decomposition of the gradient
contributions alone [Eq. (22)] for a realistic density pro-
file [Eq. (23)]. The curves labeled ¥, and 7}'; are for a
bare Coulomb and a Yukawa interparticle interaction
(with A=2Apgp), respectively.

pled with the excellent overall agreement observed
in Fig. 1 this leads us to conclude that the agree-
ment between v and vy for real surface den-
sity!® is likely to improve significantly.
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In the following section we include the effect of
correlation in 7; and introduce the effect of sur-
face-plasmon fluctuations at small ¢g. In Sec., IV
we return to the results presented above and draw
some additional conclusions concerning the treat-
ment of metallic surface energies,

III. g-VECTOR DECOMPOSITION FOR THE CORRELATION
PART OF THE SURFACE ENERGY

The lowest-order contributions to the correla-
tion part of a! and b are given also by Eqs. (12)-
(16), the only change being that the static inter-
particle interaction now is replaced by V(q)
=9(q)[1/e(q) - 1]. In addition the contribution of
b" (Eq. 16) is now present. This change of course
greatly complicates the calculation, but fortunately
most of the terms have been presented elsewhere
(see II). We will therefore present only the final
results below, For the term b’ where the analysis
deviates substantially from any previous calcula-
tions (see below) we will detail the key points of
the derivation.

The calculation of the correlation contribution
to a™! is straightforward,'® and the final form is
given as

(a+a,+a)" - (a,+a,)' ~~a,/a
=-e'm’y, /27) k2 , (24)

where
L[ f"’ [ Qs )gls,p) (g(s,y)) 2Q(s,y) ( (1+s) (1—s) \]
= 2s - (25)
ve=z ) 44 | &y e(s,y) £(s,y) £(s,y) \(L+s)y+yr “(1=s)F+y?) ]’
—
where )g(s,y) (30)
241 g2 Zy ——512 f dqf dy———u.
Q(s’y)zz.,..@__z_s___).g(s,y) L €(s,y)
The contributions from b” and b" in Eqgs. (15)
4|1+s 4|1 =s and (16) were first evaluated in II, and we only
- 1 + 1| 2 —2 )
2y [tan [ Y ] tan [ Y ]]’ (26) list the final results. We write
2 2 '’
it ts) " "
&(s ,y)—lr{;zT(l_—s)r : 27 be (—)-rr(Z +25). (31)
- 2497 The term Z; represents delta-function contribu-
€ls,y)=s"+775Q(s,y), (28) tions [see Eq. (C16) of II] before their integration

s=q/2kp, and kray,=1/a7,.

We next turn to the correlation contribution of
Egs. (13)-(16), to b, which is the most difficult
part of the analysis. We begin with the last term
of Eq. (13) which has been widely treated before,!”
and we write the final answer

2 3,4

-m __me u

T2t 2k O =gyt Ze (29)
where

over ¢ [the integration over g yields the last term
in Eq. (60) of II]. It is

n__ =M F(a: 0) 1
2y =52 [aaTdglotes-ta) (32)

with F(q, 0) the static Lindhard screening function
and €(§,0) =1 - (4m¢*/q¥)F(d,0). Z!is given by the
first term of Eq. (60) of II and is

é=§f0 dq[ dys—‘(—"LHz(S’y)r (33)
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where

1 [(B8+2s2)(—y?% +5%=1) +4s2y?
Hz(s’y)=8w2s7 [( oy =

(yz +1 _ST)Z +4yTST

[(vz+1 1)2 43’282]2_'_1673)2(ij+1 _32)2

2_45% % +16y%(y? +1 —sz)(%+sz)] . (34)

b™ is given in Eq. (61) of II (where a typographical error was made in the overall sign of 5”) and is written

L38- 45 (y* +1 -s?)
below as
43
" em "
be” =onyRt Ze
with

ooy [ [R(ED) (e
Ze==o4 ) Y ( 1Jr21r€(s,y)

g(s,y)

(ar,)?

+ gty

8m (E (S )y))

The b’ term of Eq. (14) is by far the most diffi-
cult contribution of b to calculate. The results
presented in Eq. (59) of II unfortunately cannot be
used for the decomposed structure of b. The rea-
son is that to simplify the evaluation of b’ the dif-
ferentiation with respect to u,was taken outside

(35)
2, .2\ (2. 2 _ (2
[4 -2Q(s,y) + (a;_y 83(%’1)1 = 4;1;7)
2 2
H(e -3 N g )]
2 2
s+ (3. -6+3 5000 )
2 2)2 2 2
wats (S22 g(s.9) -z—‘s—sv—’)]} (36)

-
the tr,. A careful inspection of Eq. (59) will con-
vince the reader that the results no longer corre-
spond to the proper g-vector decomposition. To
properly decompose b’ the direct differentiation of
b’ with the respect to 1o must be performed inside
the integral to yield

. |
1
b= =t @5 L (L1(@) - L)+ o@D s 1350 1) -2 2 1@) (37)

the functions Ii(q), I,(¢), and I3(g) are the same as
used in II. The additional difficulty arises from
the last term in Eq. (37) which contains yet one
higher derivative of I;(¢) and I3(g) with respect to

—
function contributions originating in (3/3p,)I;(q)
and (9/0uy)M3(¢). We present only the final results,
writing

o. The calculation is very lengthy. Particular . omiet
attention should be paid to the higher-order delta- b —(Zn)zkzp (Ze+Za); (38)
]
then,
, - P k“ oF(q,0)/2 0) ,
zi= [ a0(- o2 HCU Yao(r, - 10) + 4L L ELD (1000, - 30) - 1y ks - 1)) (39)
o le(d, 0) Tom 4 <@,
and
’ © - ! y S,
Zc=-SL dq ‘( dy Sz{%[%fh(s,y)—%fla(s,yﬂ ++Q(§—L[’ H (s,y)——Ha(s,y)]} (40)
3
where in Eq. (40)
1 ((1=2s})(—y?+s?=1) -2y%2s? +1) )
= 41
Hy(s,y) 872;!( G +1-s0Y +4y%s? 4sg(3,y) (41)
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and

<§i—282)(—y2+s’-1)-2y2(§ +2s?)
(,yZ+1_ 2)2+4y782
2[:lyzsz-(y2+1--s2)’+2(y2+1 s%)(y? -sz)l
[(y2+1 4y2 2]2+16y27(,y2+1 2)2
1 ((s? -y -1) +sziy2+s -1)
Hi(s,y)= 22( [y +(S+1)2][y (s = 1)2]

HS(syy) 4rls

+y —g(s ,y)) 3Hy(s,y) ,

2y —12y%s% +2s* + 492 —4s? +2 + (25 + 1) (p +5%)(3y® =5 z)+2(y2+s2)—ﬂ)

o+ s+ y? +(s =1’
Finally
Hé(s ,y)=H2(S,37) +H3(S :3’) +H4(S,y) +H5(S )y) )

where
(yz—s +1)+2s{( st—y 241)
Hils ) =gz < [y* +(s +1)Fy* + (s 1))
+iLL"-Gyzsz+s“+2(y2—sz)+1]-3s2[(y2+s"’)(3y2—
Iy +(s + 1] y% +(s=1)“]?
+3[—7y6+35y4$2—£234+ss—3(®4—10yzsz+s4)+3(—3y2+s2)—1]
i+ + Dy +(s -

+4sz[—(22+sz)(5y4—10y232+s4)+3(y2+sz)( 3y’ +s?) -3(y* +s2)+11)
P +(s +1D)Ty*+ (s =P

s2)+2(y2+s2)i{

1 (452 +3)(s2+y?-1)
Hels 9)= ([y T Dy +(s - 1)7]
+4Q —y%s? +9?) +3[y* — 6y2s? +s4+2(y2 =s%) + 1]
[T+ (s + 1)y +(s - 1)
2(8s +3{-(y 24 s¥)(- 3y’ +5%) +2(y% +5%) -1]
Ly 7+(s+1)2]2[yT+(s-1)2]7
_Ay'0+sh=s P49%) +6(y% +5%)%? - 297
i+ (s + 1y +(s - 1)

l—s's‘g(s A’))-

(42)

(43)

(44)

(45)

(46)

This completes the first wave-vector decompo-
sition of the correlation contribution to 5. Com-
bining Eqgs. (29), (31), (35), and (38) we write

m’e’ 47
bc—m (Z.+Zy), (47)

where Z,=Z,+Z)+Z) +Z% and Z,=Z;+Z;. To
write the final form of the correlation contribution
to y¢(¢) we combine Egs. (10), (24), and (47) to
give

= jdq Bc(q’rs) =%[a(2)bc + 2b0a0a¢-‘]

2 2
_et fars 1 e (parg )
=575 (s 2. - £30) e (052 22) (a0

with B=7/16(37%)*/3]. The last term in Eq. (48)

|
is the delta-function contribution to the g-vector
decomposition of B,(q). To evaluate the first term
of Eq. (48) for a fine mesh of ¢ and 7, is simple
since the integrals over y in Egs. (25), (30), (33),
(36), and (40) are straightforward except for a
point singularity at s =1 of zero measure (a dis-
continuity). The contribution from correlation to
v¢(q) is now given by*®

velg)=Fkr fdz B(q,7{(P) | vn(D . (49)

The k; multiplying the integral in Eq. (49) is the
bulk Fermi momentum. For all the other &k or
7, [including s =¢q/2k (F) in Eqs. (24)—(217)] the
local value of kj at T given by k() =[37%n(M]!/?
must be used. In Figs. 5 and 6, Eq. (49) is eval-
uated for the IBM density (Eq. 8) and the more
realistic density [ Eq. (23)]. In the small-g range
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FIG. 5. Wave-vector decomposition for the sum of ex-
change and correlation gradient contributions [Eqs. (22)
and (49)] within the IBM. The dash-dot line is the sur-
face-plasmon contribution [Eq. (5)] and the two dashed
curves indicate two possible interpolations between
large- and small-q regions.

the surface-plasmon contribution [ Eq. (5)] is pre-
sented by the dash-dot line. Since y(q) is a con-
tinuous function of g the small- and large-g re-
gions of Eqs. (5) and (6) must join smoothly. Two
such possible interpolations are presented by the
dashed curves in Figs. 5 and 6. In the following
section we discuss some of the implications of the
above results.

IV. CONCLUSIONS

In Secs. II and III we have shown how to decom-
pose the nonlocal correction [Efi(q), Eq. (4)] to
the LDA in terms of its g-vector fluctuations. For
large g the gradient expansion [ Eq. (6)] was sug-
gested as an approximation for EJ}(q). For small
q, the surface-plasmon-dominated form? &’

[Eq. (5)] was used to approximate Eq. (4). Since

v(g) is a continuous function of ¢ an interpolation
between the two regions is suggested (Figs. 5 and
6). It is the arbitrary nature of this interpolation
that is the core of the uncertainty inherent in this
procedure; we return to this shortly.

If this procedure is to produce any confidence
then it must be carefully examined in models
where the result is known. It is particularly im-
portant that above the point ¢, from which we start
the interpolation toward small ¢ (Figs. 5 and 6),
the accuracy of the decomposed gradient expansion
is properly assessed. In Sec. II we examined this

(0.u.)
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103 y(a) r,

arkg

FIG. 6. Same as Fig. 5 but for the model density of
Eq. (23).

question within the HF alone for the IBM (Figs. 2
and 3). Although we discover a significant im-
provement over the LDA, major deviations do re-
main. These differences we argue will be further
reduced in the case of a realistic density profile
but a final conclusion must await a similar analy-
sis within the finite-barrier model. To argue that
correlation will correct these deviations is un-
founded as the results in Figs. 2 and 3 (see also I)
clearly demonstrate. Finally, we note that to in-
clude exchange and correlation contributions be-
yond the lowest-order corrections considered here
this method presents further problems which must
be overcome.

The interpolation between the surface plasmons
and the gradient contributions is the most serious
shortcoming of this scheme since the interpolation
must be very sensitive to the density profile. To
see this, consider a problem having a bulk-density
variation, modeled to be very similar to the sur-
face-density profile. The exact y(q) for the bulk
problem, however, will deviate in a major way at
small ¢ from the y(q) of the surface problem,
since for a bulk density no surface plasmons exist.
Consequently, the two arbitrary interpolations
suggested in Figs. 5 and 6 might be totally wrong
and the correct small-g surface-plasmon behavior
might be to vary rapidly and join y5(q) at very
small g in Fig. 6. In addition note the fact that the
high-density limit (where local rather than global
effects become important) of y;(q) is dominated by
the small-g region and is not going to be repro-
duced properly by naive treatments. The correct
resolution of these very serious problems may
well have to await a wave-vector decomposition of
the exact exchange and correlation within the IBM
and more realistic models. Finally we note that
the developments presented in Secs. II and III are
not restricted to surface studies alone and could
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present some additional insight to the treatment of
E,. for bulk systems as well in which inhomogene-
ities such as impurity centers (for example) play
a role.

In principle the structure of Eq. (4) can accomo-
date surface-plasmons contributions with appro-
priate extensions. The difficulty lies in discover-
ing the structure of such a universal functional
that contains and clearly exhibits these contribu-
tions. A key feature of such a functional must be
its ability to discern the distinction between sur-
face- and bulk-density profiles. The possibility

of constructing such a universal functional through
model calculations is currently being investigated.
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