ENHANCEMENT OF FLUORESCENCE

lating material. Frequently, however, the substance by
itself has only poor fluorescent properties under high-
energy radiation, and when it is put into an efficient
fluorescent solution a considerable decrease in light
output results because of quenching. Such behavior is
often found when materials contain elements of medium
or heavy atomic weights. By applying the results ob-
tained with added naphthalene, solutions which exhibit
considerable fluorescence have been made with such
quenching molecules present.

A list of substances containing different elements is
presented in Table I with which at least moderate high-
energy fluorescence efficiencies can be obtained in
organic liquid solutions. (The common elements in
organic substances such as hydrogen, carbon, nitrogen,
and oxygen are not included.) In most cases, as can be
seen from the table, the addition of large amounts of
naphthalene produces sizeable enhancement of the light
output although considerable amounts of the quenching
material may be present in the solution. The various
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fluorescent solutes shown in the table give comparable
results, and in many cases a,o’-binaphthyl may also be
used. p-terphenyl cannot be utilized because of the
insufficient energy transfer found with naphthalene.®
The heaviest element that has been successfully used to
the present has been bismuth. The list which is pre-
sented represents the results of a preliminary search
for successful substances. Finding substances with
desirable properties presents certain problems. One of
the major difficulties is the lack of solubility in suitable
organic solvents. Once a soluble material is found, it
must generally be such that it does not quench the
solution too strongly. The naphthalene, as discussed
above, acts as a “solvent” in which less quenching
occurs and provides a medium to and from which more
energy is transferred.

The investigation presented in this paper opens up
the possibility of studying the influence of various atoms
and molecules on other excited molecules not normally
present in work with fluorescence.
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A study is made of the one-electron energy levels of a disordered alloy by means of perturbation theory,
extending the results of Nordheim and Muto. To the accuracy of first-order perturbation theory, a disordered
alloy is equivalent to a particular perfect crystal, the ‘“virtual crystal,” as was shown by Muto. For a
certain rather general model, the effects of second-, third-, and fourth-order perturbation theory upon this
‘““virtual-crystal” approximation are analyzed. The question of convergence of the perturbation approach
is studied. A certain basic limitation of the perturbation approach is discussed, namely, the limitation to
nonlocalized states. Accurate results obtained by Landauer and Helland for a hypothetical one-dimensional
alloy are compared with results obtained by perturbation theory. It is pointed out that the same approach
can be used with equal validity in discussing not only disordered alloys but also other types of imperfect
crystals; e.g., imperfections resulting from dislocations. The most striking prediction of perturbation
theory, i.e., the “tailing-off”’ of the density-of-states curve into a forbidden band, appears to have some

experimental verification.

I. INTRODUCTION

N this paper we will discuss the one-electron energy

levels of a completely disordered alloy. For hypo-
thetical one-dimensional alloys, this problem has re-
cently been solved with the aid of computing ma-
chines.? For the three-dimensional problem, however,
there seems to be little hope of a reasonably exact
solution. The great difficulty, over and above the
problem of a perfect crystal, lies in the lack of spacial
periodicity of the disordered alloy even though the
atoms of the alloy may reasonably be assumed to lie

( ‘H.) M. James and A. S. Ginzbarg, J. Phys. Chem. 57, 840
1953).
(;9?4.) Landauer and J. C. Helland, J. Chem. Phys. 22, 1655

on periodic lattice sites. For this reason, we will attempt
to solve the problem by perturbation theory. Such an
approach was used by Muto® in an attempt to justify
Nordheim’s “virtual-crystal” approximation.* This ap-
proximation consists of replacing the correct one-
electron potential (appropriate to a given configuration
of atoms of the alloy) by its average (the average to
be taken over all possible random configurations). In
order to gain some physical insight into the accuracy
of the approximation, we will now rephrase Muto’s
discussion in terms of electron scattering in the alloy.

3 T. Muto, Sci. Papers Inst. Phys. Chem. Research (Tokyo)
34, 377 (1938).
41, Nordheim, Ann, Physik 9, 607 and 641 (1931).
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II. VIRTUAL-CRYSTAL APPROXIMATION

The straightforward way to obtain physical infor-
mation about an alloy in the one-electron approximation
would be to solve the one-electron Schrédinger equation
appropriate to some particular configuration of atoms
of the alloy. Results obtained for each configuration
are then averaged over all possible configurations,
weighting each configuration according to its proba-
bility of occurrence. In particular, the average of the
wave function over all possible configurations, namely
{¥), is known as the coherent-wave amplitude, and
(I*}¥) as the coherent-wave intensity, while (¥*¥)
—(I*}¥) is known as the incoherent-wave intensity.
Thus (¥*¥), the total intensity, is the sum of two
parts, the coherent part and the incoherent part.

In atomic units, the one-electron Schrédinger equa-
tion for a particular configuration of atoms may be
written

[— Vit V<r,rn) ]‘I’q(r;t;rn) = Eq(rn)‘I"q(r;t:rn)y

where r is the electronic coordinate, while the N
different r,, denoting the positions of the N atoms of
the alloy for a given configuration, appear in V, ¥,
and E parametrically. ¢ is an index enumerating the
solutions of the equation. Define

V/(x,r,) =V (t,r,) — Vo(r).

Vo(r), as yet unspecified, is independent of the r,
although it does depend upon the lattice structure of
the alloy. Using the time-dependent Schrédinger equa-
tion, we may write

g
E_ V2+ VO (l‘) + v (l',l‘n) j‘I’q (l‘,t,l‘ﬂ) = 21’6—‘1’9 (l’,t,l'n) .
i
Specify that at time {=0, ¥ be a particular solution to
d
[=V2+Vo(r) 1 (r,0) = 215\1@0 (r)0)

= Eo ¥ (1,0).

Since V, is independent of the r,, so also are ¥,0 and
Ey,. The development of ¥ with time can be determined
by means of time-dependent perturbation theory. Thus
we expand ¥ in terms of the ¥%s,

Vo (1,0,00) =2 p @0p(4,12)¥,0(1,0),

The time-dependent coefficients ¢ depend upon the
matrix elements of V’ with respect to the unperturbed
wave functions ¥° Thus V’ causes scattering of the
electron. a,,¥,° represents the unscattered portion of
the electron wave while ¥,—a.¥,° represents the
scattered portion.

Thus far we have not defined Vo,. We now choose V,
such that the scattered wave is completely incoherent.
In the approximation of first-order time-dependent
perturbation theory, this requirement can always be

@qp(0,10) =845
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met by choosing V, such that

< f \I/,,O*(r,t)V’(r,r,,)\I/,_1°(r,t)dT> =0.

n

The above integration is over all of the space occupied
by the alloy, and the averaging is over all possible
configurations of the atoms. Let us now place the array
of atoms in a box and impose periodic boundary
conditions on the electronic wave function. The wave
functions ¥, may therefore be expanded in terms of
the complete set of plane waves satisfying the boundary
conditions and wice versa. It follows that the above
equation is equivalent to

/ < f V’(r,r,.)eik"d~r> —o0,

n

where k is any of the set of k-vectors allowed by the
periodic boundary conditions. It should be pointed out
that this equation, in conjunction with the original
definition of V,, serves to determine V, uniquely.
Following Nordheim,* we assume that the crystal
potential can be written as a spacial sum of atomic-like
potentials; i.e., '

V(r)=z:n V-?n(r— Rn); (1)

where R, denotes the position of the nth lattice site
and the index s denotes the type of atom on the nth
lattice site. V,(r) is an atomic-like potential associated
with an atom of type s. Let f, be the fraction of lattice
sites occupied by atoms of type s.

2 fo=1. )
We have
[v@entiar=g ee [Vauteeean
Thus *

V(@)extdr Y=3 f, | Vs(r)e'srdr 3 e Rn.
([yoemry=paf v

We now see that only by picking
Vo(©) =2, Vo(r—Ra), )

Vo) =2 f:V.(1), 4)

can we satisfy the requirement that

< f V’(r)e“"fdr>=0,

so that V,(r) is a potential having the periodicity of
the lattice associated with the alloy. This periodicity
results from the fact that the positions of the atoms in
a disordered alloy are not completely random but must
coincide with the lattice sites of the crystal. In an

where
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ideal liquid, on the other hand, where the positions of
the atoms are random, Vj is a constant. The band gap
observed experimentally® in a disordered alloy is a
manifestation of the band structure resulting from the
periodic nature of Vo. The effect of V' is to scatter the
electrons of the alloy incoherently. A disordered alloy
is analogous to a perfect crystal at a finite temperature,
where lattice vibrations have destroyed the perfect
periodicity of the crystal potential. For this latter case
also, the crystal potential can be written as a periodic
Vo and a V' resulting from lattice vibrations which
gives rise to incoherent scattering.

Why did we choose Vo such that V' would give rise
only to incoherent scattering (in the approximation of
first-order perturbation theory)? We wish to pick our
initial wave function ¥ °(r,#) such that, aside from the
phase factor, exp(—14Ef), the change in ¥, with time
is a minimum when averaged over all possible con-
figurations of atoms. In other words, we wish to mini-
mize the time-dependence of the “spacial part” of the
wave function, since it is the perturbing potential V’
which is giving rise to this time dependence of the
“spacial part” of the wave function, and the success
of any perturbation scheme depends upon the weakness
of the perturbation. Mathematically, we wish to

minimize
0]
l <—-\Ilq(r’t,rn)g%iE0q¢>
ot r

but by picking Vo, and thus ¥ 9, such that only inco-
herent scattering occurs, we insure that the above
quantity vanishes (to the accuracy of first-order
perturbation theory).

The problem of a disordered alloy has been resolved
into two parts: (1) The determination of the wave
functions and energy levels of an electron in the periodic
potential Vo. (2) The determination of the amount of
incoherent scattering of the electron by V’, this scat-
tering giving rise to the ‘“residual resistance” of a
metallic alloy. The theory of the “residual resistance”
has been worked out* and will not be discussed here.

In the following sections we will study the corrections,
resulting from second- and higher-order perturbation
theory, to the wave functions and energy levels associ-
ated with the periodic potential V.

n

III. EFFECT OF SECOND-ORDER PERTURBATION
THEORY

The effect of second-order perturbation theory on
the unperturbed energy Eq, is to correct it by an amount

E2q=2pll qu,l2(E0<1_E0p)_l’ (5)
where

(6)

8 E. R. Johnson and S. M. Christian, Phys. Rev. 95, 560 (1954).
See also Levitas, Wang, and Alexander, Phys. Rev. 95, 846 (1954).

Vo = f T IV M.

L]
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The prime on the summation sign denotes that the
term for p=gq is not included. As was pointed out by
Muto,® when Egq lies in the middle of an energy band
there will be roughly equal positive and negative
contributions to the above sum so that E,, might be
expected to be small. When Eo, is near the bottom or
the top of a band, however, the leading terms in the
sum will be negative or positive, respectively. Thus
the effect of Ej, will be to “smear” band edges out
into the band gaps. Muto implied that Es, vanishes in
the limit as N, the number of atoms in the alloy,
becomes infinite. Such is not the case. As will be shown
presently, Es, approaches a finite limit as V approaches
infinity.

In order to study Es, in detail, it will be convenient
to restrict ourselves to a very specific model; namely
the case where V, is a constant. We refer to this as the
“empty-lattice virtual-crystal” model. The practical
advantage of working with this model lies in the fact
that the unperturbed wave functions are particularly
simple; namely plane waves. Without further loss of
generality we can redefine the zero of energy such that
Vo vanishes identically and only energies greater than
zero are allowed to the accuracy of first-order pertur-
bation theory. We now assume that the energy region
in the neighborhood of zero corresponds qualitatively
to the energy region in the neighborhood of the mini-
mum of an allowed band associated with a more
realistic, nonvanishing V,. The justification for this
assumption lies in the well-known effective-mass ap-
proximation,® which states that in the energy region in
the neighborhood of a minimum or a maximum of a
nondegenerate allowed band, the equations of motion
of an electron in a periodic potential are equivalent,
for qualitative purposes, to the equations of motion of
a free particle with a certain reciprocal effective-mass
tensor. A positive mass corresponds to an electron in
the bottom of a band while a negative mass corresponds
to an electron in the top of a band. The empty-lattice
virtual-crystal model is a specialization to the case
where the effective mass equals the free-electron mass,
but the generalization to arbitrary effective mass is
trivial. :

The Hamiltonian for the empty-lattice virtual-crystal
model can be written

H=Ht+V'(x), @)

where
Ho=—V?, 8
V@)=, Vs/(r—R,). ©)

To conform with the results of the previous section,
we must take

Vsl(r)= Vs(r)""zl ftVt(l'), (10)
where the various V,’ must satisfy the relation
2 fsVs’,(r)‘_‘O (11)

6 J. C. Slater, Phys. Rev. 76, 1592 (1949).
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for all values of r. The solution to the unperturbed
Schrodinger equation

H0¢0 (k}r) = Eo(k)KI/O (k,l')
is given by
Yo(k,r) = (VQ)~Heixr, (12)

Eo(k)=£". (13)

Here Q is the volume per lattice site in the alloy, and N,
as before, is the number of atoms in the alloy. The
propagation vector k is any member of the set of
k-vectors satisfying the periodic boundary conditions.
As is shown in the Appendix, Eq. (5) becomes

Ey(k)=27| V' (k) |2k k;— k), (14)
where V() =Y/ 15)
Now v \
V@ m=war| [ ey )

= o)y e [ v/ @eieis

X f Vsp'(r)e*ik"dr>

=(NQ)—2<2 f Veu ()5 >

=N 3, fSIFUsI(k)Iz; (16)
where

0./ (k)= f v, (e dr. (17)

Since there are IV allowed states of a given spin in the
first Brillouin zone, whose volume is Q= (27)3/Q, then
the volume of k-space per allowed state of a given spin
is given by

Qu/N= (2m)*/NQ.

In the limit as V becomes infinite, a summation over
the allowed states of a given spin may be replaced by
the corresponding integral over k-space, when the

N\ >
+2k

Fi1c. 1. Contour of integration in the o-plane.
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latter is divided by the volume of %-space per state, i.e.,

Zk=NQ(Z1r)“3dek‘ (18)

Substituting (16) and (18) in (14), we find that E,,
suitably averaged over all possible configurations, is
given by

Ba(k) = (20) 1%/, f 10(0) |2(2k-0—0%)1dr,. (19)

0

If we assume that V,/(r) is independent of the orien-
tation of r then V,/(o) will be independent of the
orientation of ¢ and the angular integrations in the
above integral can be performed immediately.

Ex(k)=(Q2m)2Q 1> f, f doa?| 0, (o) |2
8 0
X f d9 sinf(2ks cosf— o)1
0

ez [ [0/l
* XIn[ (¢—2k)/ (e4-2k) Jodo.

We may define U,/(c) to be a real even function of o,
so that the complete integrand will be an even function
of ¢, and we may write

Eo(l) = (4m) @) S f, f [0/(0)

- XIn[(oe—2k)/(c+2k)Jods.

Letting o range over the entire complex plane, we will
finally assume that U,’(¢) is analytic except at a finite
number of singular points. We assume that none of
these singular points lie on the real axis and that U, (o)
approaches zero at least as fast as ¢! as ¢ approaches
infinity in the complex plane. It is now possible to
evaluate the above integral by integration around the
contour illustrated in Fig. 1. Define

Fs(0)=[0V,(0) Po In[(¢c—2k)/(c+2k)].  (21)

F(o) has branch points at =2k with branch lines
extending to infinity is the lower half plane. Denote by
R; the radius of the semicircular contours about the
branch points, and denote by R» the radius of the large
semicircular contour about the origin. The integral of
F,(o) over the latter contour, in the limit as Ry— 0, is

8ER:[ V. (Ry) P=0.

The integral of F,(s) over the contour at o=--2k, in
the limit as R;—0, is

4E[V,/ (2) PRy InR,=0.

Similarly, the integral of F.(s) over the contour at
o= —2k vanishes in the limit as R;—0. By the residue

(20)
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theorem, we now have

f P () do=2mi 5 ResFa(o) 22)

i.e., the integral equals 274 times the sum of the residues
of Fs(o) in the upper half plane (excluding the real
axis). The fact that the integrand diverges at o==-2%
results from the fact that second-order perturbation
theory is invalid in the neighborhoods of these two
points. Since, however, the total contribution to the
integral in Eq. (22) comes from the residues of poles
none of which lie in the neighborhoods of the points
o==+2k, and since we may assume that perturbation
theory correctly predicts the integrand in the neighbor-
hood of these poles, then there appears to be some
justification for using perturbation theory as we have
done here.
We now take the specific example where

Ve (t)=r14,e . (23)
From Eq. (11) it follows that
Zs fsAs=0- (24)
V' (o) is given by
Vs (0)= f V¢ (xr) exp(ie-1)dr
=471 A0t f sin(or)e—*"dr
0
=474 (a?+o%)L. (25)

Note that U, (s) has all the properties previously
assumed in evaluating the integral. F (o) will have
second-order poles at o=--7a. We are interested in the
pole at o=+1a. The residue at this pole is

ResF,(ia) = (4w A:)%ka (a2 44k,
so that

Ey(k)=— (27/aQ) (X, feA#) (@®+4R)71. (26)
Taking
' E(k)=Eo(k)+E2(k), 27
and solving for & in terms of E, we get
28=[E—(30)"]
+H{LE+ Ga)* P+ (2r/a) X, f:A 2L (28)

Define » as the total number of states (of a given spin)
per unit volume of the crystal having an energy less
than E(k).
n=(1/NQ) (4xk*/3Q) N = (k*/6x*),
dn/dE= (dn/dk) (dk/dE)
=21(4m)H[E— (3a)" T+ ([E+ (3a)F
+ (2r/a®) 2, f.4HH}
X{1+[E+ Ga)*1([E+ Ga)*
+@r/aDZ. f.AHH. (29)
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In order to study the shape of the density-of-states
curve, we introduce the following variables.

e(k)=(2/a)E(k), }
€= (871'/0«59)2 s fsA 827 (30)
1= (27)*(2/a)*n.
Thus
(k)= (2k/a)*— e[ 1+ (2k/a)* ], (31)
so that
€(0) = —eo. (32)
Also
dn/de=3V2{1+ (e+ D[ (e+1)*+4e ] 3}
A X{(e—=D+[(et+1)2+4e 12 (33)
S e,
dn/de—/e.
Also, for =0,
dy/de=+/e.

As can be seen from Fig. 2, the shape of the dy/de curve
depends upon €. For large values of €, the low-energy
tail of the curve becomes very sharp. This represents
that portion of the density-of-states curve which has
penetrated into the forbidden band. Let us examine this
tail in more detail. Consider the case where ¢ is negative
and
el et Le.

By picking e>>4, we can insure that there will be a
large range of values of e for which the above conditions
hold. To see this, we note that the ratio of the upper
to the lower limit is given by

(60/2\/60) = %\/€0>>1,
since e>4. Since
(e—D+[(e+1)>+4e0 =22(e0— | €]) | €],
14 (e+ D[ (e 1)2+4eg [3222¢0 | €] 2,

then
' dn/dexes| €| 7 (e0— | €] )3,
for e negative such that
W ek | €] o4

Equation (34) shows that for large ¢ the density-of-
states curve drops off very rapidly as it penetrates the
forbidden band. For small €, on the other hand, the
shape of the curve is hardly affected, as can be seen
in Fig. 2, the apparent band edge merely being shifted
down in energy. The case of small ¢ corresponds
qualitatively to the effect of thermal vibrations on the
energy levels of a perfect crystal.”

(34)

IV. CONDUCTIVITY
If
E=Et+E,

represents the energy to the accuracy of second-order
perturbation theory, and if

v=vVo+ vy
7H. Y. Fan, Phys. Rev. 82, 900 (1951).
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represents the expectation value of velocity to the
same approximation, then it can be shown (see Ap-
pendix) that for the empty-lattice virtual-crystal model

v.(k)=3V.E.(k), #=0,1,2. (35)

(It is also true for »=3 in the case of third-order
perturbation theory.) Note that Eq. (35) is identical
with the usual relationship between v and E in the
conventional theory of energy bands. Define

A=7(2aQ)1 Y, f A2 (36)
Thus
EQ)=F—ALGay+FT, -
v(k)=k{1+A4[ (Fa)*+%*]2}.
In particular,
E(0)=—E,=—(2/a)*4. (38)

If E, stays finite but ¢ becomes very small, then there
will be very large values of v (diverging as ¢~2) in the
low-energy tail. We wish to show that these very large
values of v make a negligible contribution to the total
electronic current in the allowed band in the limit as
a—0 (E, remaining finite). This results from the
vanishing of dn/dE in the same limit.

We assume that all electrons in the conduction band
have a mean life 7 between collisions. According to the

elementary theory of electric conductivity, in the
presence of an electric field & the distribution of
electrons in momentum space is shifted by an amount
K, where

K=ecg&r. (39)

We will assume that the Fermi level Er lies far enough
below E(0) so that we may use Boltzmann statistics.
In the presence of an electric field in the z-direction,
we have

vz(k)e_[E(k“K)“EF”‘Tdi
-]

('Uz = ’

f eI EG—K)—EFRIsTd,,

0

n=2(2r)"* f B BRI,

J=n{v,).

(v,) is the mean value of velocity in the field direction,
J is the electronic current density, « is Boltzmann’s
constant, and #, in this section, refers to the number of
electrons (of both spins) per unit volume. J and # may
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be written in the forms

T =2(2m) S xIeT f 2,(k+ K)e BT i,

0

(40)

n=2(2r) 3P FI<T f e E®IT

0

(41)

For all reasonable values of & K will be very small,
so that

d
wu(let R)2o, 0+ K. (k)

= (u+ L1+ A4 (et 1)7]
— 4Kk A (ka2 4 k)3
where u is the cosine of the angle between k and K. Thus

f 0, (k+ K)e~F0I T,

0

— (4/3)7K f W3- 4Gt

+a?4 (k)3 )e EWIT k.
Define
t=A"%(ta*+ k%), B=1ad" L
We now see that
E\=(2B)7,
E(k)= (a/4B)(t—t")—1d,
k2dk=1(a/4B)*(t—aB)dL.
Thus

J = (K/61%)(a/4B)* exp[ (Er+1a’) /kT ]

X f w[3—t'2—l—4aBt‘3](t-— aB)}
* Xexp[— (t— ) (a/4BxT) ]dt.

Define
w=%a(t—17),
so that )
at=w+ (w*+a?)i
Thus

J = (K/6x*) exp[ (Er+1a?)/xT](4B)~

0 a2
AU i
—a-aepyepl  [wt (w-a)i P

e
ot ) Pl (wta)
X [w— 2B+ (w?+a?) Jle—@2BxD gy,
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In the limit as a—0,
J=Kn2(4B) B F/xT f (2w)te—w2BxT) dyy

0

=1K (T /m)leEr/<T. (42)

Also,
n=2(2mw)3eErI<T f BT,

0

- -zew/n’f BeEWIT},
0
=1r2(a/4B)? exp[ (Er+1a?)/xT]
Xf (t—aB)* exp[— (t—t1) (a/4BxT)1dt
aB

=37 *(4B) "} exp[(Er+40°)/xT ]

X [14w(w+a)]

—(1—a2B?) (2B)1
_ X [w— 2B+ (w?+a2) ¥ e~ 2B dyp,
In the limit as a—0,
n=n"2(4B) e r/T f ) (2w) e~ w2BxT) dop
0

=1(kT/m)le"r!<T. (43)

We can show that Egs. (42) and (43) are identical with
the equations appropriate for J and # in the case where
there is no low-energy tail (i.e., 4=0). Applying the
condition 4=0 to the general equations obtained
previously, we get

f v,(k+K)e FWIT4T = 4K f ke~ BWIT
© 0

= ZTK(Kﬂ;f x*e"’ﬁix: K(‘II'KT) i’
0
so that
J=2 (27r)‘3eEF”‘vaz(k+ K)e——E(k)led.rk

0

=1K (kT /m)leErIxT, (44)
Likewise,
n=r—zeE'F/"wak%—E(k)/"Tdk
0 0
=172 (KT)%eEF/"Tf xle—dx
0
=1(kT/m)%eBrIT, (45)

The significance of the above results lies in the fact
that the vanishing of the density of states in the tail
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overrides the divergence of the velocity. It should be
pointed out, however, that for finite 4 and a there can
be an appreciable contribution to the current from the
electrons in the tail, in particular for temperatures low
enough such that 7" is much smaller than the width
of the tail in energy.

V. EFFECT OF THIRD-ORDER PERTURBATION
THEORY

As is shown in the Appendix, the third-order contri-
bution to the energy for the empty-lattice virtual-
crystal model is

Es(k)=2" V' (=k) V' (k;—k,) V' (k,)
U (ke k) (ke k,—E )L (46)

(Here we have made use of the fact that V’(k) vanishes
for k=0.) Now

(V' (Iky) V' (k) V' (k) ‘
= (NQ)_3< Z exp[z(kl Rn1+k2' an

ningng

+k3 . Rn3)]Usn1, (kl) "'Osnzl (kz) "Usngl (kg»,

where the averaging is to be taken over all possible
configurations of atoms in the alloy. The total contri-
bution to the average comes from the terms where

Rn1= an"—‘ Rna.
We are interested only in the case

ki+ko+ks=0,
so that

(V) V' (ko) V' (kss))

=N-20-33", .0, (ki) Vs (k) U, (k). (47)

Applying Eq. (18), we have, in the limit as N—o,

1
(2m)5Q 2 J

) V' (— %)V (x—0a) 0V, (o)
d7 a7,
Xj;f; (2k-x—«?) (2k-0—a?)

Ea(k) =

(48)

where E3 is understood to be suitably averaged over all
configurations of atoms. Returning to the special case
denoted by Egs. (23) and (25), we get

B =r-0 £t [ [ () (o))
X (a®+02) 2k - x—«?) (2k-0— %)} d7id7,. (49)

It does not appear that this integral can be evaluated
exactly. Therefore we will make the following approxi-
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mation:
[a*+ (x—0)? ] '22a?(a2+-x2) 1 (a2+o2) 2.

To this approximation, we have

(50)

Bo) = (@/x'0) f,Aﬁ[ J; (a2+02)-2<2k-0—02)—ld7,]2.

The above integral is identical with that evaluated in
Sec. III, so that finally
Es(k)=(x/Q) (X f:4:*) (a+4F%) 7 (51)

As a check on the approximation used in evaluating
E3, we will find the exact value for =0 where

E(0)= (@)1 X f.AS° f f {k2(a?+2)o?(a+o?)

X[ @+ (x—o)2]ydrdr..

Now if
g(1)= (4mr)~teer,
then
G(k)= feik"g(r)dr= (a*+-F2)1L.
Similarly if -

h(t)= (4ma?r) ' [1—e o],
then it follows that
A(K) =0Tk~ (@)= [ @+ )T
We may write

E;(0)=(x%Q)1 X fsAssffH*(K)G(K-G)H(O‘)dT,‘dT,.

From the following form of Parseval’s theorem,?
[ rogwiw
=(2n ‘effF*(u)G(k—o)H(o)dnd'r,,

it follows that

Es(0)= (4m)*2 1 3] fsAsafh*(r)g*(r)h(r)dr

= r/oE 12 [ =y

The above integral can be evaluated by the following
trick.

f (1 — e—ar)2e—a,rr—ldr

0
=f dbf (1—e )%~ ¥dr=In(4/3).
a 0

8 See, for example, I. N. Sneddon, Fourier Transforms (McGraw-
Hill Book Company, Inc., New York, 1951), p. 26.
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Thus the exact value of E;(0) is
(r/a'Q) (2 f:4:°)[41In(4/3)],

while the previously obtained approximate value was

(r/a*@) (25 fod o).

Since 4 In(4/3)=21.151, we see that the exact value is
about 15 percent larger than the approximate value.

A rough measure of the rapidity of convergence of
perturbation theory is the smallness of the ratio

E4(0)/E2(0)=2a7" In(4/3) (Xs 1455/ (X fod ). (52)

In many cases, a single term in each sum over s pre-
dominates so that

E3(0)/E2(0)=24 In(4/3) (45 max/20). (53)

Equation (53) shows that for perturbation theory to be
valid the maximum value of 4, must be smaller than 2a.

The effect of third-order perturbation theory is
similar to second-order in that only energies near the
bottom or the top of a band are shifted appreciably;
however, third-order differs from second-order in that
the former shifts both ends of an allowed band in the
same direction, this direction depending upon whether
the perturbative potential is predominantly attractive
or repulsive.

VI. EFFECT OF FOURTH-ORDER PERTURBATION
THEORY

As is shown in the Appendix, the fourth-order contri-
bution to the energy for the empty-lattice virtual-
crystal model is

V(—k)V(kj—k,) V' (k,—k,) V' (k,
Euk)= 3 (—k)V'( ) )V’ (ko)
ima (2ki-k— kD) (ki k,— k.2 2k; - k,— k)
| V' (kj) |2 | V' (k) |2
—_ 7 7 . s
D] el SCE

(Here we have made use of the fact that V’/(k) vanishes
for k=0.) Now
(V' (k) V' (ko) V' (ks) V' (k)

= (NQ)—4( Z expD (kl Rn1+k2' Rn2

ningning

+ks- Rug+ks Rag) ]
X Vsny’ (k1) Vsng (k) Vsng’ (ks) Vsna (Ka)),

(55)

The only nonvanishing terms occur if all four running
indices in the quadruple sum coincide or if the running
indices coincide in pairs; i.e.,

N1=MN2g=MN3="MN4,

i 7 kB 1=1,2,3, 4.

or

n;=mn; NE=mny,

Furthermore, these terms fail to vanish only if the sum
of the k-vectors associated with a set of coincident
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running indices is equal to a vector of the reciprocal
lattice, K;. Since we are interested in the case where

kit+ket+ks+ki=0,

we have

(V' (k1) V' (ko) V' (k) V' (k) _
=N334T, 1,0, (k) 0y’ (k) Vs’ (ks) Vs’ (k)
+N20T, 1.0, (k1) V. (ks) ]
X[Zs f:0, (k) Vs’ (ko) ]
X8 (ki+ks, K;)d(ks+ki, —K;)
+N2Y, £50 (k)0 (k)]
X6 f:0s (kg) 05 (ko) ]
X8 (ki +ks, Ki)5 (kotks, —Ky)
+N20 Y, £,0, (k)0 (k) ]
X[ [0, (ke) 0, (ks) ]
X8 (ky+ky, K)8(ko+ks, — K).

Since

> «—NQ (27r)—3fdrk,

we have for the fourth-order contribution to the energy
Ey(k), in the limit as N—o, a large number of terms,
including terms of the following type:

(271')_69"2 Z,(Zk . Ki— K¢2)_1

T/ f 0/ (Ki—0)

XU (@) 2k-0—0*]d7,| . (56).

It is clear that, because of the factor (2k-K,— K2,
the above expression diverges as k approaches the face
of a Brillouin zone. This behavior results from our use
of nondegeneraie perturbation theory. If we had used
degenerate perturbation theory however, there would
be no divergences, but energy discontinuities would be
introduced at the faces of the Brillouin zones. It is
interesting that in the case of the empty-lattice virtual-
crystal model, the presence of lattice periodicity asserts
itself in fourth-order perturbation theory. Of course,
in a more realistic model where the average potential
does not vanish, then the presence of the lattice is felt
in all orders of perturbation theory.

VII. ONE-DIMENSIONAL ALLOYS

It is instructive to apply the perturbation approach
to the hypothetical one-dimensional alloys!? for which
reasonably exact solutions are available. In particular,
we consider the problem solved by Landauer and
Helland,? which consists of two types of square-well
potentials occurring with equal probability on a one-
dimensional lattice of lattice-constant 2z. Each well is
centered on its lattice-site and has a width of w. The
top of each well is at the zero of energy. One type of
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well has a depth of 2.5, the other a depth of 4. (These
numbers are expressed in atomic units.) In the virtual-
crystal approximation, each well would be replaced by
a well of depth 3.25. The band edges appropriate to
this virtual-crystal problem can be obtained immedi-
ately by reading numbers off a graph in a paper by
Allen.® The “effective band edges” obtained by Land-
auer and Helland in their accurate solution to the
true problem are shown in Fig. 3(a) and should be
compared with the band edges given by the virtual-
crystal approximation which are shown in Fig. 3(b).
For energies greater than 41, there is a one-to-one
correspondence between the two sets of band gaps. The
gaps given by the virtual-crystal approximation occur
at about the right mean energy but are too wide. This
discrepancy would probably be removed by second-
order perturbation theory, since, as we have already
seen, the effect of second-order perturbation theory is
to push band edges out into the forbidden bands, thus
effectively narrowing the latter. This probably also
explains the fact that Landauer and Helland see no
band gap at 0.9 whereas the virtual-crystal approxi-
mation gives a very narrow one. Thus for positive
energies the perturbation approach appears to be satis-

(a) (b)
AB DISORDERED AB DISORDERED

T/
1

i

ENERGY
R
\

77 77

.2_

-3._

-qL

Fic. 3. “Allowed bands” of a one-dimensional alloy
(a) exact, (b) virtual-crystal approximation.

9 G. Allen, Phys. Rev. 91, 531 (1953).
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factory. For negative energies, however, this is certainly
not the case. The negative energy levels are associated
with wave functions localized in a given well, so that
these levels are characteristic of the separate constitu-
ents composing the alloy. Obviously the virtual-crystal
approximation is unsatisfactory here. These negative
energy levels correspond to the localized ion-core states
in a real alloy. Another type of localized state are the
impurity levels of a semiconductor. As James and
Ginzbarg! have emphasized, it would be impossible to
obtain these levels from the virtual-crystal approxi-
mation. This points up the major limitation of the
perturbation approach; namely that it cannot predict
the localized states which may occur in a given problem.
This limitation, however, does not negate the method’s
usefulness in studying nonlocalized states, in particular
those lying near a “band edge.”

VIII. DISCUSSION

Although this paper is concerned primarily with
disordered alloys, it is clear that the perturbation
approach may be used with equal validity in deter-
mining energy levels in a number of other problems
concerned with imperfections in crystals. The con-
ventional treatment of thermal vibrations in a crystal
follows this approach. The problem already mentioned
of a semiconductor doped with impurities is really the
alloy problem. The problem of vacancies in a crystal is
a special case of a binary alloy where one of the con-
stituents is a missing atom. Likewise, other types of
dislocations in crystals will probably give rise to quali-
tatively similar changes in the energy-band structure
appropriate to the associated perfect crystal. The most
striking aspect of these changes, namely the “tailing-
off” of the density-of-states curve into a forbidden
band, appears to have some experimental verification.
One example is the low-energy tail appearing in the
soft x-ray emission spectra of metals,'* an experimental
effect which has never been satisfactorily explained.
Experimental results on a variety of photoconductors
also suggest a tailing-off of the density-of-states curve
into a forbidden band.* The fact that a rather large
electronic velocity (see Sec. IV) may be associated
with the states in this tail could explain the unex-
pectedly large ‘“dark currents” sometimes seen in
photoconductors.

The writer is indebted to D. O. North, F. Herman,
and L. P. Smith for many stimulating discussions. The
writer is also indebted to Rolf Landauer for a copy of
his paper prior to publication.

APPENDIX

We wish to obtain expressions for the expectation
values of the energy and of the velocity by means of

10 See, for example, F. Seitz, Modern Theory of Sohds (McGraw-
Hill Book Company, Inc., New York, 1940), p. 4
1L A, Rose, R.C.A. Rev. 12, 362 (1951)



ENERGY LEVELS OF

time-independent nondegenerate perturbation theory.
The Hamiltonian is

H=Hy+\H'". (1a)

The wave function and the expectation values will be
written as power series in A. Thus

Vi=vot 217\"%»1', (2a)
where
Yni=25 nGihop; n21, (3a)
the prime denoting that 5% in the sum.
E;=Eo+ 2 A\"En.. (4a)

n=1

Substituting these expressions into Schrédinger’s equa-
tion, we get

=How+NHY:~Ea;

=Eoboit 2 A" 2" wtipEobop+AH"Yo;

n=1 P
+ XN waipH Yo,
n=1 »
- (E0i+ Z )\"Eni) (‘l/0z+ Z Ar Z, naip‘POp)
n=1 n=1 P

=AX"! 16ip(Eop— Eoi)¥op+ (H' — Exi)o: ]

+ N‘[Z' n@ip(Eop— Eod¥op+2" n10ipH'Yop
b4 ¥4

n=2

n—1
—Endoi— 2.3 n'aipEﬂr—n’,i\bOp]-

n’=lp

Here we have taken
(Ho-Ew)t[/o,;: 0. (58,)
Multiplying on the left by ¥,;* and integrating, we get

AN (Eoj— Eoi) 10:j+H j{ — E1d:5]

+ 3> N‘[ (Eoj— Eo0i) n@ii+2" n-10:pH i’
N ¥4

n=2

n'=l

n—1
Bt T wauEn_nl,xl—aﬁ)]:-o,
where

HjilEf\l/oj*H’l[/o,dT. (63.)
0
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Equating to zero the coefficients of each power of A,
we get for n=1

E,=H;/, (7a)
18:5=H ;{ (Eoi— Eo;)™, 157, (8a)
while for > 2
Eni=2§ naaiH:f, (9a)

n@ii= (Eor—Eo,')'l[Z' n1@ipH 5

P

n—1
_ Z nlaijE'n,—n',i]- (10a)

n/=l

Thus
20:;= (Eoi— Eoj) ™' 22" H jp'H pi’ (Eoi— Eop)™
' —H'H i (Eoi— Eoj)™%,
30:i;= (Eoi— on)—ltg' Hjp'Hpd Hoi (Eoi— Eop)™
X (Eoi— Eog) ™' —10i;E2i— 20:E1:],
Eyi= ;' |Hi' |2(Boi— Eoj) ™, (11a)

Ey=2" Hif H ;' Hpi (Eoi— Eoj) ™ (Eoi— Eop) ™"
Yy 4
—H:/! 3| Hif |*(Eoi— Eoj)™%,  (12a)
7
Ey= ZI Hilefp'Hpq,Hqi'(EOi_Eof)“l
ipa
X (Eoi— Eop) N (Eoi— Eog) ™!
- | H,j |2(Eoi— Eoj)™]
2

X [Hif |*(Eoi— Eoi) 2]
1

—-H ii’ Z' H ij/H J'p/H pil
i
X (Eoi— Eoj)*(Eoi— Eop) . (13a)
The expectation value of velocity is given by
V= flpz*(—iV)gllzd’r/ fgl/i*'g(/id‘r
=Voit+ 2 AW, (14a)
n=1
where
Voi= f¢o¢*(—'iV)tlloidT. (153.)
We will assume that
f‘//t)j*(—iV)ledT:O, i j. (16a)
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This assumption is true for the case studied in detail in
this paper where the unperturbed wave functions are
plane waves. For the more general energy-band problem
it is true for two different wave functions belonging to
the same energy band. We now obtain

v f Yitpudr— f U (—iv)Wdr=0

=>\vh-+>\2[v%+Z' 1d~;p* 1%ip (Vor- VOp):]
P

© n—1
+ 2 )\"I:Vm"l- 2 2 iy wip (Voi— Vop)

n=3 n’=1 p

n—1 n’’—1
Y S S ey wa vn_]

n'’=2 a'=l p

Equating to zero the coefficients of each power of A,
we get for n=1,

v1;=0, (17a)
for n=2
vei=2_7 | Hij |*(Boi— Eo;) 2 (Voj— Vo),  (18a)
while for >3
n—1
Vai= Z Z’ n_n'aip* n'Qip (Vop—VO.;)
n’=1 p
n—1 n’/—1
- Z Z Z, n”-—-n’aip* n’aip Vop—n't, ie (193,)
n'’'=2 n’=1 p
Thus ’
vai=2' S H s
i» (Eoi—Eo;)(Eoi— Eop)
Vo;— Voi Vop— Voi
X +
Eoi— Eo; Eo—Eo,
—2H 3/ |H:f' |*(Eoi— Eo;)~*(voj— Vo;).  (20a)
i
We now consider the special case where
Yo,= (VQ)teiki'r, (21a)

the plane wave being normalized over the volume NQ,
and the propagation vector k; satisfying the periodic
boundary conditions associated with this volume. We
write

Hji,E H'(k,'—-k]) (223,)
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We have
E0i=kiz, V0i=ki7
(23a)
Eu=H'(0), vu=0,
so that
Eo=37'| H'(k;) [*(2ki-k;j— k)7, (24a)
va=—2;'|H'(k;)|%k;(2k; k;— k7). (25a)

In obtaining the last two equations, we have replaced
k; by (k;—k;) as a dummy index. The primes on the
summation signs now mean that k;>0. In a similar
fashion we get

E35=Z' H,(— kj)Hl (ki_'kp)H, (kp)

X [2k; k;— k2T [ 2k, k,— k2T
—H'(0)X'|H (k) |2(2k;-k;— k)2, (26a)
i

JH (—k)H' (kj—k,)H' (ky)
e (2](@ kj_kj2) (21(1 kp—kp2)

V3= —

k; k,
X +
2k1k,— ka zki'kp—kpz
|H' (kj)|%k;
(O —————. (2T
7 (2ki‘kj"‘kj2)3 )
It is now seen that

Vm'=%VkiEm'; ”=O) 1’ 2’ 3’ (28&)

so that, through third-order perturbation theory at
least, the standard energy-band relation holds between
v and E for the special case denoted by Eq. (21a). It
can be seen that Eq. (28a) follows as a result of the
fact that the matrix elements of H’ can be written in
the form given in Eq. (22a). The expression for Ey; is
given by
H' (k) H' (kj—k,) H' (k,— ko) H' (k)

Eu= 3%

i (ke k— k) 2k ky—Ey?) (ks ky— b 2)
, |H' (k) |? , [H'(k;)|?
_[? (2ki-k,~—kj2)][§ (Zki-k,-—kﬁ)?]

H' (k) H' (kj—k,)H' (k,
~ ()% ),
v (ki k— 22k k,— k)

(29a)



