





1. INTRODUCTION

In Part I‘“/ the model Hamiltonian

H=3 (, +0_ Ja'ta + b (b, +O®. Ja‘a_, (1)
n n,m
(m#n:n.n.)

with

A _ (s) (s) \¢p +

Onm _E (ynmbs+(ymn )*bs)’ (2>
has been proposed to study the electronic
properties of disordered binary alloys ‘
A.By_,. in the presence of electron-phonon
interaction. a}(a,) and b%(,) are the

creation (annihilation) operators for an
electron 1in the Wannier state at lattice
site n and for a phonon in the state with
the quantum number s, respectively. The ato-
mic energies ¢,, the hopping integrals hg,,
the electron-phonon coupling elements yﬂﬁ
and y . are random variables which take
the values ¢Y , h'" , (8% ang y(S)Vf‘ (v,p =
= A, R), respectively, according to
whether an A or B atom occupies the site n
(the nearest-neighbour site m).

This model describes a combined effect of
disorder. The coupling of electronic states
with lattice vibrations leads to the modu-
lation (thermal fluctuations) of the substi-"
tutionally random potentials. The off-diago-
nal randomness was specialized in Part I by
assuming the additive conditions



hAB= _;(hAA_‘_hBB), (3)

y(s)AB _ _%(y(s)AA + y(s)BB y., ° (4)

For comparison, two special cases of the
model Hamiltonian (1) are pointed out. In
the absence of off-diagonal randomness, this
model was investigated by Chen et al.

The case without electron-phonon interaction
(i.e., the static-alloy limit) has been re-
cently studied by Fukuyama et al.’/3/ under
the condition (3) (cf. also/%4/ ). The theo-
ries developed for those specialized models
are based on the coherent potential appro-
ximation (CPA).

In the present paper we analyse numarical-

ly the CPA equations for the electronic
self-energy derived in Part I.

2. BASIC RELATIONS

In this section some relations from
Part I are summarized. Using (3)and (4) the
Hamiltonian (1) may be rewritten as

H=H+3V_ . (5)
n

e

HE is the one-electron Hamiltonian for
a perfect B crystal; the random part V,
including off-diagonal disorder denotes the
perturbation related to the site n.

The averaged one-electron Green’s func-

tion in Bloch representation

=(Z—€ B—hBBs(l:) - 2 (Z,l:))—ly(e)

~1
Q;(z) =<<(z-H) >ph>c;l?
with
s@- xR (7)
(m#n:n.n.)

is related to interesting macroscopic proper-
ties of the system. <..>pp Means the thermal
average over all phonon states in a given
alloy configurations; <..>; denotes the
configuration average. Here the adiabatic
approximation was used in order to perform
two independent procedures of averaging
successively. 5

The electronic self-energy X(k,z) cor-

responding to the random additive operator

%Vn can be calculated within the single-
site CPA.
The momentum-dependent self-energy

3, 2) = 0q (2) + 20 (2)8 () + 0 (z)s2(K) (8)

is expressed in terms of s O ozsatis—
fying the CPA equations

}f:n L VO Aih A-e B, AABBE)y 2Ry, y25h()
c +
—oo 1-D(z;e2-e B, 1AL 1 BB ), 24A0,\/25A0)

ag(z;0,0; \/571-67;,\/25 B
+({1-¢) —_}=0, (9)
1 -D(z;0,0;+/2aBy,\/25B.)

where

ao(z/c,h;n,é)=(e+1]—00)+(h+(—01)2F2 +(€+1]—00)02 F2, (10) \/;

aj(z;e,h;7n,¢) = &+¢—01)—01+¢—01)2F1—&+n—o&a2F1,(ll)
a2(z;c,h;n,é)=—02 +(h+ C—al )2FO+ (e+1;—00)02 F, (12)
D(z;c,h;r),{)=(c+n—ao)F0 +2(h+C—01)F1—02F2 - (13)
—th{—al)2+(c+n—oo)a2][F%—-FOF2],

Fg(z)=-§§gi(z)[s(i)1“, €=0,1,2). o am
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The parameters «¥ and 6Y characterize
thermal fluctuations of the atomic energies
and the hopping integrals, respectively.
Their temperature T dependence was found as

v (s)v 2 hos v
= < th > )
a E]y |“co (2kT )> (15)
v _ 1 (shy2 hos | Iy =
8 —4 <§iy l1 COth(2kT )>C ] (V—AyB)- (16)

Here wg are the phonon frequencies in a par-

ticular alloy configurations; <w.>¥ deno-

tes the average over all configurations

with the fixed v -atom at a single site.
Using Hubbard’s semielliptic form/5/ for

the unperturbed density of states (related

to HE ), the coherent Green’s functions

Fg (2) (14) can be expressed analytically

in terms of o,, o;,, 0, (see Part I).

3. NUMERICAL RESULTS AND DISCUSSION

The set of coupled equations (9) for g4 (2),
0;(2),09(z) is self-consistently solved by
using a generalization/6/ of the iterative
average- t -matrix approximation (IATA) sug-
gested by Chen/7/. In our case the genera-
lized iterative procedure is applied to
a system of integral equations. For each
step of iteration, the double integration
in (9) is carried out numerical%y by a two-
dimensional Hermite integration 8/. star-
ting from the values of the self-energy in
the virtual-crystal approximation, we get
fast convergence for most cases. The know-
ledge of o9, o0; 0, allows one to determine
the electronic density of states per atom
through

MD:—%hF“E+m. (17)

Let us summarize the imput quantities for
the computation. We can vary the concentra-
tion ¢ of A atoms, the thermal fluctuation
parameters ar, aB , &4, 5B (proportio-
nal to T at high temperatures), the para-
meters A, and A, defined by

Ay =e?, A =6GAA_nBP ), (18)

which describe diagonal and off-diagonal
randomness, respectively. The quantity hB
is fixed in the case of the simple cubic
lattice as hBB=-€; the energy ¢P is chosen
equal to zero. As has been mentioned in-~
estimating the fluctuation parameters in
Part I, the values of a¥ and 8Y will be
chosen without definite assumptions about
Wg, y 8% and y W Note that if the
electron-phonon interaction is assumed to
be independent of configurational disorder,
then the following identities hold:

a=aA=aB, 5=5A-58, (19)

In this section we present numerical re-
sults for the density of states and the
self-energy as functions of energy for va-
rious alloy parameters including electron-
phonon correlations. Some features of this
model calculation are pointed out.

The density of states in the static 1li-
mit (i.e., a=0,-8=0) is shown in Fig. 1.
Two impurity-scattering mechanisms associa-
ted with A, and A; are taken into account.
Formally, the scattering of the electron
arises from nonlocalized perturbations



at various values of the

for static alloys (a=0,8 = 0)

1.2 (full lines) and AE0.2 (dashed lines); and

¢c=06 (full lines) and

¢ =03 (dashed lines).

Electronic density of states p(E)

1.
off-diagonal randomness parameter A,

with (a) C=0.3,, AO
(b) A,-18,

Fig.

introduced by substituting A atoms for B
atoms. For weak scattering related to A,;=0.2
(Fig. 1(a)), the continuous band is stret-
ched with increasing A;. Starting from the
split-band case (Ay > 1, small A ;), the
energy gap between the two subbands dis-
appears when A] increases (Fig. 1 (a) and
(b)). The extreme bandwidths are produced
by dominant off-diagonal scattering for
"large values of the hopping integral bet-
ween A and B atoms. In the opposite limit
(A <0), the narrowing of the minority sub-
band is due to the fact that here the hop-
ping within the A component is visibly
diminished.

Fig. 2 shows the temperature dependence
of the density of states for an alloy in the
split-band regime caused by diagonal disor-
der only. Corresponding to the numerical

/
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Fig. 2. Electronic density of states pE)

in the case of purely diagonal scattering
A)=0, 5=0) at several temperatures charac-
terized by different a values for an alloy
with c = 0.2, Ay=1.4. 9
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results of Chen et al./za the thermal
fluctuations can close the band gap. More-
over, it should be noted that increasing
potential fluctuations (here for a= 0.045)
give rise to fine structure near the edges
of the minority subband. Such a situation
is discussed in connection with Fig. 4.

The density of states in the case of
purely off-diagonal scattering is presented

"in Fig. 3. In the static limit, this case

was numerically studied by Fukuyama et
al./3/. Thermal fluctuations of the hopping
integrals are reflected by the tendency to
enhance the band maximum and broaden the
static-alloy band. In the case A;=3

(Fig. 3 (b)) where the impurity scattering
is most effective, the line shape is weakly
modified with increasing &, whereas the two
broad tails of the band (compare/3/ ) are
not affected by thermal disorder.

The curves in Fig. 4 illustrate the in-
fluence of thermal fluctuations characteri-
zed by the parameter pairs (a,8) on the den-
sity of states. The change of p(E) due to
thermal disorder depends on the scattering
character of the static alloy. In the un-
split-band case (Fig. u4(a)), increasing
values of (a,8) tend to stretch the band.
Roughly speaking, the gaps in the split-
band alloys (Fig. 4(b),(c),(d)) decrease
gradually or vanish with increasing tem-
perature, On the other hand, the thermal
fluctuations can produce fine structure of
a symmetric form in the region of the im-
purity subband. This effect is sensitive
to the changes of (48 and A; as shown in
Fig. 4 (b)), (c), (d). The fine structure
appears in those cases where the average
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Fig. 4. Electronic density of states p(E) in
the case of both diagonal and off-diagonal
scattering with thermal disorder included. }
The alloy parameters are (a) c=0.4,A;=0.4,

A =-0.5; (b)c=o.2,A0=1.u,A1=—o.6; (e)
c=0.2, A=1.4% with e¢=0, 8 =0 (full lines),
a=2.10"%2 , 5=4.10-5 (dashed lines), and

a = 4,5.10"2 ,8=-10"% (dotted lines); and
(d) c=0.3,A0=1.2 with a=0, §=0 (full 1li-
nes), a = 1072 ,8=2.10"5 (dashed lines),

and a=10"" , 5=2.10"* (dotted lines). Diffe-
rent values of (a,8) ~-pairs characterize
several temperatures.

v
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amplitude of the local potential fluctua-
tion (i.e., the quantity +a ) attains

the order of the half-band width of the mi-
nority subband corresponding to the static
limit. A more detailed peaky structure in
the spectrum is visible if we take larger
values of (a 8); here the value of +a
exceeds the half-band width of the static-
alloy minority subband. The pronounced
structure, as expected, disappears with the
increase of the bandwidth for the A compo-
nent (i.e., for the transition from A <0 to
A;>0 in Fig. 4% (c), (d)). In the case of
the main band, the thermal fluctuations are
averaged out; tails and modified shapes of
the state density are produced with increa-
sing temperature.

More physically, the concept of the
electron trapped by local (or nonlocal)
lattice deformations due to lattice vibra-
tions can be used to describe the effect
of electron-phonon scattering. The situa-
tion is analogous to the impurity scattering
in the random lattice where the electron
is bound by impurity centres. The peaky struc-
ture and the satellites in the region of
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the impurity subband (Fig. 4 (b), (c), (d))
can be ascribed to such trapped electron
states. The interference of the impurity
and the electron-phonon scattering mecha-
nisms becomes most effective in this ener-
gy region. Here the electron is scattered
by impurities, of which the potentials and
transfer integrals are strongly changed
during the scattering. This effect is im-
portant for the localization of electron
states in the phonon field. In the struc-
ture-insensitive part of the main band
(region of dominant hopping), the electron
feels random modulations of the atomic and
transfer energies, which are averaged out
(V@ remains small compared with the effec-
tive half-band width).

The density of states p and the corres-
ponding self-energy contributions o,, o;,
oo are compared in Fig. 5 (unsplit band) and
Fig. 6 (split band) for alloys at several
temperatures. The thermal disorder increa-
ses the absolute values of the imaginary
parts of oy and oy (Imoy , Imoy in Fig. 5(b)
and (d), respectively); small changes ap-
pear in the imaginary part of o (Ime; in
Fig. 5 (c)). Altogether, the thermal fluc-
tuation cause an increase of the electron
damping for all energles, as reflected by
the imaginary part of the total self-energy.
The "majority" and "minority" regions of
the band (Fig. 5(a)) are stretched in the
same manner with increasing temperature.
These shifts in the spectrum are determi-
ned from the changes of the real parts of
09 » 01 » 09 (Reog » Reo;s Reog in Fig. 5(b),(c)
and (d),respectively).
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Fig. 5. Electronic density of states p(E)
(curves (a)) and real and imaginary parts

of the self-energy contributions og(E) ,0;1(E),
o9 (E)(curves (b),(c),(d),respectively) for an
alloy with ¢=0.3, A=0.2,A,=0.4 at several
temperatures characterized by different
values of (a,8) -pairs. oy, 0] ,09 are repre-
sented for a=0,8=0 (full lines), a =10-2
8=2:10"° (dashed lines), and a =10"1
$=2:10"% (dotted lines).
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The imaginary parts of o9, 01,09 CON-
cerning the split-band case (Fig. 6(b),(c),
(d))have sharp peaks in the region of band
deepening and near the band gap edges in
the impurity part of the spectrum. These
peaks indicate a strong damping of the elect-
ron states due to impurity scattering (es-
pecially in the static limit) and due to
electron-phonon scattering (e.g., for a=10"1,
5=8.10"% ). Moreover, the self-energy peaks
for the imaginary parts are accompanied
by precipitous changes in the real parts
of 0y, 0;,05.5uch a change produces shifts
in the spectrum. The variations of Reogy
Reo; » Reos, due to thermal fluctuations
are reflected in a spreading of the band.
As a consequence of thermal disorder, the
absolute values of Imog Imo; > Imog
increase in wide regions of the bands, but
can also decrease at energies of high
damping (Fig. 6(b),(c)). In other words,
the electron-phonon interaction leads to an
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Fig. 6. Electronic density of states p(E)

and real and imaginary parts of the self-
energy contributions o9 (E), o1 (E) , 02(E) for

an alloy with ¢=0.15,A¢=1.5,A;=-0.4 at
different values of (a,8)-pairs characte-
rizing several temperatures. (a) p is shown
for two different sets of parameter pairs
(a,,6,) (full lines) and (ay,8,) (dashed
lines). (b) o049, (c) oy , (d) 09 are plotted
for a=0 , 8=0 (full lines), a=1.5-10"2 ,
3=3:10"° (dashed lines), and a = 107!
5=8.10"% (dotted lines).
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additional scattering of the weakly and
moderately damped electrons or can assist
the hopping of the highly impurity-damped
electrons. The reason for the peaked struc-
ture within the impurity subband (Fig.6(a))
is the same as discussed in connection with
Fig. 4. Especially, the effect of the pho-
non-modulated transfer integrals on the

density of states 1is discernible in Fig.6(a).

The dependence of p(E) on the concentra-
tion ¢ of A atoms is demonstrated in Fig. 7
for an alloy with parameters used in Fig.4
(d). The scattering strengths chosen here
force to split off the impurity part of the
main band. Further growth in ¢ causes the
height and width of the impurity subband
to increase, whereas the host subband dec-
reases. The sharp shape of p(E) around the
jevel ¢A indicates that the hopping fromA
atoms is reduced, i.e., an electron spends
comparatively more time at A sites. The
criterion for the appearance of structure
in the minority band mentioned above is
satisfied at low concentration (i.e., c=101).
Regarding this point, there may be loca-
1ized states representing the trapping of
electrons by potential fluctuations. In-
deed, the electron-phonon interaction be-
comes more effective (compared to the im-
purity scattering) in a small-concentrated
alloy.

In Fig. 8 we present the density of sta-
tes in the general case where the electron-
phonon interaction is affected by configu-
rational disorder (compare with alloy para-
meters from Fig. 4#(b)). This situation is
expressed in terms of different thermal
fluctuation parameters for the A and B com-

Fig. 7. Dependence of the electronic density
of states p(E) on the concentration ¢ of 4

atoms in a binary alloy with A =1.2, A =-0.6
a=10"2 ,5=2.1075. 0 Tt o

ponents. The qualitative picture of the
split static-alloy band is preserved under
the conditions aA<aB and 5§A<5B.In the
opposite case (i.e., a%>aB, 5§A>5B), domi-
nant fluctuations of the scattering strengths
for A atoms give rise to structure of p(E)

in the region of the impurity band. This
part of the spectrum shows a behaviour simi-
lar to that obtained in Fig. 4; i.e., the
minority-band density of states degenerates
%nto a set of peaks. Note that this result
is sensitively dependent on the thermal
fluctuations of the transfer integrals. In
the strongly-fluctuating case (i.e., 8A=10‘{
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Fig. 8. Electronic density of states p(E)

in the case of different thermal fluctuation
parameters for the A and B components. The
curves represent an alloy with ¢ =0.2,

Ag= 1.4, Ay=-0.6 at four temperatures cha-
racterized by aA= aB=0, 8A<5R0; aB=9aA ,

sB. 1067, 4A- 9.8, 5A-1058;, and a?=2245,
5A-1068 .
8B - 10h), considerably broadened spikes

in p(E) reflect the possibility of phonon-
assisted hopping.

In this paper, our interest has centered
around the problem of evaluating the elect-
ron energy spectrum. Another interesting
question is associated with the nature of
quantum states in the alloy system. The
present model can be applied to study the
electrical conductivity especially in con-
nection with thermally-assisted hopping
transport. '
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