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We consider the propagation of bulk and surface plasmons in a finite superlattice structure com-
posed of alternating layers of materials 4 and B, with the whole structure resting on a substrate.
An implicit dispersion relation is derived allowing the dielectric constant of each material to be a
function of frequency. We then present numerical examples for the case where material 4 is a met-
al and the remaining materials have frequency-independent dielectric constants. We explore three
types of material configurations: (1) a finite number of layers of 4 and all other materials being
taken with e=1; (2) the same as case (1), but here with the dielectric constant of material B in-
creased by 5%; and (3) a realistic geometry appropriate for Al films separated by Al,O; layers on a
SiO, substrate. The dispersion curves in case (1) are similar to those for an infinite superlattice of
the same material parameters. The primary difference is that for thin superlattice structures, there
is a splitting of the frequencies of the surface modes. In case (2) the symmetry of the system is
lowered and there is strong localization, particularly for the surface modes. Case (3) also shows
unique features, the most interesting being the existence of a mode which changes character from
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bulk nature to a surface mode and then back to a bulk mode.

I. INTRODUCTION

There has been considerable interest recently in the
properties of superlattices. Initial investigations have
been made of the properties of various types of collective
excitations of the superlattices, such as magnons,“6 pho-
nons,”~* and plasmons.'>~22 It has been found that these
excitations exhibit properties unique to the superlattice
structure. For example, the existence of a surface wave on
a semi-infinite superlattice can depend critically on the ra-
tio of the thicknesses of the two alternating materials.

In this paper we will look closely at some of the proper-
ties of bulk and surface plasmons in finite superlattices.
We note that bulk plasmons in superlattices have already
been observed in GaAs-(AlGa)As by inelastic light scatter-
ing.?® There has also been a reasonable amount of
theoretical development in understanding the properties of
plasmons in superlattices.!> 192122

One can understand the collective excitation of a super-
lattice plasmon in the following way. An excitation of a
surface plasmon in one material layer produces electric
fields outside its boundaries. These fields in turn couple
with the elementary excitations of the other layers. By in-
voking Bloch’s theorem, one sees that this coupling
creates a set of collective excitations of the entire superlat-
tice. This set of excitations is characterized by a wave
vector normal to the material interfaces as well as a wave
vector parallel to the interfaces. Previous theoretical stud-
ies have shown that if one plots a dispersion curve of fre-
quency versus the wave vector parallel to the interfaces,
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one sees bands where bulk superlattice plasmons exist. If
we represent the wave vector perpendicular to the inter-
faces by g, , and the unit-cell length of the superlattice by
L, the boundaries of the bulk bands exist when g, L =0 or
. In the gaps between the bulk bands, and above and
below the bands, one can find the surface waves.

Previous theoretical work on plasmons in superlattices
have concentrated on geometries which were infinite or
semi-infinite. In this paper we concentrate on a finite-
superlattice structure on a substrate. We note that the
properties of magnons in a finite superlattice have been in-
vestigated.® The method used here provides a simpler
answer and more physical insight than the method used in
studying finite magnetic superlattices. This geometry
represents a physically realizable case. Also, as we shall
see, the plasmon dispersion curves have unique features
due to the finite thickness. Thus in this paper we want to
discuss two questions:

(1) How many layers are necessary before a superlattice
can be adequately modeled by a semi-infinite or infinite
structure?

(2) Are there any features of the finite structure which
do not exist in the semi-infinite structure?

We will see that the finite structure does have some very
interesting results. In particular, we will see that small
changes in the wave vector parallel to the surface of the
superlattice can lead to dramatic changes in the localiza-
tion of the excitation. Similarly, small changes in the
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properties of the constituent materials of the superlattice

can also lead to significant localization of the plasmon.
The remainder of this paper is organized as follows. In

Sec. II we present a brief review of the methods and re-

sults used to find dispersion curves for semi-infinite su-

perlattices, and then summarize the results for that struc-
ture. An implicit dispersion relation is then derived for
the finite superlattice on a substrate. In Sec. III we
present numerical studies of the dispersion-relation results
for particular material parameters. In Sec. IV we explore
the spatial distribution of the superlattice excitations and
show how localization can result from small changes. Fi-
nally, in Sec. V we summarize our results.

II. THEORY

In this section we present the development of the gen-
eral dispersion relations for bulk and surface plasmons on
a finite superlattice. We begin, however, with a brief re-
view of the method used in an infinite superlattice.

We consider a superlattice composed of alternating
layers of material 4 and B, with dielectric constants
€4(w) and eg(w), respectively. Material 4 always has a
thickness d; and material B always has a thickness d,.
To find the dispersion relation for bulk and surface
plasmons, we begin by noting that the electrostatic poten-
tial ¢(x,¢) must satisfy Laplace’s equation

V2h(x,t)=0 (1)

in all regions. In addition, this potential must satisfy
boundary conditions at each material A-B interface.
These boundary conditions state that the electrostatic po-
tential must be continuous, and the normal component of
the displacement must be continuous, at each interface.
We establish the coordinates with the z axis normal to
each A-B interface, and the x axis parallel to the same.
Since we have translational invariance in the x and y
directions, the wave vector k is completely characterized

by x and z. The electrostatic potential will have the form _

$(x,p,2,t) =D(z)e =0 (2)
and applying Eq. (1) yields
2
&~k |e)—0 3)
z

with the general solution
O(z)=A etk 4_e*. 4

Since the structure is periodic, we invoke Bloch’s
theorem, and look for solutions of the form

®(z)=e*U,(z), (5)
where for any integer n, and L =d;+d,,
U,(z+nL)=U,(z) . (6)

One finds that the most general solution which satisfies
both Eqgs. (3) and (6) is

Uq(z)=e-—iq(z—nL)(A+ek(z—nL)+A_e——k(z—nL)) ,

nL<z<nL+4d, (7

for material A4, and a similar result for material B. Note
that g is a wave vector that will arise in the dispersion re-
lation for the collective excitations. Upon applying Eq.
(7) to (5), we arrive at the electrostatic potential for ma-
terial A4,

q)(z)=eian(A+ek(z—nL)+A_e——k(z—-nL)) ,
nL<z<nL+d,. (8)

In a similar manner, we arrive at the electrostatic poten-
tial in material B,

i k(z—nL—d,) —k(z—nL~—d;)
¢(Z)=e'q"L(B+e Z n. 1 z 1

+B_e ’
nL+d,<z<(n+1)L . (9)

To solve for the arbitrary constants A, A_, B, and
B_, we invoke the boundary conditions previously
described to yield the following four equations:

A 44 e ™ =B 4B_, (10)
kd, —kd,
es(@)NA e — A1) =ez(0) B, —B_), (11
A, +A_=e 9B 4 p oM (12)
€s0)A, +A_)=eglwle (B, " _B_e )
(13)

The result of translating these equations into matrix form
and setting the determinant of the coefficient matrix equal
to zero is an implicit dispersion relation,

€4 (w)

sinh(kd, ) sinh(kd )

GB(CD)

€4

+2 (@) [cosh(kd,) cosh(kd;)— cos(gL)]=0. (14)
GB(CL))

The above dispersion relation will be assumed to hold in

C
7'y
A d
n=0 y !
8 d2
A
n=1
B
L]
A
n=p—1 5
D

FIG. 1. Superlattice of finite extent. The structure is com-
posed of alternating layers of materials 4 and B, the spaces
above and below the structure are filled with materials C and D,
respectively, and each material is characterized by the appropri-
ate dielectric constant. The unit cells are indexed by n, as
shown.
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the interior of the finite superlattice.

We now turn to the determination of the dispersion re-
lation for finite superlattices. The structure is illustrated
in Fig. 1. The finite superlattice has a total of p unit cells,
where a unit cell is composed of one film of material 4
and one of material B. We assume that the superlattice
rests on a substrate of material D with dielectric constant
€ép(w), and above the structure is material C with dielec-
tric constant €c(w). ‘

We now discuss the form of the solution for the finite
superlattice. First we note that for the infinite superlat-
tice the solution for the electrostatic potential was essen-
tially composed of a surface-wave electrostatic potential

®(z)=Ce* forz<0,
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in each film multiplied by an envelope function (the e"-
term) which related the amplitudes of one film to another.
For the finite-superlattice problem we must have a sum of
two such terms in the interior of the superlattice, where
each term has a different envelope function. If one
discusses surface waves, the envelope functions should
have the forms e ~"" and e ~7?~"L, These forms corre-
spond to envelope functions which are localized at the top
and bottom surface of the superlattice, respectively. For
bulk waves in the superlattice one replaces y with —ig.
This brings us back to forms similar to those in Egs. (8)
and (9). We therefore take the following as the form of
the electrostatic potential:

¢(z)=e—ynL(A+ek(z—nL)+A_e—k(z—-nL)) +e—y(p—n)L(A+ek(z—nL)+A_e—k(z—nL)) for nL <z<nL +d1 ,

‘p(z)=e —ynL(B+ek(z—-nL-—dl)

®(z)=De ~*==PL) for z >pL .

+B_e—k(z—nL_dl)+e—7(p_n)L(B+e

(15)
k(z—nL —d;) e-k(z-nL—dl)

+B_ )

for nL+d,<z<(n+1)L,

It is clear that if we incorporate e ~""Linto 4., A_, B, and B_ to obtain new coefficients A, 4’_, B’,, and B'_,

we can rewrite Eq. (15) as follows:

Q(z)=Ce"’ for z>0,

¢(z)=e—ynL(A+ek(z—nL)+A_e-k(z—nL)) +eynL(AI+ek(z~nL)+A'_e—k(z—nL)) for nL <z<nL+d,,

k(z—nL—d,) e»k(z—nL-dl)

D(z)=e "B e +B_

®(z)=De ¥ forz>pL .

We will solve for the coefficients as follows.

(i) We will assume that e "L is an envelope function
which is associated with a traveling wave propagating
down the stack from z=pL. (Note that if y is real and
positive, the envelope function is that of an exponentially
decaying wave localized at the top surface.) This assump-
tion allows us to relate 4, and A_ to B, and B_ and,
independently, we can relate A", and A" to the B, and
B’_ for the wave with the e *""L envelope. Ultimately, we
will relate the 4, to the 4_, and then the A", to the
A'"_, leaving A and A’, as the only unknowns. ’

(ii) We will then impose the boundary conditions at
z=0, the C-A interface, and at z=pL, the B-D interface.
The result will be four homogeneous linear equations in
four unknowns, 4., A’,, C, and D. These will yield a
solution only if the determinant of the coefficient matrix
vanishes.

We first deal with the interior boundary conditions.
We impose the requirement of continuity of ¥ and con-
tinuity of the displacement, D, which is equivalent to re-
quiring continuity of e(w)[d®P(z)/dz] at each A-B and
B-A interface. Consider the wave with the e "% en-
velope function. At z=nL +d;, an A-B interface, con-
tinuity of ® gives us

A yq e =B 1B . (17)

, k(z—nL—-d,)
)+e" (B’ e !

(16)

e KTy for nL4+dy <z <(n+1)L,

+B'"_

Continuity of €4(w)[0P(z)/dz] gives us
eq@)NAd e —d e =ey0)B, —B_). (18)

Similarly, at the B-A interface, z=nL +d;, we obtain

kd,

A, +A_=e™B 1B 7 (19)

and

kd, kd,

€4(0)NA; —A_)=eplw)e™ (B, e *—B_e ). (20

In exactly the same fashion, we obtain for the traveling
wave associated with the envelope function e?*~ the fol-
lowing at the A-B interface:

Ay a e =p, 4B, 21)
’ kdl ’ —kdl ’ ’
6A((l))(A+e ""A__e )=GB(C!))(B+“‘B_.) ’ (22)

and for the B-A4 interface,

Ay + A =e~ KB 1B e T (23)
kd, —kdz) )

€4(0)A’, —A"_)=ep(w)e "B’ e" *—B'_e

(24)
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Next, we solve for B, B_, B’,, and B'_ as follows:

1 kd €4 —kd €4
B, =— A’ T4+ = ' 114
+=75 [4+e +€B +Ad_e 1 - ,
1 kd, €4 —kd; €4
= 1+— A 1——= s
B, 2 A e +€B +A_e o 27)
1 kd €4 —kd €4
BI —— AI 1 1__ A: 1 1 4
(25) -=% +€ €5 +A4_e +63
€ _ € ,
B =1 A 1—=L pa e 142 ||, (28)
2 €p €p ) ‘
Substituting (25) and (26) into (19) and (20), respectively,
(26)  we obtain
J
€ — €
A++A_=67L{‘l* A-c-ekdl [l—f——i sA_e 1A | [
2 €p €p
€ € —
+l A+ekdl 1__A_ +A_e kd, [1_'__‘4; e kdz} (29)
2 €p €p
and
€ € _ €
—A(A+—A_)=e"L{—1— A+ekdl l1+—A +A4_e [1_._"; R
€ 2 €p €p
€ _ € _ .
— A = AT 1 A e kdl}’ (30)
2 S €p P

where we have dropped the functional dependence of € for brevity. Adding and subtracting (29) and (30) yields the fol-
lowing matrix equation:

€ _ € _ -
1+-4 (ekdl—e_“‘e kdz) 1——24 (e TH _o-7L, ™M)
€p €p A, 0
= (31)
€ € _ A_ 0
1— =4 (M _e—7LMhy ‘1+~i (e M gLk
€p . €p

Similarly, by substituting (27) and (28) into (23) and (24), and then adding and subtracting the resulting equations, we
find

€ - € - -
142 (M _erLe ™0y |14 (oM _erLe TR ,
€p €p A, 0
¢ c 4 = o (32)
‘1——A](ekd‘—e7”“ekd2) [1+J—](e_kd1—e7Le_kd2) B
€p €p
f
Setting the determinant of the coefficient matrix equal and
to zero in both (31) and (32) yields the same condition on eclo)C=€q(0) A, —A_+A', —A") . (35)

7, as follows:

cosh(yL )= cosh(kd,) cosh(kd ) Imposing the t_:oundary conditions at the B-D interface,
z=pL, results in

€ € -
+1/2 ?”—+6—" sinh(kd,)sinh(kd;) . (33) De—*L—e~"PLeYL(B " 1 B_¢ %)
4 B
ypL, —yvLi ' kd, y —kd,

Note that this implicit dispersion relation for ¥ is identi- +ele™ (B e " +B_e Vs (36)
cal to Eq. (14) with iy substituted for g. —ep(@)De L=z (w)[e —rpLerL(B+e’“’2 _B_e ¥y

Next, we impose the boundary conditions at the C-4 xd ka
interface, z=0, to obtain +e"e TL(B' e 2—B" e " ?)]

C=A,+A_+A +A"_ (34) (37
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By substituting Eq. (19) and (23) into (36) we obtain
De ML—e="PL(4, +A_)+e"™ (A +4"_), (38)
and doing the same with (20), (24), and (37) results in
—ep(w)De L =€ (w)e "PHA, —A_)
+e"™4’ —4")]. 39

We now solve for A_ in terms of 4. From Egs. (31)
and (32) we find

A_=KA, , (40)
A_=K'A", @1
|
1+K 1+K’ -1 0 4,4
e4(1—K) e41—-K') —e&c 0 A’
e "H1+K)  e"H14+K) 0 —eRL

€4 "PH1—K) e4e™H1—K') 0 epe kL
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where
o /el —e—rre ™) @2)
[1—(e4 /€5 )](e_kd1 —e"’Le_kdz)
and
_ [(ea/ep))e™ —etrie ™% 43)

[1—(e4/eg) (e 1 —e+rLe 7F%)

Finally, by substituting (40) and (41) into Egs. (34), (35),
(38), and (39) we obtain

(44)

S ©O O O

The above system of equations admits a solution only if the determinant of the coefficient matrix vanishes. This leaves

us, after some algebra, with the following result:

[(1—K)1—K")—ecep(1+K)1+K')—e €c(1—KK')+e€4€p(1 —KK’)]tanh(ypL) —e€ 4(ec +€p)K —K')=0. (45)

Equation (41) is the implicit dispersion relation for the
finite superlattice. We note that this equation is particu-
larly convenient since the number of layers in the finite
superlattice, p, appears only in the argument of the hyper-
bolic tangent function. This makes numerical calcula-
tions relatively easy.

III. NUMERICAL EXAMPLES
OF DISPERSION RELATIONS

In this section we present numerical examples for the
dispersion relations. As has been pointed out earlier, the
theoretical results derived in the preceding section
describe collective excitations which can arise from many
different microscopic mechanisms. It is only necessary to
know the frequency-dependent dielectric constants of the
various materials involved. For the examples considered
here, we have chosen a rather simple model system of
metal slabs separated by dielectric layers. The simplicity
of the system allows us to understand general trends quite
easily. For these applications, we assume the dielectric
constant of material A is given by e4(w)=1—w> /o
We take wp =15 eV, which is appropriate for Al. We fur-
ther suppose that the dielectric gaps have frequency-
independent dielectric constants.

We now want to answer the two questions posed earlier:

(1) How many layers of a superlattice are required be-
fore one can approximate the finite superlattice by an in-
finite (for bulk modes) or semi-infinite (for surface modes)
superlattice?

(2) Are there any unique features to be found only in
the finite superlattice? We will answer these questions by
the examples presented below.

l

Figure 2 presents the dispersion curves for a superlat-
tice composed of twenty films of Al, surrounded by ma-
terials such that ez =€e-=€p=1. The boundaries of the
bulk bands, as well as the frequency of the surface modes,
agree very nearly with those values found for the semi-
infinite superlattice with the same parameters. Basically,
the continuous band of states found in the infinite or
semi-infinite superlattice breaks up into closely spaced

FREQUENCY (eV)

FIG. 2. Dispersion curves for the case where material A4 is
aluminum, materials B, C, and D are vacuum, and there are
twenty layers of material A. Note the discrete allowed modes
and splitting of the surface modes, as discussed in the text.



discrete states in the finite-sized superlattice. Thus the
dispersion curve for the twenty-layer case is a reasonable
approximation to the semi-infinite superlattice results.
One significant exception to this is in the region
kd <0.3. In this region the wavelength of the plasmon is
large compared to the thickness of a film and can also be
large compared to the thickness of the superlattice. As a
result, a surface plasmon at the top surface of the super-
lattice can interact with a surface plasmon at the bottom
of the superlattice. This interaction produces the splitting
of the surface-plasmon frequency which is visible in Fig.
2. A similar situation occurs in properties of surface
plasmons on a single film. As the thickness is reduced,
the surface plasmons at the top and bottom interact, with
a net result that there are two surface-plasmon frequen-
cies.

One further difference between the semi-infinite and
finite cases considered here is that the surface modes actu-
ally merge continuously into a bulk mode. This is more
easily seen in Fig. 3, which presents the dispersion curves
for ten films of Al. Here we see that at kd;=0.2 the sur-
face mode changes in character to a bulk mode for the
lower band. We also note that the splitting of the surface
modes also occurs at a much larger value of kd, when
comparing Fig. 3 to Fig. 2. Again, we see that as the
thickness of the superlattice becomes close to the wave-
length of the surface plasmon, the splitting becomes visi-
ble.

We note that in Fig. 3 the boundaries of the bulk bands
are still very close to the values found in the semi-infinite
case. If we continue to reduce the number of Al layers,
the frequency region of the bulk modes finally deviates
significantly from that of the infinite case. In Fig. 4 we
present the case where the number of Al films is just five.
A comparison of Figs. 2 and 4 indicates that the deviation
can be quite significant.

15.0

12.0

9.0

FREQUENCY (eV)

6.0

10 layers

di/dy =2 4
3.0 €, = 1.0 o
Gc = 1.0 4
Ed = 1.0 4

0.0 ] I 1
0 1 2 3 4 5

FIG. 3. Dispersion curves for the same material parameters
as Fig. 2, except there are ten layers of material 4. The bulk-
mode boundaries are similar to those of Fig. 2. The surface-
mode split is visible for larger values of kd;.
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15.0 T T T T

120+ -

9.0

6.0

FREQUENCY (eV)

5 layers

d/dy =2 A
3.0 €p = 1.0
Ec = 1.0 A
€y= 10 -

0.0 1 1 l
0 1 2 3 4 5

kd1

FIG. 4. Collective-mode frequencies for a superlattice con-
sisting of five layers of material A4, €g,ec,ep=1. Material 4 is
aluminum. The frequencies of the bulk bands differ from Fig. 3
and a surface-mode split exists to kd; =1.5.

For the semi-infinite structure, it was shown that plots
of frequency versus the ratio d, /d, also give very in-
teresting information. The ratio d,; /d, is easily altered
experimentally, and thus is an important parameter in the
characterization of a superlattice. For the semi-infinite
case, one sees in such a plot two bulk bands. These bands
are always separated by a gap, except at d,=d,. Also it
was seen that the surface mode was only allowed in the re-
gion where d, >d,. In Fig. 5 we present the equivalent
set of curves as those described above, but now for the fi-
nite superlattice. We see several significant differences.

15.0
12.0
=
O
5
=z
)
2
o
w
&
d1/t:12
FIG. 5. For a ten-layer superlattice, ezg=€c=€p=1, we

show the allowed frequencies as a function of d, /d, with
kd;=0.2.. Note the complete separation of bulk bands, as
described in the text.
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First, the two bulk bands remain completely separate for
all values of the ratio d; /d,. Secondly, the surface
modes now emerge from a particular bulk mode and there
are two surface modes as discussed before.

We now turn to a more realistic case where material B
is an insulating spacer, and the layered films are resting
on an insulating substrate. We consider a structure where
€p=3.0, e¢=1.0, and e€p=2.5. These values are ap-
propriate for the case where material B is Al,03 and the
substrate is SiO,. In addition, we have chosen d, /d, =2.
The dispersion curves for the bulk and surface modes in
this case are presented in Fig. 6. The most striking
feature in this set of curves is a short segment of surface
mode which emerges from an upper-bulk-mode branch
and exists as a surface mode in the region 0.5 <kd; <1.3
and then becomes a bulk mode again. In this region, the
dispersion curve is nearly flat.

We would like to note several other features visible in
Fig. 6: (1) There is a surface mode for large kd, at a fre-
quency of 10.6 eV. This frequency corresponds to that of
a surface mode at the interface of Al and vacuum in a
semi-infinite geometry. (2) If we compare the frequency
of the bulk and surface modes in Fig. 6 with those in Fig.
3, we see that they are generally down-shifted. This is
caused by the screening of the metal layers from each oth-
er by the intervening dielectric slabs. (3) There is a second
surface mode at lower frequencies that exists for all values
of kd,. The frequency of this mode is nearly independent
of the wave vector (7.8 eV). In the next section we will see
that this mode is localized at the last metal-insulator in-
terface before the substrate.

Figure 7 illustrates the case where the thickness ratio is
inverted, i.e., d; /d,=0.5 rather than 2 as in Fig. 6. We
see in this figure that the frequencies are further down-
shifted when compared to Fig. 6. This is because the in-
crease in the insulator thickness further isolates the metal

15.0

12.0

9.0

6.0

FREQUENCY (eV)

10 layers

d/d, =2 1
3.0 Eb= 3.0 —
€= 10
€4= 25 1

0.0 ! 1
0 1 2 3 4 5

FIG. 6. For the physically realistic case eg=3 (ALOj3),
€p=2:5 (Si0,), ec =1, we show the collective-mode frequencies
for a ten-layer structure. Material A4 is aluminum. The bottom
surface produces a characteristic mode at 0 =7.8 eV.
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15.0

=
L
5
4
]
]
g
w
@
s

10 layers T

d1/d2 =.5 B

Gb = 3.0 4

€c = 1.0 A

Gd = 2.5

0.0 1 1 1
0 1 2 3 4 5

FIG. 7. Collective-mode spectrum for a ten-layer superlat-
tice, €g=3, €p=2.5, €c=1, material A is aluminum, with
di=+d,.

films. Note that in this figure the bulk modes are consid-
erably more compressed in comparison to the preceding
figure. This results because the large gaps between metal
films reduces the coupling strengths between the surface
excitations on each metal film, which in turn reduces the
bandwidth of the bulk excitations, a result similar to the
reduction in bandwidth for electronic states when the
atoms are moved further apart. It is also interesting to
note that the surface mode seen in Fig. 6, which existed
only in a short range of values of kd;, is no longer
present.

(a) ‘ (b) \\
vacuum
matericl a
material b
AN N
[ Vv
Y
[
T
\
{
\ Z
e
N
substrate
AMPLITUDE

FIG. 8. The electrostatic potential as a function of depth for
a ten-layer superlattice, eg=€c=¢€p=1. These are the poten-
tials for the surface mode of Fig. 3 where kd;=1 and in (a)
0=10.59 eV and in (b) ¥=10.62 eV.
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IV. ELECTROSTATIC POTENTIALS

In the preceding section we demonstrated that in finite

superlattices there exists a discreet number of allowed -

plasmon modes. Furthermore, we demonstrated the split-
ting of surface modes and the emergence of surface-mode
pairs unique to finite structures. In this section we
present numerical studies of the electrostatic potential as a
function of depth into the superlattice. These are interest-
ing because they show the physical nature of the collective
modes, that is, they give the location of strong localiza-
tions, etc. In what follows we suppose a superlattice con-
sisting of ten layers of aluminum films separated by a
dielectric gap, the whole resting on a dielectric substrate.

Figure 8 shows the potential curves for the case where
ep=€c=€p=1, kd,=1 and (a) ©=10.59 and (b) 10.622.
This corresponds to the region in dispersion curve Fig. 3
where the surface-mode splitting becomes substantial.

As briefly discussed in the preceding section, the ap-
pearance of split surface-mode frequencies in a finite su-
perlattice is analogous to the splitting of frequencies on a
single film. For an isolated film each surface can support
a mode. These modes couple to produce an odd-parity
and an even-parity pair, split by interaction between the
two surfaces. Because the structure depicted in Fig. 8 is
symmetric about the midplane, the long-wavelength sur-
face modes must couple into an odd-even—parity pair as
well. '

Figure 9 shows examples of bulk excitations, again for
the symmetric structure where eg=€c=€p=1. In (a)
w_=8.45 and in (b) ® =12.39. These correspond to the
uppermost w_ mode and the lowermost w_, mode, respec-
tively, in Fig. 3. It must be noted that while these are
indeed bulk modes of the superlattice as a whole, they are
composed of coupled surface plasmons which reside at the
material interfaces.

For a finite superlattice, it is interesting to consider the
effects of small perturbations on the collective modes.
Figure 10 demonstrates the effect of a 5% increase in the
dielectric constant of the gaps on the surface-mode
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FIG. 9. Potential curves for bulk modes with the same
geometry and materials as in Fig. 8. Here kd;=1.0 and in (a)
w=28.45¢eV and in (b) ©=12.39 eV.
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FIG. 10. Potential curves for the two surfaces modes as in
Fig. 8, except that the dielectric constant of material B has been
increased by 5%. Again kd;=1.0 and the frequencies are now
(a) ®=10.51 eV and (b) ®=10.57 eV. Note that the small
change in dielectric constant strongly localizes the surface
modes.

behavior (e =1.05 and €c=€p=1). It should be noted
that this increase does not affect the dispersion curves ap-
preciably (less than 5% change), but serves to strongly lo-
calize the surface-mode pair, as can clearly be seen by
comparison of Figs. 8 and 10. The slight lowering of
symmetry dramatically uncouples the pair, leaving two
modes, each of which is supported at a different surface.
The final three figures all represent the physically real-
istic case discussed previously: ten aluminum films
separated by films of Al,O;, the entire structure resting on
an SiO, substrate (e =3, €5 =2.5, ec=1). We recall that .
a unique feature of this dispersion curve was the emer-

gence of a short segment of surface mode emerging at
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FIG. 11. The evolution of the surface mode seen in Fig. 6.
We show the potentials for (a) kd,=0.2 and w=10.145 eV, and
(b) kd=0.7 and @=9.24 eV. Note the change in character
from bulk to surface as kd, increases.
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FIG. 12. Continuation of the surface-mode evolution from
Fig. 6. In (a) kd;=1.4 and ©=9.23 €V, in (b) kd;=2.5 and
©=28.75 eV. Case (b) clearly shows bulk character even though
it is still localized near the upper boundary.

long wavelengths from the bulk bands, and the presence
of a new surface mode between the bulk bands. Figures
11 and 12 illustrate the evolution of the short surface
mode from the bulk bands. Figure 11 shows the mode in
the extreme long-wavelength region [kd=(a) 0.2, (b)
0.70]. Even in this region, the branch appears strongly lo-
calized at the upper surface of the superlattice. As we
trace into the shorter wavelengths, Fig. 12 [kd = (a) 1.4,
(b) 2.5], the bulk character of the mode becomes evident;
however, the largest amplitude remains in the upper por-
tion of the structure.

Figure 13(a) is the potential for the surface mode which
emerges from the upper bulk band of Fig. 6 and exists at
©=10.67 eV for all large kd;. The fact that the potential
resides almost entirely within the top film, and decays to
zero everywhere else, shows that it will remain at 10.6 eV
regardless of the dielectric parameters or the number of
layers. Thus this mode corresponds to a simple surface
mode on a semi-infinite aluminum substrate.

The low-frequency surface mode, which exists for all
kd, is a characteristic of finite superlattices. This mode
does not exist in semi-infinite structures. The introduc-
tion of a bottom surface also introduces another surface
mode, and indeed Fig. 13(a) demonstrates that this mode
is strongly localized at the bottom Al-Al,O; interface.

V. SUMMARY

We have derived the general dispersion relations for a
superlattice of finite extent, applicable to any choice of
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FIG. 13. Potential curves for the upper and lower surface
modes seen in Fig. 6. In (a) kd;=1.0 and ®=7.64 eV. In (b)
kd;=3.0 and @=10.67 eV. These modes are clearly localized
at opposite surfaces of the superlattice.

material parameters and any number of films. Through
numerical examples utilizing aluminum films separated
by dielectric gaps, we showed that twenty layers of two
materials reflected the results for a semi-infinite structure,
and that ten layers also showed reasonable similarity to
the semi-infinite results with the exception of an appreci-
able splitting of the surface mode into an odd- and even-
parity pair. It was also shown that a small change in the
dielectric constant of the spacers significantly localized
the surface modes, one supported at each boundary of the
superlattice. The physically realistic case, consisting of
ten aluminum films separated by Al,O; dielectric spacers
with the entire structure resting on a SiO, substrate,
demonstrated the characteristic down-shift in frequency
provided by the dielectric constant of the Al,O;. In this
structure, we also showed the existence of a surface mode
not present in the semi-infinite structure. It was demon-
strated by examining the electrostatic potential as a func-
tion of depth that this new mode is localized at the bot-
tom of the superlattice.
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