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The Green’s-function method is adapted to the problem of an electron moving in a crystal film. The
potential is taken as spherical in the atomic spheres and as dependent only on the coordinate normal
to the film in the regions just outside the bounding atom planes. The appropriate new structure
constants are defined. With the aid of the necessary logarithmic derivatives a rather small set of
simultaneous linear equations is obtained from which eigenvalues and eigenfunctions can be calculated.
In conjunction with the density functional formalism this procedure provides a convenient method for
self-consistently calculating the electronic structure of films and surfaces. Comparison with earlier work

by Pharisean, Scherer, Cooper, and Beeby is made.

In solid-state physics Green’s-function methods
were originally used for the solution of the one-
particle Schrédinger equation in periodic lattices.!*?
More recently, similar methods have been devel-
oped, under the name of “scattered-wave method”
for calculating one-particle orbitals for molecules
of moderate size and clusters of up to about 20
atoms.¥* Such calculations can also be made self-
consistently by using the density-functional theory
in which the effective one-particle potential is a
functional of the electron density, %3

There have also been a substantial number of
papers dealing with the application of the Green’s-
function method to the geometries of crystal films
and surfaces.”’™? In the present paper we present
a direct adaptation of the Kohn-Rostoker approach2
to films and surfaces (thick films) which is con-
ceptually very simple, has variational accuracy,
and avoids shortcomings in earlier work which we
shall discuss briefly at the end of this paper. We
believe that the present approach offers a useful
alternative to other methods which have been used
to deal with such systems, 13+

In a film geometry, periodicity parallel to the
surfaces is preserved; a twofold symmetry is
present; and the wave functions are accurately de-
scribable in terms of bulk wave functions, except
in the outermost 2 or 3 layers. Therefore we shall
find in this formulation that film and surface prob-
lems of simple crystals are comparable in com-
plexity to an infinite-lattice problem with up to
about 3 or 4 atoms per unit cell, *

Consider a film of a simple monatomic lattice
with 2N layers parallel to the x-y plane (see Fig,
1). The potential energy has two-dimensional
translational symmetry

V(¥+6,)=V({E), m=1,2 (1)
where the translation vectors &,, have the form
Em: (Omxs Omy s 0) . (2)

We address here the problem of finding the solu-

11

tions of the Schriédinger equation

[ - v2+ V(¥) - EJg(¥)=0, ®)
subject to the boundary conditions

lim (U 2)=0, 4)

zetw

u=(x,0), (5)
and to the periodicity conditions

Y(F+5,) = et imy(F), ©)
where { is a two-dimensional wave vector

q= (¢, 45, 0) . )

We also define (nonuniquely) a unit cell 7 which
contains the origin and one atom from each layer,
and which extends to +« in the z direction (see Fig.
1). This unit cell and its translated counterparts
fill the entire space. We denote the origin and the
corresponding points in the other unit cells by

U, = (x,, 9, 0) and the cross-sectional area in the
x-y plane of the unit cell by a. The periodicity
condition (6) may now be replaced by boundary con-
ditions on the surface of the unit cell 7. Let T and
T, be conjugate points on this surface, such that

T.=F+0,. (8)
Then
B(EF,) = e'3m () ,

8Y(F°) 3.3, 8U(T)
e - ¢ on ’ ®)

where n and #° denote outward normals at T and T,.
We now follow a Green’s-function procedure

similar to that of Kohn and Rostoker.? However,
whereas in that paper the Green’s function satisfied
all boundary conditions on the surface of the unit
cell, it will here satisfy only the periodicity con-
dition (6), with the condition (4) at z =% being im-
posed on all approximate solutions $(¥) which are
considered. This results in a useful simplification
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FIG. 1. Crystal film. 7 is the unit cell, extending
from z=— to +% and having cross-sectional area a.
Regions I (atomic spheres), II (1z| >b), and III (inter-
stices) are shown. S;, S, and S- are the bounding sur-
faces. ;g is a nuclear position vector.

of the formalism.
For our Green’s function we choose the function

b

(10)

O | explik| T =T -u,] 2.,
GF === =7 e
47 % IT -7 —ul

where
Kk=+EY? E>0
=+i(-EW? E<0. (11)

Evidently G has the following properties in the unit
cell 7 and on its boundary:

(_VZ—E)G(F: Y")= “’5(-{'_?’)9

o (12)
G(F, 7 =i mG(F, ),
8G(FS, ) ia, 3G, )
ot T 1)
and
G(F, T)=G*(, T'). (14)

In view of these properties the Schrodinger equa-
tion (3) and boundary conditions (9) can be re-
placed by the integral equation

P(E) = f G(E, F') V(F') §(F") dF (15)

with the boundary condition (4) remaining imposed
on H(F).

We now divide the unit cell 7 into three regions
in which we assume suitable forms for the poten-
tial V(¥) (see Fig. 1).

Region I: Nonoverlapping spheres of radius p
surrounding each nuclear site ¥;, in which V(¥) is
taken to be spherically symmetric.

Region II: Two surface strips (not overlapping
these spheres) in which V(¥) depends only on z,

i.e., V(¥)=v(z), lzl=b.

Region III: The remaining space, in which V(¥)
is taken to be a constant, V,, which is set equal to
zero,

The new feature is region II, which is the analog
of the “exterior sphere” in the work of Johnson, *
This region, and the assumed behavior of V(¥) in
it, appear to be the appropriate choices for dealing
with the geometry of a film.,

Within each sphere of region I, say the one sur-
rounding T;, we expand y(F) in terms of the angu-
lar-momentum solutions of the Schrédinger equa-
tion (3),

¥(F) =) CiRiY,(0), (16)

where L stands for the usual quantum numbers
and m, Y is a normalized spherical harmonic of
the argument ©= (6, ¢), and R, is the regular radial
solution which is taken to be unity on the surface

of the sphere.

We now turn to region II and denote the two strips
z>band z<-b by £=+, respectively. Then, in
each strip ¢ we again expand ¥(¥) in terms of eigen-
functions of the Schrédinger equation the following
form:

p(F)=3" Chrfile) et @, (17)
h

Here {i=(x, y, 0); the @, are the two-dimensional
reciprocal -lattice vectors

éh= (th, @y, 0)’

Q4+ 5= 27X (integer); )

and the function f*(z), satisfies the following equa-
tions:

dz ~ 2 »
(—a-z'z+v(z)—[E—(q+§,,)])f ©)-0, 250

(19)
f(+=)=0, (20)
ff)=1. (21)

with exactly analogous equations for f~(z).

Let T be a point in regions I+II. Then since in
regions I+II y(F) satisfies the Schridinger equation
(3) and G(¥, ') the inhomogeneous equation (12), the
integral equation (15) can, by an integration by
parts, be transformed as follows:

0= (%) - fl L #)(V'2+ E) (F') dF’

_fs,*su{G(F, TV PE) - [V G(F, )] p(E")} s’ .
(22)

where d$’ is the outward surface element vector
and S; and Sy; are the surfaces bounding regions I



3758 WALTER KOHN 11

TABLE I. Green’s function expansions.

The Green’s function G (¥,¥*) is defined in Eq. (10).

T is located just inside

regions I+II, near the surfaces indicated; T’ just on or outsxde regions I+II, near the surfaces indicated. p;, ®; denote

radial and angular coordinates relative to the nucleus T, 0= (x,y,0).
1/2
kp=[E - (Q;. +)4

reciprocal-lattice vectors [see Eq. (18)].

K= E”2 [see Eq. (11)]. @, are two-dimensional
The structure constants A are given in the Appendix,

;rl
v Sy

S, S.

2 [Apzdy(kpy )iy (kpf)
LI

Sy
+KOp ey (ko Iny (kpf)]Y L (@)Y F, (@)
Sy 2 Affpdi(kpyjy. (kpf)
Lz
j=i S PACA S ACH)
s th: Apd expli@+Q,)i
+iky(z —b)iy o (kp{)Y %0 (®F)
Y Azph expli@+Qpi
s, L

— k(2 +b)]1jy (k0 {)VE (®F)

E Al (ko) YL (©))
Xexp[—i(§+§,,.)ﬁ' +iKpe (27 = b)]

Same as above with i —j

LAy expli@+ Q-1 2A;
n
+iky(z —2’)]
?A;"exp[i(d+§,,)(ﬁ—ﬁ')

+ikp(z’ -2 —2b)]

2 Al (kp) Y1(©))
L
X expl— i@ +@Qy )T’ —iky(z ' +b)]

Same as above with ¢ —j

"~ expli G +Qy) @ -
+iky(z — 2" — 2b)]
Zh:A;," expli @+Qp @ —1”)

+iky (21 —2)]

and II, respectively.

From this equation we want to extract a set of
homogeneous linear equations for the expansion co-
efficients C; and C,, Egs. (16) and (17). This re-
quires expansions of the Green’s function G(¥, ¥')
for ¥ just inside and T’ on or just outside any one
of the bounding surfaces of region I and II: S;,
spheres surrounding nucleus ¢; and S,, the planes
z=xb. We give the result in Table I.

We now choose T to lie just inside the ith atomic
sphere, multiply (22) by Y*(©,), use the Green’s-
function expansions of Table I and integrate T over
S; and ¥’ over the entire surface S; +Sy. This re-
sults in the set of equations

%1 (Z p*[ALs (Gyo Lt i )] CL s
Ll

F P

L'y j#i

ALL Jz'Lz' _]l )]CJ{'
';l(—L;l'*'iKhl)C;l

+ Z alAY
"

Al (Lys + K40 )c,,.]) =0, i=1,2,...2N

(23)
where
. a_fd . )
ji=Gilkp), ]1—(dp/ alkel)) s
,_(d
ny =n;(kp), n,E(E-,—n,(Kp)> , (24)
P p'=p

L E(‘-l-l%r—) / R} (r))m = (%ﬂ)m ; (25)

& (‘” ‘z’/ 4 >,,-b (&),

Next we choose T to lie just above the plane sur-
face S, (z=b), multiply (22) by exp[ - i(d+Q,) * &,
use the Green’ s-function expansions of Table I, and
integrate T over the unit cell boundary on the plane
z=b (of area a) and T’ over the entire surface S
+S11. This results in the following equation:

a(pz S A Gy L = §{0CL v a Ay (+ Ly +ik,)Ch
#L

ra AP (- -z-xh)c;)=o. (28)

Similarly, taking T just below the planar surface
S. (z=-b), gives

a(pzz Aty Lie = §)CL o+ a Ay ™(Ly + ik,)Cr

PL?
+aAy( —L;+z‘x,,)C,*,>=0 . (29)

Equations (23), (28), and (29) represent a set of
homogeneous linear equations for the coefficients
ct, ¢, C;. By introducing a total of M such co-
efficients, one is led to an M XM determinantal
consistency equation. This gives a relationship
between the energy E and the two-dimensional wave
vector d, which allows the determination of the
eigenvalues:

F(E,§)=0~E,@). (30)
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Substitution of these into Eqs. (23), (28), and (29)
yields the expansion coefficients CL, C;, C; of the
solutions to within a constant factor.

Of course, one should take advantage of the two-
fold symmetry of the film, which assures in ad-
vance that certain pairs of the above coefficients
are equal or otherwise simply related to each
other. In practice, since surface effects extend
appreciably only two or three layers into the in-
terior, it is sufficient to study films of four to six
layers. For four layers one has the following in-
dependent coefficients: C{, C{®, C;. The prob-
lem is therefore comparable to a bulk problem with
three atoms per unit cell, although of course some-
what more complex.

We believe that this formalism, combined with
a self-consistency scheme based on the density-
functional theory, will be useful for solving prob-
lems of the electronic structure of films and sur-
faces.

We conclude with a few remarks of comparison
with earlier Green’s-function theories of films and
surfaces. Reference 7 is limited to one-dimension-
al “slabs.” References 8 and 9 make the incorrect
assumption that inside the crystal the eigenfunctions
have a simple Bloch form whereas, in reality, they
are linear combinations of at least two Bloch func-
tions with wave vectors k= (k,, k,, +%,), and of ex-
ponentially decaying (or growing) waves. Further,
outside the crystal, the potential is taken as con-
stant, which is a rather crude representation of
real surfaces. In Ref. 10 the inside solution is
taken to be the sum of two Bloch waves, still an
incorrect form. In Ref. 11, the potential outside
the surface is constant up to an infinite barrier,
Reference 12, which does allow a z-dependent po-
tential in the surface region, approaches the prob-
lem from the T-matrix standpoint, It requires
first the calculation of the T-matrix for each layer
7K +k,K+k’) and then the solution of an infinite
set of equations coupling these planes. This paper
does not fully take advantage of the exact descrip-
tion of the wave propagation in the region of con-
stant potential, offered by the Green’s-function
method, Also, it does not have the variational ac-
curacy of the present approach.

APPENDIX: STRUCTURE CONSTANTS

In Table I we listed the various forms of expan-
sion of the Green’s function (10) involving certain
structure constants, such as A;;., A% etc. The
constants enter the linear equations (23), (28), and
(29) whose solutions yield the eigenvalues and
eigenfunctions of the original problem. In this Ap-
pendix we give expressions for these coefficients.

The Green’s function G(%, ¥') is given by Eq. (10)
or, alternatively by the momentum sum

3759
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G(F, )= 2 expli(@+Q) (@ -T")]
h

X *17 eXp[iKh(Z> - Z()] , (A1)

2ik

where Q,, T and k, are defined under Table I and
z¢and z, denote, respectively, the smaller or
greater of quantities z and z’; a is the cross-sec-
tional area of the unit cell.

Using the coordinate sum (10) for G (T, T') and
following Ref. 2, we find for T just inside and ¥’
just outside the sphere S; of center T; and radius

Ps

G, T')= Z (kB pp 71 (kos) Ry (kE)
L,L*
+ALL‘jl(Kpi)j;(Kpi’)] YL(G,-)YI(G){),

(A2)
where

K‘EEI/Z, LE(ly m)’
pxlF -5, o= [¥-3,
0,=(0;, ¢;), ©;=(8/, ¢,

and Ay . is given in terms of the coefficients D, ,
and Cy, yem#; 1m;1 *m+ DY the following relation [see
Egs. (A14) and (A13) of Ref. 2]:

= 4,801 =T
Alm;l'm'_47”' ZZ Dr,m-m‘CT,m-m';lm;l'm"
7

(A3)
where
Cimimt me=[ V(@) 1,@)Y, pi@)d0  (A4)
and
Drz=x Y Vs nylau,) i jrliu,)]Y #5(0,)
T,m T\RUg Jr\Kug Tm\Ys
S#H)
iK
~ @ 670 8505 (A5)

here u,= U, [cf. Eq. (A2.22) of Ref. 2].
Similarly, for ¥ just inside S; and 7’ just outside
S;(i#j), G(F,T') has the form
G(f, ') = }: AJ{iL 'jl(Kpj)jl(Kpi,)YL(ej)YZ'(ei)’
L,L’
(A8)
where, in analogy with (A3), A#,.is given by

A:in;l ‘mt= 4"i(l-‘ I)Z D%: m=m’ C'l', mem*3im ‘m? 3
r (A7)
here C is the same as in (A4) and

i , - 23,
D,{;l?—- xk exp[iq « (F, - F;)] Z et Tiis
S

X[nplk vyi6) = igrlk v 3 NY570 ), (A8)
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where
T =U,-TF,+T, (A9)
and O, corresponds to the direction of this vector
[cf. Ref. 9, Eq. (A13)].
Next we take T just above S, and T’ just outside
S;. Then, using (Al), G(¥,T') can be written as

)= Z AnL'eXP[l(Q+Qh) T +iny(z = b)]

hyL*
xj, {kp)Y 1 (O, (A10)
where
47) (= 7)? ei*nd
AhLl = '("gz_’(c_‘z— P exp[zP,, ri]YL '(6,,) (A].].)
h
with

P;E(qx"‘th’ dy+@nys Kn),

+ + + g (AIZ)
©,=(0;, ;)= polar angles of Pj.

Similarly, if ¥ is just below S. and ¥’ just outside
S;, we find

(¥, T)=) Astexpli@ +Qu) - T —dry(z +b)]

hyL*
Xy (kpi) Y 14(0;), (A13)
where
At = (4”2)52:)1 :hb expliP;* 1,]¥,.(0;) (A14)
with
Br=(gx+ Qner Gy+ Qnys —Kn), (A15)
©,=(6;, @)= polar angles of P;. (A16)

Next we take T just inside S; and ¥’ just above
S.. This gives

G(F, )= Z Al di(kp;) YL (©;)

Loht
xexp| — i@ +Q,) + T’ +iry (2’ - 0)],
where (A17)
(4m) @)’ exp(ik,. b -
Ay = pli: ) expliB;. * £,]Y 1(O5.).

ZiK,, a
(A18)

Similarly, if ¥ is just inside S; and T’ just below
S., we find
G(.f’ FI)= Z Ai’h-:]';(Kpi)YL(@,‘)
Lon*
xexpl —i(@+Qy) * T - ik, (2" +0)],

where (419)

4 it ] . - - +*

( .ﬂ) exp(iK,  b) exp(iBre+ T,)¥ }O1.).

ZZK,II a
(A20)

Next we take T just above S, and ¥’ just below S,,

which gives, by (Al),

Aby=

(r, )= ZA *exp[i(d+Q,) * @ —T") +ik,(z -2")],

A21) -
with ( )

=1/2ik,a. (A22)
Similarly, with T just above S, and ¥’ just above S.,
we find

T, ) ZA exp[i(§+Q,) - @ -

+iKky(z —2" - 20)],  (A23)

where

Ay "= exp(2ik,b)/2ik,a . (A24)

When T is just below S. and ¥’ just below S,, we
find

G(T, T')= ZA,, exp[i(§+Qy) - @ -

+ k(2" =2 -2b)], (A25)
with

Ap" = exp(2ik,b)/ 2ikpa ; (A26)

and when ¥ is just below S. and ¥’ just above S.,

F J)-ZAn expli(@+Q,) * @ -T") +iry(z' - 2)],
(A27)
with

= l/ZiK,,a . (A28)
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