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Calculations of the electronic structure of materials composed of alternate layers of two elements are made. The
calculations concentrate on periodic structures made of layers of gold and aluminum. Since Coulomb energies are
large, it is assumed that each layer should be neutral. To achieve neutrality the aluminum must be made positive
relative to the gold. Wave functions, the Fermi level, and the additional band gaps introduced by the new periodicity
are calculated for several periodic structures. It is found that the pseudopotentials for the two metals make

appreciable contributions to the band gaps.

I. INTRODUCTION

The ability to deposit alternate layers of two
materials, each layer being a few atomic planes
thick, should allow us to design new periodic ma-
terials which might have desirable properties.
One finds that both the electronic and the vibra-
tional properties are different from those of either
material. In this paper an attempt will be made
to describe the resulting electronic band struc-
ture. A later paper will discuss the resulting
phonon properties.

Let us describe what has been done thus far.
Allender, Bray, and Bardeen' propose construct-
ing a high-temperature superconductor by using
alternate metal semiconductor layers each about
10 A thick. Yang, Tsakalakos, and Hilliard® find
that alternating thin films of two metals (each
about 20 A thick) have a Young’s modulus which is
up to four times larger than the average of the
bulk metals. The pairs of metals used were gold-
nickel, copper-palladium, and copper-nickel.
Koehler® proposed that modulated films would have
a large yield stress. Lehoczky! observed the in-
creased yield stress for alternating aluminum-
copper structures about 100 A thick. Recently
Thaler, Ketterson, and Hilliard® have found en-
hanced magnetization in modulated copper-nickel
films. The research group at the Bell Telephone
Laboratories have produced alternate layers of
GaAs and AlAs with layer thicknesses from 5.7 A
and larger. They have shown that the electronic
structure is changed by observing new optical ab-
sorption lines at 2 K.® They have also demon-
strated that the phonon structure is altered by ob-
serving Raman scattering from layered struc-
tures.” Theoretical electronic-band-structure
calculations have been done for InAs-GaAs layers.

It is interesting that up to the present, very de-
tailed calculations have been made of semiconduc-
tor-semiconductor interfaces but no calculations
have been made of metal-metal interfaces or
simple-metal-metal-layered structures.

8

The present paper aims at giving a simple near-
ly-free-electron theory of metal-metal periodic
structures. In addition, the contributions to the
layer band gaps which result from the introduction
of weak pseudopotentials for each of the two metals
are calculated.

In metals the nearly-free-electron model has
been very useful in enabling one to give a very
simple description of many physical properties
(for a brief summary see chapters 6 and 7 of Kit-
tel’). In addition, the introduction of weak pseudo-
potentials has shown that in many cases the elec-
tronic structure of many metals can be described
as a small distortion from that of free electrons
(see Heine, Cohen, and Weaire!?). Therefore in
the present paper an attempt is made to use simi-
lar models for metal-metal-layered structures.

II. GENERAL CONSIDERATIONS

In layering one can choose the two materials,
the crystal direction normal to the plane of the
layers, and the thickness of each of the two ma-
terials. To avoid dislocations at the interface be-
tween the two materials we use materials having
very nearly the same lattice parameter. For sim-
plicity we usually take the two to have the same
crystal structure. Possible pairs of fcc materials
are aluminum-gold and aluminum-silver. One
could try aluminum-cadmium with the layers per-
pendicular to the ¢ axis of cadmium and to the
[111] axis of aluminum. One could also try plati-
num and aluminum. In this case the lattice param-
eters differ by 3% so that some misfit dislocations
should exist on the interfaces. Among the bce ma-
terials niobium and tantalum have very nearly the
same lattice parameters but the high melting tem-
peratures mean that some ingenious fabrication
method will be required.

III. METHODS OF CALCULATION, THE WAVE
FUNCTIONS

We treat the valence electrons as nearly-free
electrons. In the first material we use
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U, =qe i M¥ RpT 2 (1)
In the second material we use
U, =e !BV k) (B % +yemiRe%) (2

where 8 and y are complex. Since the two wave
functions refer to the same one-electron energy
state, equating energies gives k. Thus

? ., A B,

o B =E@ +—2-z ks . (3)
It has been assumed that the same effective mass
can be used in the two materials. Different effec-
tive masses can be used. Concerning A, if the
bottom of the conduction bands in both metals is at
the same energy then one finds that the metal with
high valence is positively charged (i.e., does not
have enough valence electrons). This gives rise
to large Coulomb energies. We have introduced a
positive potential A to arrange that each metal
shall be neutral. e(k,) is the dielectric screening
function for material 2.

If x is normal to the layers then the wave func-
tion and its first derivative with respect to x must
be continuous at the interface. Figure 1 shows the
interface and the layered structure for a particular

case. These interface conditions determine 8 and
J

v in terms of ao. The results are given in Eqgs.
(4), (5), (6), and (7). o is used to normalize the
wave functions. If 8=p;+iB, and y =y + iy, then

31=% <1 +§:> cos((k1 —kz)gzl> ) (4)

8 _30(1+Eki/ky)
27 sin(kydy/2)

x[cos ((k1 —kz)%l) cos (kz %1) - cos (kl%l) ], (5)
71=9‘2-<1 -—%)cos ((k1 +k2)%1> , (6)

L (L=Ry/Ry)
Y25 T 2% 5in(kyd,/2)

X [cos ((kl + kz)%L) cos (kz d—21> -~ cos <k1 %1)] .
(7

Next the Bloch condition is used to determine
the wave number %, associated with propagation
in the x direction. One has

q,2<%* +d2> =eik”(d'+d2)‘1’t(_£21)' (8)

Finally the normalization integral is

2 +d,/2 +(dy /2+dg)
WRQNS éyz f dx + f dx[(ﬁ*e-ikzx+y*eikzx)(Beik2x+Ye-ikzx)] =1 s (g)
14 -d1/2 +d1/2
T
where S is the number of period_s in the specimen ey
in the x direction. V is the specimen volume. N MATCHING
INTERFACE

is the number of atoms per atomic plane perpen-
dicular to x. R, is the atomic radius which we
take to be such that £ 7R§=V,,. Equation (9) is
used to determine of.

It is necessary to describe how A is found. A
depends on the chemical valence of the two ma-
terials and upon the particular arrangement chosen
in one period. Some examples will be given later.
For each arrangement it is necessary to calculate
A numerically. This is done as follows:

(a) Guess the value of A.

(b) Choose a series of values for k,.

(c) For each k, calculate the corresponding k.

(d) For each k, determine 8 andy and a.

(e) For each k, determine R, the probability
that an electron in that energy state is in material
1. We write this in terms of the energy of the
state where E = (7%/2m)k:.

(f) We integrate over E and choose the Fermi
energy E ; such that we obtain the correct valence
electron density for material 1. That is

Ep
N,=jO- R{(EXCE!?gE , (10)
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FIG. 1. Arrangement in one period of the structure
having two atomic planes of gold and two atomic planes
of aluminum, The planes are (111) planes.
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where C =(V/2m%)(2m/i*)%/%. Note that we have
assumed a free-electron density of states in ma-
terial 1.

(g) We then check to determine whether the va-
lence electron density in material 2 is correct. It
is given by

E )
Ny= fo [1-Ry(E)ICE!%E = iCE ;*/* -N,.
(11)

If N, is not correct we must try another A.

IV. BAND GAPS

With the correct value of A and the appropriate
wave functions we are in a position to calculate the
matrix elements which in the nearly-free-electron
approximation give us the band gaps.

In order to obtain numerical values for the band
gaps and for A it is necessary to be specific about
the two materials and about the pseudopotentials
used. We shall make detailed calculations for
layers of aluminum and gold. Let us take the nor-
mal to the layer planes to be the [111] direction.
The pseudopotentials used are, for aluminum that
of Animalu!! and for gold that of Animalu.!?

First consider A. We take material 1 to be gold
and material 2 to be aluminum. Since the alumi-
num is valence three we need a positive A to hold
enough electrons in the aluminum. We used
Animalu’s values for the dielectric function. His
values were fitted to

exky) =1+B,/(kp)". (12)

If , is given in 10® cm™! (i.e., kb, =2%10% cm™
means k; =2 in our units), then for aluminum B,
=3.484199 and »=2.5895979. We fitted at 23 =1.0
and 2.0. ¢, from Eq. (12) using these values is low
by 2.66% at k, =1.4 and is too high by 2.82% at
ky=3.0.

The values of A found for various aluminum-gold
layered structures, all with layers perpendicular
to the [111] direction are

2Au-2A1, A=280.450 eV,

3Au-3Al, A=T73.5471 ¢V,
4Au-4Al, A=67.9764 eV,
2Au-4Al, A=18.8477 eV,
4Au-2Al, A=129.210 eV,

where 2Au-2Al means a periodic structure with
each period containing two atomic planes of gold
then two atomic planes of aluminum. Note that A
is much more sensitive to changing the ratio of the
number of gold atoms to aluminum atoms than it is
to changing the period of the structure. The values

of A are quite large. Of course in the theory they
are screened by the dielectric function ey(%;). It
should be noted that A depends on the difference in
valence of the two metals.

Finally the matrix elements giving the band gaps
in the nearly-free-electron approximation must
be calculated.

The matrix elements can be calculated at two
levels of approximation and it is instructive to do
so. First, we assume that the potential is constant
and zero in material 1 and A in material 2. The
values of %, from Eq. (8) which are associated with
band gaps are +n7n/(dy +d;). At each gap there are
appropriate values of &y, k,, 8, andy. The ma-
trix element is:

A,=j; VXAV, dxdydz

NTR2s5A
=”—f— (dz(ﬁB* +yy")

*
By 2imyay/2+ay _ 2ingd, /2
" 3k, © e
_B*Z (e-2¢k2<di/2+d2) _9'2"‘2“1’2)
21k, :
(13)

To illustrate the procedure, in Fig. 2 the values
of By, By, v1, and y, obtained from Eqs. (4)—(7) for
the case 3Au-3Al are given as a function of &,.

3Au-3Al-COEFICIENTS IN ¢ VS k2
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FIG. 2. Coefficients in the wave function for electrons
in material 2 as a function of the wave number in mater-
ial 2,
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TABLE I, Free-electron band gaps for various structures,

3Au-3A1
A=173,5471 eV

| [v*A¥dF| (eV)

ky By f T*AVAr (eV)
0.223385 0.159 —0.267350 + 0,052 634 0.272 482
0.446771 0.325 +0.688 313 +0.,392 5961 0.792 405
0.670156 0.443 —0.052060 ~ 0.009 3584 0.052 894
0.893541 0.554 —1.880508 + 0,545 7834 1.958 109
1.116927 0.6885 +2.603666 — 0,157 3214 2.608 415
1.340312 0.8385 —1.058 349 — 0.664 942i 1.249 900

4Au-2A1
A=129.210 eV

By Ry Jyravar | [e*avar|
0.223385 0.1118 ~0,556 002 + 0,294 6284 0.629 241
0446771 0.2130 +1.464 512 — 0,776 4161 1.652933
0.670156 0.3120 —4,099 393 +0.213190i 4,104 933
0.893541 0.4065 +3,457 286 + 1,992 9384 3.990 567
1.116927 0.4945 —4.037667 —1.541169; 4.321790
1.340312 05730 —1,849504 + 2,068 446i 2.774 731

In Fig. 3 the relationship between k, as determined
by Eq. (8) and &, is plotted for the same case. The
values of k, associated with band gaps are indi-
cated. The resulting values for A, at the lowest
band gaps for the various [111] layered structures
are given in Table I. All gaps up to the Fermi en-
ergy are considered. Since the band gaps in the
nearly -free~electron approximation are twice the
value of the matrix element it is clear that appre-
ciable band gaps can be achieved. Moreover it is
evident that by altering the period and the ratio of
aluminum to gold the detailed band structure can
be changed materially.

3Au-3ATl k, VERSUS k,
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FIG. 3. Bloch wave number k, associated with propa-
gation aleng x versus k;,

V. BAND GAPS WHEN THE INFLUENCE
OF PSEUDOPOTENTIALS IS INCLUDED

Next an attempt to determine whether the atomic
potential is important for the band structure will
be made. Since the contributions to the matrix
elements of the pseudopotentials are integrals
where both wave functions are plane waves it is
evident that the Fourier transforms of the pseudo-

Au PSEUDOPOTENTIAL

+3.0

+2.0F

-2.0F

- 1 1 1 1 1 n 1 1

3.0 04 1.2 2.0 2.8 3.6
2k, (108 cm™)

FIG. 4. Gold pseudopotential v(2k;) divided by the gold
dielectric function €(2%;) versus 2k; where % is the wave
number associated with x motion in material 1,
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potentials of aluminum and of gold are needed.
The pseudopotential which is used is of the form

wq) =v""%q)/e(q) (14)
or
q) =e(q)1V - f pios(y)e T HF gy (15)

V(;)={ 2 V1<;+§-%§—n,a—m1§>+ D v1<;+

e 23 2
- 5 a - a -~ a -
o 32 wlF -3 g gy i -
n5
9 a - -
+ v (r——-—— - - )
"'Izm'l 1 Zﬁx nqo m-,B

The terms in large curly brackets denote the ex-
tent of the period. Here v, is the gold pseudopo-
tential, v, is the aluminum pseudopotential, and
;{ﬁ are unit vectors in the coordinate directions
with X perpendicular to the layers. « and B are
shown in Fig. 6. The summations are over atoms
in the various (111) planes.

We need

SHEGIPR

The initial and final wave functions in the gold are

Al PSEUDOPOTENTIAL

+ |- /D/O/—<>
0]

-9 | 1 1 L | " 1 L
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FIG. 5. Aluminum pseudopotential v(2k,) divided by
its dielectric function €(2k,) versus 2k,.

The pseudopotentials resulting from Animalu’s
calculations are shown in Figs. 4 and 5 for gold
and aluminum.

We next need to calculate the contributions from
the pseudopotentials to the matrix elements at the
various band gaps. Figure 6 shows the coordinates
used in the (111) planes. If the structure 4Au-2Al
is treated the psuedopotential is

"g™g
(16)
r
* +ikix = (R y+k,z2)
Ui =ae” e UHTRE
17
\I,lfzaeﬂkixeﬂ(kyy*kzz) , ( )

where 2k, is a wave number associated with a
value of 2k, which gives a band gap. For 4Au-2Al
2k, =a multiple of (27/6)(@/v3). The wave func-
tions for material 2 are

U =[(B1 +iBy)e” 2 + (yy +iyy)e” 2]
Xe' i(kyy+ k,2) (18)
and

. +1i . -1
Uy, =[(By +iByle* 2% + (yy +iyyle %]
xo* Ry hye)

COORDINATES IN
<11y PLANES PERPENDICULAR TO x

FIG. 6. Coordinates in the haxagonal (111) planes per-
pendicular to x. Note the face-centered-cubic stacking
sequence ABC,
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NS4 1R®
(R |v1 |y =-—%-V—— oty (2k,)

3 a 1l a
X —— ——
[2 cos(2 73 2k,) +2 cos<2 73 Zk)] ,
(19)
where N is the number of atoms per atomic plane.

S is the number of periods in the specimen in the
]

x direction and L is the number of atomic planes
in the specimen in the x direction. In the contri-
bution to the matrix element from material 2 it
should be noted that the By cross terms are asso-
ciated with zero wave number and hence give zero
because the dielectric function screens static
fields perfectly. Thus in our 4Au-2Al case one
finds

3
(k“lyz ‘km =NS.T47‘T,R_. vy(2k,) [+ (B4 +iﬁz)2(ei(5/2)(a/~'3)2k2 +eu7/2)(a/f3>2k2)
+(,y‘+i72)2(e'i(5/2)(n/'/3)2k2+e‘4(7/2)(a/”3)2k2)] . (20)
—

The three contributions to the matrix elements
add. Note they all have real and imaginary parts.

In Table II the values of &, ky, ky and of the
three contributions to the matrix elements are
given for the structures. The Fermi energy is
also given.

From Table II the value of the matrix element at
each band gap is

AE =[((A)g + (Vg + (o)t + ((AY, +(vp) P12, (21)

where R means real part and i means imaginary

part. The band gaps are 2AE. The band gaps in
electron volts are given along the Ry, axis in Figs.
7-10. The values of the band gaps are probably
good to +20%.

Consider the results as shown in the figures.
The figures give a section through the Fermi sur-
face. Note that the Fermi surfaces for the layered
materials are figures of revolution about the %,
axis. The Ry, axis is normal to the layers. The
light line is a free-electron sphere whereas the
heavy segments give the actual Fermi surface.

TABLE II, Contributions to the matrix elements,

k. Ry ky (A)

(vy) (vy)

2Au-2Al1, Ep=13.93036 eV

0.335078 0.40634 0.2185 -1.551737+0.420995; —0.660132 +4,125099 - 0,088 420¢
0.670156 0,949359 0.4417 +0.524037+1,029205¢ -0,180192 —1,701152— 0,544 4541

1.005234 1,437842 0.628

-1.280625-0.390 518 -0,561361 +0,291176- 0,088 7927

1.340312 1.845702 0.7832 -3,861188+1,521938¢/ -0,120602 +0,584 419 - 0,230 3561

3Au-3Al1, Ep=14,04523 eV

0.223385 0.25329 0.1560 —0.29623 + 0.058 327
0.446770 0.63456 0.3250 +0.76267 + 0.43501:
0.670156 0.92002 0.4430 -0.05768 —0.01037:
0.893541 1.19882 0.5540 ~2.08365 + 0,604 747
1.116927 1.54089 0.6885 +2.88493 —0.17432i
1.340312 1.91681 0.8385 -1.17268 —0.73677¢

4Au-2A1, Ep=13.96644 eV

0.223385 0.23851 0.1118 -=0.55600 + 0.294 637
0.446770 0.52914 0.2130 +1.46451 —0.766427
0.670156 0.84989 0.3210  —4.09939 +0.21319{
0.893541 1.,17837 0.4065 +3.45729 +1.99294:
0.4945 —4.03767 -1.54169
1.340312 1,78688 0.5370. ~1,84950 + 2.068 457

1.116927 1.49691

2Au-4Al, Ep=14.01960 eV

0.223385 0.25840 0.2070 —0.15948 -0.00285¢
0.446770 0.43261 0.3923 -0.23186 +0,03795¢
0.670156 0.84576 0.6015 +0.41026 + 0.076 541
0.893541 1.11342 0,7750 +0.66924 —0.07747:¢
1.116927 1.47393 1.0163 +0.06798 +0,05918:
—0.78999 - 0.05587i

1.340312 1.69223 1.171

-1.14968 +3,31727 - 0,570 057
-0.002181 —0.83210 +0.47461:

+0.,03373 +0,02984 + 0,005 367
+0.99749 +0.67016 + 0,194 507
+0,79367 -0.60159 + 0,036 35
-0.10756 +0.17205 + 0,108 097
-0.97368 +3.69445 - 0.984 99
+0.,30001 -1,96103 +1.026 26
+0.04741 +2,13770 -0.1111714
-0.87056 -0.93610 -0.53961:

+0.437987 +1.983907 +1.700 6067

+0.18639 +0.23935 ~0.267 697
-0.566 57 +2,357 68 +0.005 937
-0.21180 +0.67675 - 0,086 257
-0.02493 ~0.456 93 — 0,076 907
-0.,23260 —0.50353 + 0,034 087
-0,274 40 -0.,028 34 —0,02547:¢
~0.14129 +0.43843 + 0,033 514
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2Au-2AKID E=13.93036eV

2.2

FIG. 7. Fermi surface for the 2Au-2Al (111) structure.

ky, is ordinate (in units 10%cm™) and &, is abscissa
in 10® cm™). Values of the band gaps are shown along
the ordinate. Note the Fermi surface is a figure of
revolution around the k,, axis (see Ref. 14).

Physically there are two contributions to the
band gaps. The present calculations show that
both are important. First, the A contribution:
This results from the difference in valence of the

3Au=-3AIIDE =14.04623 eV

N
N
T

X 0.5 09 .3 1.7
ki (108 cm™)

FIG, 8. Fermi surface (heavy line) for the periodic
structure 3Au-3Al, The free-electron Fermi surface is
given in the light line, The band gaps are given along the
ordinate (see Ref, 14).

2Au-4Al (Il Ec=14.0196eV

ki (108cm™)

FIG. 9. Fermi surface for 2Au-4Al with the layers
perpendicular to (111) (see Ref. 14).

two metals. If one made a layered structure of
gold and silver there would be no A contribution.
Second, there is the pseudopotential contribution
which gives rise to (v;) and (v;). In the case of a
silver-gold layered structure this contribution
would still be present.

Note that the layered structures will be aniso-
tropic. For an electric field in the y direction
they will exhibit metallic conduction. For an elec-

4Au-2A1ID EL=13.966440eV
2.2

2.0F

(108cm™)

>1.0

k

S
2
0.2 W PG o N @
S F P W
ol—{. S O L () 1 (.
0.1 05 09 1.3 1.7
K (108 cm™)

FIG. 10, Fermi surface for the structure 4Au-2Al
(see Ref. 14).
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tric field in the x direction the conductivity should
be low, especially if the band gaps are large.

In the Introduction of this paper it was mentioned
that Hilliard and co-workers have observed appre-
ciable changes in the elastic constants and also in
the magnetic properties of metal-metal-layered
structures. Up to the present we have found no
theoretical calculations aimed at providing an un-
derstanding of the properties of metal-metal-
periodic-layered structures in which simple met-
als are used. There are calculations on transi-
tion-metal dichalcogenides,!® but such materials
are not simple.

The present calculation is helpful since it dem-
onstrates that good-sized layer gaps do occur. It
also shows that both the valence difference and the

difference in pseudopotentials make contributions
to the band gaps.

All physical properties of the solid which depend
on the band structure will be influenced by layer-
ing. Later papers will examine how the metals
used and the detailed arrangement can alter the
various physical properties.
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