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Approximation of excitonic absorption in disordered systems
using a compositional-component-weighted coherent-potential approximation
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Employing a recently developed technique of component-weighted two-particle Green’s functions in the
coherent-potential approximatid@PA) of a binary substitutional allop.B; _. we extend the existing theory
of excitons in such media using a contact potential model for the interaction between electrons and holes to an
approximation which interpolates correctly between the limits of weak and strong disorder. With our approach
we are also able to treat the case where the contact interaction between carriers varies between sites of different
types, thus introducing further disorder into the system. Based on this approach we study numerically how the
formation of exciton bound states changes as the strengths of the contact potentials associated with either of the
two site types are varied through a large range of parameter values.

[. INTRODUCTION tinguish between different site types involved in the
propagation of two-particles during an absorption process.
Excitonic optical absorption in strongly disordered semi-We will show that differentiating between alloy components
conductor alloys has been of great interest to both semicorin a perturbation expansion with an appropriate decoupling
ductor physics and technological applications of semiconprocedure of the disorder average can yield the correct inter-
ductors and semiconductor structures in the past. Althougpolation to all ranges of disorder for a contact potential
the theory of an optically excited electron-hole pair scattereanodel. Furthermore, this allows us to distinguish different
or bound under the influence of the mutual Coulomb intercontact interaction strengths between the carriers if these
action into an exciton is quite well understood in weakly meet on different types of sites, due to different dielectric
disordered systems and even at finite carrier densities in theonstants in the respective materials, whereby these strengths
respective conduction and valence bands, theories faare modeled to represent the electron-hole interaction within
strongly disordered systems such as alloys of insulators arah atomic radius.
some semiconductors are still very incomplete.
One of the few theories of disorder which interpolates
correctly between all regimes of disorder strengths and con- Il. ABSORPTION IN THE NONINTERACTING
centrations is the coherent-potential approximati@PA) DISORDERED ALLOY
first developed by Sovérand Taylor? and subsequently ex-
tended to a proper two-particle theory by Velickfhe CPA
predicts correctly the occurrence of splitoff impurity bound ~We summarize here the results for a component-weighted
states and whole impurity bands, once the relative disordeivo-particle CPA. Our model system is a binary substitu-
strength becomes of the order of the width of the unperfional alloy of component# andB with respective concen-
turbed single-particle density of states considered. Despitationsc and 1-c, on a simple three-dimensional mono-

the numerous advantages that the CPA provides, it ha&tomic lattice. Both components are assumed to exhibit a
proved difficult to incorporate a treatment of a carrier-carrierdi’éct band gap in their pure phase. Our two-band model
Hamiltonian without carrier-carrier interactions can thus be

interaction into its framework and to our knowledge the only’ '“ . . .

attempt to find a joint treatment of both effects has beeV/tt€N IN & site representation as

made by Kanehisa and Elli6twho introduced a random-

phase-like decoupling of the disorder average in the corre-

sponding perturbation expansion in combination with a conyy _ + v+ cat vyt

tact potential model for the Coulomb interaction. AIthouth % {Wicn. cnt Wi d”*'d”}+; {UnCn o Undy do},

this description produces a number of correct features in a (1)

limit of low disorder, it could not be extrapolated success-

fully to the case where the disorder becomes stronger, i.e., o

when the joint density of states splits into two componentsVhere thec, and d, are the annihilation operators for an

and the excitons move to a more localized Frenkel limit,€/éctron and a hole on the site respectively.W* is the

where a separate approach is needed. No theory has beR@riodic part of the Hamiltonian transferring particles be-

available for the region of intermediate disorder strengthdween different sites in the band and Uf is the matrix

where the bands are about to split. element in the respective bands which assumes the values
An improved treatment of this problem has become posUj €{ex ek} depending on whether is anA or aB site.

sible through the development of a properly weighted two-The disorder in the system is generated by the difference of

particle CPA in a previous papewhich allows one to dis- the on-site energieg”=e4— ek in the respective bands.

A. CPA model of the disordered system
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The CPA for a disordered medium is introduced by theThe total optical polarizability in a Matsubara representation
usual methot®®of placing the impurities in a self-consistent which we adopt for convenience can be written as
medium such that the scattering off a single impurity van-
ishes on the average. Independent of this approximation, the . __p-1 A At s
single-particle propagator of the disordered mediGnre- (Hp(fw))=—8 % (Tr,{pG.(iz2)p'G,(iw—iz)}),
lates to the one of a pure mediug through the Dyson (8)

equation _ _
d where the angular brackets denote the configurational aver-

GH=gr+grUHGH. (2) age,p is the usual inverse temperature ang @enotes the
) N . trace over the band as in Ref. 9:
The the self-consistent CPA condition requires that the aver-

age propagato6* of the effective medium fulfill the rela-
fon 0o Tr,(- )= (o] o). ©

GHt=gt+g'SH GH, (3  Here it is assumed that the dipole matrix elements are taken
) . . for the transition from a valence band pfwave symmetry
whereX.* is the CPA single-particle self-energy of the effec- {5 5 conduction band atwave symmetry in which case they
tive m_edium.E“ itself is determined through the single-site 3 he assumed to be essentially constant and we normalize
condition that the average atomit matrix of the self- ihem to unity. This implies that for the calculation of a prop-

consistent mediunT; defined as erly averaged polarizability which is void of any further in-
teractions we need to consider the following two-particle
Th=(UR—2#)+ (U —2H)FHTE, (4 function:

be zero. Here we have introduced the site diagonal single-

particle functionF=G(n,n). 2# and F* therefore satisfy K(z1,25)= >, K(z1,25;n,m)= >, (nc|(G¢(z;)|mc)

the self-consistent relation m m

[el—3H] (1—c)[el—3#] X(mMv|G,(z,))|nv). (10

1—[eh—SHFH + 1-[eb—SHFA (5 Apart frorr_1 the cumula_ltive 'functit')K stated above it is now

also possible to consider its weighted components by using

Weights can now be attributed to the single-particle functhe appropriately weighted versions of the single-particle

tions before averaging through applying operatarg” to ~ functions in their definitions. _

them which effectively exclude either impurity or host sites K and its weighted versions are obtained by means of the

from the choices of start or end sites of the propagation ofWo-particle extension of the CPA by Velickyand our

0=(Tt)=

the particles. We make the following definitions: method of obtaining the appropriate weighthe concept is
to use theT matrix representation of the unaveraged un-
EA=[UL—gl]IV*, GP=EAG, G*=E~"G,EA weighted or weighted single particle functions frd) to
— n B ! —p e el O p .
obtain a CPA vertex correctiom\(z;,z,) and average
E8=[e4—UrVr, GB=EBG, GPB=gEBG =", weights for the correlated motion of two-particles in terms of
K K’ poRT averages over products of atonfianatrices. With the vertex
GMB—ZAg =B GBA==Bg E=A (6) correction, the equation for the correlated two-particle mo-
e Uy T8 A enl T

tion can be decoupled as

Averaged versions of such weighted single-particle functions

have been introduced by Aiyet al’ It will be shown that B R(z1,2,)

they are particularly useful in their unaveraged form when K(zy,22)= 1-A(21,2,)R(21,2,)° (1)
employed in the definitions of two-particle functions in order ) )

to calculate weighted components of the polarizability whichWNereR(z1,2,) is the average-decoupled two-particle func-
can thereupon be used in the treatment of the excitonic agion

sorption.

R(21,22)= 2 Ge(21:nM)Gy(Z;mn)  (12)
B. The average polarizability in linear response theory m

In the following we consider a linear response expressior@nd the vertex correction is found to be
for the polarizability of the Kubo type. The particular kind of Vs V.S
two-particle function needed in this case is determined by the A(zy,2)= = o(z1) = V2 (22) _
form of the dipole operators which account for the interac- ' VeFe(z1) =V, Fy(22)
tion of the electronic excitation with the radiation field and . .

S . e If one assumes that the conduction and valence band disper-
which in the case of allowed interband transitibrsfec- . Lo
) . . . sions are similar in shape
tively couple the two single-particle resolvents in the respec-

(13

tive bands: ek £,(K)
=F , (14
At 2 7 WC WU
= ncyp(nv|.
P n Incyp(no| 0 one finds a more explicit representation ®¢z,,z,) Ref. 9
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_ WCFC(Zl)iWUFU(ZZ) P NIPTEE _ -1 . . s .
Rn2)= Gy s i ew s a] 1 Feleiian=-8"3 (lelk|G,(z-iu)).

In Ref. 5 we found that for the class of two-particle functions 22

as represented bi(z;,z,) two types of single-weighted The exactly averaged polarizability including exciton effects
functions and three different double-weighted ones existis calculated from the interacting version of this function
Similar to the single-particle theory it was found that these(21) as
weighted two-particle functions can be expressed in terms of

the unweighted one if energy dependent weighting factors

added to and multiplied onto it.
Introducing

(1-0)A(z1.25)

() Ny S v, -,z O
_ CA(Z]_!ZZ)
"2~ 5 G5,z a7
A(z1,2,)F(29)F (2
A21.2,) = (2 ZVC\(/Ul) ( 2), (18)
we find that
KA=¢K, KB=pK, KM=gK+y, KPB=pnK+y,
KAB=KBA=£yK — y. (19

(H(iw))z% (T (iwii,ik,K)). (23)

The main difficulty in solving Eq(21) arises from the fact
that the disorder average over the second term creates higher
order correlations in the particle motion than those which are
accounted for by the inclusion of the vertex corrections.
These additional average induced correlations lead to an ef-
fective Coulomb interaction which is renormalized in a very
complicated fashion.

For these reasons two drastic simplifications have been
made in earlier treatments of the problem. First the Coulomb
interaction is replaced by a short range contact potential
which binds at most one state in a joint band limit when the
disorder is relatively weak. This state is meant to represent
the 1s exciton from the Coulomb series which usually domi-
nates the optical absorption spectrum below the continuum
absorption edge. Second the disorder averag@ihnis de-
coupled into a product of averages. The average polarizabil-

These functions can now readily be used to obtain correjty including this carrier-carrier interaction is then obtained
sponding components of the polarizability which are calcu4g

lated the same way as ()

(Héy(iw»:—ﬂ‘l% KXY(iz,iw—iz), (20)

whereX andY denote possible weightsX(Y € {A,B,J}).

Functions of this type have been discussed analytically an

numerically in Ref. 5 for various regimes of disorder.
lll. INTRODUCTION OF ELECTRON-HOLE
INTERACTION

A. Difficulties with the treatment of the Coulomb interaction
in disordered systems

The inclusion of a carrier-carrier interaction into a model

Ty(i )

)= i)

(24)
whereu is the uniform strength of the contact potential and
the average was replaced through a horizontal bar over cor-
esponding quantities. However, this type of decoupling of
the average becomes reasonable only in the limit of weak
disorder, when the electron-hole pair experiences many im-
purities before its constituents are Coulomb scattéviéan-

nier excitong. Effectively, therefore no higher than two-
particle correlations can be accounted for within this
approximation and it will be shown that for stronger disorder
even these correlations are significantly misweighted and
overcounted. It hence must clearly fail in a regime of strong

for the optical polarizability is essential for the treatment of jisorder where excitons may be primarily associated with
exciton effects. However, an analytic treatment of this proby,, separate impurity bands.

lem in strongly disordered systems such as alloys of insula- g the strong disorder limit it is shown explicitly in Ref.
tors a.nd of sgmlconductors using the_ true or screeneq COUr how the solution for the two-particle function is modified
lomb interaction seems to be almost impossible. This is dug;yards a regime of localized excitatiot&renkel excitons

to the fact that the corresponding Bethe-Salpeter equation

(Ziwii, k1)) =(FZo(iwii,j;k,1))
+ bEd(.%'o(iw;i,j;a,b)u(a,b;c,d)

X Z(iw;c,d;k,1)), (21

is extremely hard to decouple. Herau(a,b;c,d)

=v(a—b)8,c0hg—W(a—C) 84554 is the Coulomb interac-
tion in the site representation with its direct and exchange

'which is equivalent to letting the overlap of the atomic wave

functions go to zero, while at the same time the disorder
strengths are kept constant.(#1) is considered before av-
eraging in this limit, it goes over to
[1+ mo(iw;i)v(0)].72(i w;ii kk)
= Sumo(iwii) + moliwii) X (i — ) Z (i wijj kK),
J

(29

part and % (i w;i,j;k,1) is the noninteracting configuration wheremy(iw;i) is the atomic polarizability on the siteand

dependent two-particle function

w(i—j) is the exchange part of the Coulomb interaction
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which is now entirely responsible for electron transfer from A A
one atom to another. It is this term which makes an exact . .
solution of Eq.(25) still difficult. If now the exchangew is
assumed to go to zero as well we obtain the limit of isolated — —~
atoms. I1 ~
The solution of(25) then becomes
P Sikmoli w,1) B. .B
%(Iw’”’kk)_1+v(0)w0(iw,i)’ (26)
. . A A A A
which can be averaged exactly and summed to yield o> . .
\H/
cmo(iw,A) (1-c)my(iw,B) *

M(iw)=

. + .
1+v(0)mo(iw,A)  1+v(0)7(iw,B)|’ -
(27)
a

whereA andB within 7y denote here that the atomic polar- / N
izabilities are considered on either Anor a B atom. Since B
the present limit corresponds to letting the bandwidth of the
components of the joint density of states go to zero, given A A

B

some arbitrary strength of disorder, the same limiting behav- ~ ~
ior of the polarizability can be attaingdhy letting the disor- \l.lA__>u.A/
+

der strengths become much larger than the bandwidth which
yields two energetically separated contributions to the joint

density of state$DOS) and the formal properties ¢27) are e
recovered. . B UN,

The appearance @27) suggests that one should also al- B
low for the possibility of using two different contact interac- _ _ _
tion strengths on different types of sites thus allowing for ~FIG. 1. Diagrammatic representation of processes to second or-
different types of atomic screening in different alloy compo-der included in the weighted expansion of the excitonic polarizabil-
nents. ity. The electron-hole pair can be excited onAror aB site and
Itis clear that Eq(27) is not obtained by the extrapolation subsequently be scattered on either of such sites with the effective
to a strong disorder limit from Eq24) and so far there had contact potential strengthg, andug, respectively. Every connect-
ot . : ing line between two sites denotes a factor of a noninteractin
been no m(_ilcatlon as _to_what typ_e of app_rOXIm_atlon onéwgighted polarizablit;l?”(x Y e{A,B}), whereX andY are cho- ’
should use in the description of an intermediate disorder re- o M e .
ime. where the strenaths of the disorderare of the order  S€" to match the type of the start and the end site of an arrow and all
gf thé corresponding r?alf-widths of the&gs{ngle particle band conceivable paths occurring between the excitation and the recom-
W which at the same time extrapolates correctly to th;oination of the electron-hole pair are being summed over.
wo p y

asymptotic behavior predicted by Eg®4) and (27) for o ) ) ) _
weak and strong disorder, respectively. sites involved in the propagation of the two-particles during

a scattering process, the expansion of the scattering series
can be represented pictorially as in Fig. 1. Mathematically

B. Component-weighted approximation . .
P g PP this corresponds to writing

of the scattering expansion

Based on our results in Ref. 5 we employ in the following - . . _  _  _  __ -
a component-weighted scattering expansion to obtain the ext=TI5+TIg — [ TI5UATTG+ TTgUgTIg 1+ [ TT5TUAIT, *TAIT)
citonic polarizability, while at the same time we allow the —~ —Ap~ =B, =B~ —AB~ —A =B~ —BB~ =B
contact potential strengths to assume different values on dif- T loUallo” Usllg + TlgUglly"Ually + TlgUglly"UglTp]
ferent types of sites. We use a similar decoupling of the _ (29)
disorder averages to obtain a new approximation for the scat- ’
tering in an intermediate disorder regime. Subsequently, we
show that this approximation renders exactly the interpolawhere both, the diagrams in Fig. 1 and the terms written

tion behavior that we had hoped to achieve. down in(29) above represent the expansion to second order.
We introduce the following attractive weighted contact These and higher order terms can can be conveniently rewrit-
scattering interaction strengths ten in a 2X2 matrix scattering formalism by introducing
~ Ua Ug — . -
Ua=—7 Us=7—( (28 . 1) ~ 0" 0 . [N PRl P
associated with the\ and B components of the medium, 0 0 0 (30)

wherebyu, andug represent bare scattering strengths, and
the limit of uniform interaction strengths corresponds to
up—ug—u. If one distinguishes now the different types of  Equation(29) then goes over to
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ﬁ:m+ﬁ30ﬁo+ﬁ30ﬁ00ﬁo+ . (31) which can be evaluated as a matrix geometric series as

The matrix products can be summed to give < .

> [TU]"=[1-TI,U] Y, (33

o . o n=0

M=M,+11JU Y, [TI,U]",, 32
0" 0 nZO (LU, (32 and Eq.(32) is calculated to yield

oy UA(TI))X(L+ TglI5®) + Tip(I15) (1 + TalT5") — 2115 TATT) i TS
=1y +1I5— oA CTIBB) — Ao P2 :
(1+Ually™)(1+uglly™) —uaug(Ily™)

(34)

Equation(34) is the central result of this work and much of Even though this already looks very similar (@) it is not
the further discussion will be based on its properties. trivially the same. However we showed in Ref. 5 that in this
limit
C. Limiting behavior
In order to test the usefulness of E4) it is necessary to KAB L xA sz GLE (KGHE(—k) =xVEKAS, (37)

investigate its behavior in various limits of disorder.

wherex”'B is the concentration and (1-c) of the A andB

component, respectively, and the subscript “crys” is chosen
To establish a connection with formul24) we first study  to label the corresponding two-particle functions of the pure

the limit of low disorder and asymptotically equal bare con-A and B media. This in connection with the definition of

tact interaction strengths®=uB=u. It is well known* that 0" and i® from (28) finally shows that(27) and (34) are

in this limit the CPA self-energy goes over to the virtual indeed identical in this limit.

crystal limit .,—cV,, and the vertex correction to

A—c(1—c)V.V,. Accordingly, the weights in the two- 3. General behavior

particle function defined in(16)—(18) go over to é—c, In order to examine the predictions tH&84) makes for a

n—(1-c), andy—c(1-c)F.F,. As aresult of this itis  general case, we introduce the following definitions:
possible to pull the two weighté and » multiplied with the

unweighted two-particle function out of the energy convolu- y= xTI,, A= x{TIg+ T, (39
tion, since they are now independent of energy. The impurity . . o . N
weighted versions of the polarizability can thereforeWhere I'(iw)=—p""2;;y(iz,io—iz). Due to probability
be expressed in terms of the unweighted function agonservation the other weighted functions are defined as
[MA=cIl and IA*=c?II+c(1—c)Q, where Q(iw)=
—B 13, F(iz)F,(io—iz). The behavior of the host
weighted functions and the mixed one follow in analogy. e —
Through inserting into(34) it is found that the scattering lg"=(1=2x+x o +T. (39)

term factorizes as In a general case, the polarization weightaind ¢ are only
Toulla( 1+ uQ very indirectly related to the original weighfsand » for the
ITHITO— ou _0( u2) ' (35) unintegrated two-particle functiod. They may assume dif-
(1+ully)(1+uQ) ferent values for any particular energy at which the polariz-
S . ability is considered and therefore they generally depend on
which is identical to(24). energy. Inserting this int¢34) we find that

1. Weak disorder limit; uniform interaction

ME=(1- )y, T5%=x(1- I, T,

2. Strong disorder or split band limit IT=ITO—IT§{[)(20A+(1—X)ZDB]+GAGB[X(g—X)l'TOvLF]}
In Ref. 5 we had shown explicitly that in the regime of A B | MAMBrD
strong disorder, when the widths of the single-particle bands ~ X{1+[x{u”+(1—2x+x{u”+u u"T' ]I,
become negligible compared to the disorder strengths in- ~A | ~B SAMB . Dol
volved, the mixed component of the CPA two-particle func- +URHUHTHUREX (=0 ok (40
tion KA® go to zero whereas the double-weighted functionst this this is compared to a corresponding Dyson equation

KANBE become effectively identical to the single-weighted for the polarizability with a renormalized self-energy-like ex-
onesK”'B. The same behavior also translates to the weighte@ressionM :

polarizabilities and therefore in this lim{84) goes over to L
H:H0+HOM H, (41)

I g
I1= ~0A—A ~(|;_B (36) this expressiorM, which can also be viewed as a disorder
1+ully  1+u®lg average “dressed” interaction, is found to be
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[UAY2+ (11— x)20B]+ 0AUBY (1— ) D g < U, 5 < A,
M=— —— , (42 —
1+[UA+TB Y (1— )P g < I, Saa o M,
where we had introduced ®=[x({—x)Ilo+ T/ G < 1L Fo < W (51

[x(1—x)]. Introducing a generalized energy dependent avThjs correspondence becomes exact in the asymptotic limits
erage interaction strength discussed before and continues to hold qualitatively in an
intermediate regime. The difficulty in finding a rigorous
comparison in the most general case stems again from diffi-
culty of finding general expressions for the energy depen-
dence of the integral weightg and { and the integrated

u=x?0"+(1-x)%0°%, (43

and a generalized contact potential fluctuation strength

A= xU"—(1—yx)UB, (44) diagonal correction terri.
Eq. (42 b itt The reason why our weighted scattering expansion can be
g.(42) can be rewritten as expected to yield a better result than an undifferentiated de-
1— V) AZD coupling of the Dyson equation for the contact potential, as it
M=—Uu+ X_( X) _ (45 is shown to do by our numerical calculations in the next
1+[u+A(1-2y)]P section, can be understood from the argument that averages
i i i i . over higher moments ofl, which occur in this expansion
‘I;ln_ag)y/ 1 W_l'g)Oducmgb the  renormalized  function o, agI13) and(IT3) are better approximated by a decou-
= ®/(1+u®) one obtains pling as  (MM2)=(I)¥c+(IE)%(1-c) _ and
_ x(1—x)A%w (1) = (11g)?I1p"/c? + 2MIpII5TI5 % c(1~ ) + 15 *(1Ig)?/
M=-u THA(L_ 2% (46)  (1-c)? rather than(I12)=TI12 and(I13)=I13, respectively,

because the former approximation reduces a wrong weight-
We argue that this result represents a generalized form of dAg and overcounting of scattering processes that the latter
averagel matrix approximation(ATA) of the polarizability — approximation erroneously infers.
of the medium with respect to the disordered contact poten-
tial relative to its “mean” background value which is taken
as the basis of an energy dependent background medium
similar to a virtual crystal\VCA) energy. To motivate our In this section we discuss a numerical implementation of
comparison more, we recapitulate the main features of theur previous results within a commonly used model in three-
ATA for a single particle propagatd in a binary disordered dimensional systems. Rather than attempting a direct com-
medium with on-site potentials ¢* and —e® on theA and  parison to experimental data, which would require us to con-
B components, respectively. The contact potentials havéne ourselves to a very narrow parameter region, it shall be
been defined with a negative sign here to match the definieur particular priority in this section to exemplify and visu-
tion of u® and uB from before, which were introduced as alize how the theory developed here correctly predicts the

IV. NUMERICAL RESULTS

attractive interactions on an equivalent footing. The averagetbrmation of excitons also in intermediate regimes of disor-

T matrix equation foiIG can be written as

é= 60+ 601_-(—50 y (47)
in which (30 is the virtual crystal propagator
Go=—, (48)
1+eg

where we have set=ce”+(1—c)e® and g is the the

der, where other theories to date fail to work, by running
through a wide range of parameters.

Since within the quasi-ATA contact potential model of the
electron-hole interaction the excitonic polarizability can be
obtained directly by inserting the weighted components of
the average polarizability for the free particle system into Eq.
(34), we draw strongly from the results obtained for the non-
interacting system in Ref. 5. The main input necessary for
the numerical implementation of a single-site CPA are the
single-particle densities of states for the conduction and va-

propagator for a medium without the on-site potentials. Th@ence band. As in Ref. 5 we take

averagel matrix T is defined as

—c[eh—¢]

1+[e"*—&]F,

—(1-c)[e®—¢]
1+[eB—£]F,

T= , (49)

whereFo=Gy(m,m). Introducing furthermored=eA— ¢,

the corresponding ATA self-energy s relating g and G
can be written as

s ., — c(1—c)8°F,
=—¢ = =—g+ —F.
ATA 1+TF, 1+(1—2c)dF,

(50

Pu(E)= —\W,—E%,  [E]=w,,
M
p.(E)=0, [El<w,. (52)

It is well known that this density of states does not exhibit
any of the finer structure of a real system, but it includes the
more global features of a wide class of systems giving a
finite bandwidth and the appropriate van Hove singularities
at the band edges. Moreover, it matches well with the spirit
of a single-site CPA which, even though it reproduces the
global influence of disorder on the system correctly in all

The aforementioned analogy hence builds on the correspomegimes, cannot account for more detailed structure brought

dence of the quantities

about by the scattering of particles off clusters of impurities
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which usually involve momentum dependent self-energy 1.5
contributions whose evaluation would require a more spe- ,
cific knowledge of the single-particle dispersion laws. 1.0

For amalgamation-type solid solutions, i.e., alloys whose
densities of states of the pufeandB substances overlap to
a great extent in the respective conduction and valence E
bands, CPA results already efigor the caseu,=ug=u. 0.0 gz
We shall therefore focus on the region of parameters which 0.5 ;
corresponds to intermediate disorder, where our approxima- E
tion provides significantly better results than earlier ap- —-1.0F
proaches. A restriction to a rather specific region of param- _5
eter space becomes necessary since we now have six
independent parameters which govern the behavior of our
spectra, i.e., the concentrationthe relative valence conduc-
tion bandwidthw, /w., the disorder strengthg. andV, in
the respective bands and the corresponding disordered con-
tact interaction strengths, andug, accounting for the dy-
namic part of the electron-hole correlations.

In determining the region of interest we note that, as
pointed out by many workeré&cf. for example the review
article by Rashb®), the CPA produces a “pseudo” gap in
the single-particle DOS at all concentrations once the disor-
der strengths exceed the half-width of the single-particle
bands involvedV,=w,, which also translates to the joint -6 -4 -2 0 2 4 6
DOS in some regimes. In more realistic systems, however, w
usually a true gap only exists once the disorder strengths
exceed the full bandwidth¥ ,=2w,, even though in the FIG. 2. (a) Real and(b) negative imaginary parts of the nonin-
regime ZNMBVMBWM the number of states in the region of teracting polarizability for parallel disorder at=0.35. All energies
the pseudogap is strongly suppressed. Because of this, vgeale with the conduction half-band width, which has been set to
shall concentrate our attention to the beginning region of thénity, w=1, whilew, is taken to bav,=0.8. Since this spectrum
true gap behavior and ChOOBéA =3w,. ig taken at disorder strengt.hQZS.O andVU:2.4,.i.e., at the be-

In calculating the absorption spectra, we have first obdinning of the true gap region of the CPA, the single- and double-
tained the weighted components of the polarizability Withoutwelghted fu_nctlons coincide t_o a great extent, _and _two flanks of the
electron-hole interactions. Figure¢a® 2(b) and 4a), 4(b) spectra which _to a §ubstant|al degree contain mm@_j compo-

how the real and neaative imaginar arm and all its nents have split off sidewaysf. the lower end of the joint DOSlln
S . . g_ g y P . (b) where the values were enlarged by a factor of Hbwever, it
decompositions into single- and double-weighted compo

. - - becomes clear from the spectra in Fig. 3 that the residual interfer-
nents for parallel disorder, sgvi{) =sgn(v,), and antiparal- ence of A andB absorption amounts to a significant influence on

lel disorder, sgr{c) = —sgn(V,), respectively. Specifically, he excitonic absorption as the corresponding electron-hole interac-
the conduction and valence band disorder have been chosggns are introduced.

to beV;=3.0 andV,==*2.4 in connection with the half-
bandwidthsv.= 1.0 andw,=0.8. It should be noted that all
energies occurring in our results effectively scale with the
half-width of the conduction band, as it is normalized to per part consists mainly oAA and the lower part oBB
unity. transitions. Even though the joint function appears to be very
We can see from Figs.(8) and 4b), that in the region of close to zero in the gap region for this case, we discover a
parameters considered, the joint density of states has alreafiyiite contribution of double-weighted components centered
split quite clearly into distincA andB parts for both cases of between the split bandsThese states can be considered
disorder and the difference of the double- and single*mute” in the absence of any electron-hole interaction since
weighted components has become relatively small due to theumulatively they do not contribute to the polarization.
dominance of the total diagonal matrix elements of the two- It appears from these results as if the system is already
particle function in this regime. Note that in all the figures very close to the strong disorder asymptotic behavior where
for the noninteracting polarizability only the singhB func-  the split components are essentially independent, but we
tion has been plotted and the components of the spectra sushall find that this is indeed not the case, agreeing with the
asTly'®=TIp"BB+T15® and I, =y "+ Ty B+ 2115°. result of Onodera and Toyozawavho state that this regime
In the case of parallel disorder of Fig(kd}, the joint DOS is reached only beyond a relative disorder strength of about
is divided up into into a central bulk part which is mainly V,/w,=10. If in the interacting case states are pulled down
constituted fromAA andBB transitions and a separate set of from the upper band into this region by means of the
flanks on either side of it, which contain a notable amount ofelectron-hole interaction, they will experience a significant
AB transitions. In the case of antiparallel disorder of Fig.broadening and hence change the excitonic absorption in a
4(b), on the other hand, it decomposes into two separaté&rge region as as will be apparent from the plots in Fig. 5.
parts with a pronounced gap between them, whereby the up- In order to show the effect of the various components of
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FIG. 3. Excitonic absorption spectra created by means of &.from the weighted components of the noninteracting spectrum in Fig.
2. In each of the plot$a), (b), (c), (d) the contact potential strengtly associated wittB atoms is kept at a constant value whilg is
increased from O to 6 from the front to the back of the set of overlayed plots. The overlayed contour plots show the paths and broadenings
of the excitons as the parameter strengths are varied. The contour lines are taken at level heights of 0.1, 0.5, 1.0, 1.5, respectively. Comparing
the plots(a) ug=0.0, (b) ug=0.4, (c) ug=1.5, (d) ug=3.5, one can see that mutual interference effects of both interactions are relatively
small. The main such interference effect is tBatesonance attains some broadening onceAtihesonance has passed it, ).

the densities of states on the formation of excitons in a coneur model. As a result we are able to analyze the excitonic
cise way we have plotted stacks of three-dimensional overabsorption through a whole region of the three-dimensional
lays of the obtained spectra. In every separate stack of thearameter space spanned by u,, andug. In addition,
spectra in Figs. @—3(d) and §a)-5(d) the strengthug of  since it is difficult to find a view-angle of the resulting plots
the contact interaction on B site of the alloy — here asso- which shows all features of the spectra simultaneously, we
ciated with the lower lying component — is kept constanthave cut off the resonance peaks at an appropriate value and
whereby the interaction strength) on anA site — associ-  oyerlayed a contour representation of the spectra which ren-
ated with the higher lying component — is varied through anyers more detailed information about the position and the
interval of strengths from zero to a value where it is suffi-\igih of the excitonic resonances as the interaction strengths

ciently large to pull the exciton below the lowest component, .. increased.

of the contributing unperturbed joint density of states. The As can already be seen from E@4), the width of the

same procedL_Jre IS perforr_ned over all stacks of _pl(_)ts in Flgsresonances will be largely determined through the behavior
3 and 5 asug is gradually increased through a similar inter- of the double-weighted components, i.e., through the magni-

val of values asi, . . . AA AB
Although, in an experimental situation it would probably tude of the imaginary parts dil,” and I~ as well as

be much easier to vary such parameters of the system as ths . and ITo® at the solutions of Hdlg"]=— 1/i, and of
concentration and to some extent also the strengths of theg I15%]=—1/liz, respectively. This implies that it is pos-
disorder by using different substances for the production ofible to have a very sharp resonance of the exciton peak
the solid solutions, a strong variation of the contact potentiabssociated with the higher lying component of the joint DOS
strengthau, andug is better suited for a theoretical study of deep within the region where the DOS is relatively large, but
the global features of the excitonic absorption predicted byalmost entirely consists of the opposite component. On the
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once it has passed its lower end. The overlayed contour plot
suggests that in the region without almost & states, the
increase of the excitonic binding energy is throughout linear
with the increase to the interaction strength. However, as
the bound state passes through the the lower split off flank,
which is constituted of about 50%B— and 25%AA and
BB components, respectively, see thexl@nlarged region
in Fig. 2(b), it gets broadened and the propagation path of the
bound state seems to attain a parallel sHiff about
w=0.7) with respect to the initial one, corresponding to a
constant addition to the binding energy beyond the lowest
w flank of the spectrum. This additional deepening of binding
is found through all stacks of spectra for parallel and anti-
parallel disorder equally. It can be observed throughout Figs.
3(b)—3(d) that as theA resonance passes the loweB flank
most of the states from this region are being absorbed into
the resonances while the same is true for the the upger
flank of the spectrum which feels the effect from afar. A very
similar behavior is observed ag; is increased over the se-
ries of stacked plots and the last bits of the upper flank get
absorbed in this process. Passing through the Iév&flank
also gives a strong broadening which accounts for the per-
sistence oB states which are not influenced by tAdnter-
action.

The plots also show that the formation of excitonic states
o _associated with either of the underlying components of the

FIG. 4. (a) Real and(b) negative imaginary parts of the nonin- )10y s |argely independent of correlations between the two
teiactlng pglarlzabllgy for antufarallel dlsoider and par"?‘metersinteraction strengthe,, andug, i.e., the formation of bound
C"_(I)'g’.S’V?_S'?’ X“ ba 2d4'f‘;v°_l'o’ andwi;_(.)'s' The antipar- — oi5105 associated with one of the two material components is
allel direction of the band offsets causes the imaginary gaint seen to be as good as unaffected by a variation of interaction

DOSY) in (b) to split into two distinct components mainly constituted strength associated with the complementary component. The
by A andB transitions, respectively, separated by a wide gap. Even 9 P y P :

though the cumulative function is very close to zero in the centrapnly ;lfgt correlation WhIChh.C%mbeS Inllnto pcljay IS Vlal the
region, the double-weighted components are finite thefethe mixe components to which botli, and ug couple

central region inlb) where the values were enlarged by a factor of W_eakly. It _can be_observed that as the resonance asso_ciated
5] and hence they lead to a substantial broadening if an excitoni@ith the higher lying component passes through the shifted

resonance is pulled out of the higher lyidgcomponent into this Pody of the lower lying one, both this resonance and the
region, as can be seen from the excitonic spectra in Fig. 5. peak width of the absorption edge narrow in the case of

parallel disorder Figs. (8)—3(d) and broaden in the case of
antiparallel disorder Figs.(B)—5(d).

Figures %a)—5(d) for antiparallel disorder exhibit many
other hand the resonance can be very broad even in a regiemilar properties to the ones for the parallel case, but they
where the cumulative DOS is practically zero, due to thealso display quite a few novel features. TAeresonance is
presence of finite double-weighted components which mutustrongly broadened as it is pulled into the center of the gap,
ally cancel out to a great extent, once they are summed. which the noninteracting absorption for this case from Fig.

In Fig. 3(a) the set of spectra commences with the com-4(b) exhibits. This broadening stems from th&\ and BB
pletely unperturbed joint DOS for parallel disorder in Fig. 2. components which still prevail in this region and which are
The A exciton which is being pulled out at the lower end of compensated by thAB gain contribution, see the> en-
the central bulk part, which consists almost entirelyAdk  larged region of Fig. &). It is very curious to observe how-
andBB components, becomes very sharp as soon as it leavewer, that even after the resonance has passed to lower ener-
the pureA component at about= — 0.7 corresponding to an gies, there is a finite hump remaining in the gap center which
A interaction strengthu,=0.45. Beyond this value almost is subsequently bleached as tBe resonance also shifts
the entire oscillator strength of the component is found in  downwards. The development of this hump can be followed
the resonance and thus only the pBreontribution remains through Figs. &88)—5(d) if one looks through the trough that
in the central part asl, is increased further. It should be the A resonance forms in the central region of the gap onto
noted that these resonances show a finite width also whelhe residual spectrum visible at the back. It mainly consists
they are exterior of any of the DOS contributions due to aof BB states which remain in this region whereas both the
small artificial imaginary part of about 16 units which has AA andAB components become largely withdrawn. Looking
been added to the energy in order to ensure the correct anat the contour plots of this arrangement suggests that, in
lyticity of the quantities involved at the given numerical ac- addition to the constant increase in binding of Bieeso-
curacy. A major broadening occurs subsequently as the reseance aslg increases, which is comparable in magnitude to
nance crosses the lowéB region which sharpens again the one observed for parallel disorder as the cemBilre-

—Im{TTy(w))




53 APPROXIMATION OF EXCITONIC ABSORPTION IN ... 5327

.2 /3\ 1.2
.8 E/ 0.8
S
.4 E o.4
.0 _l 0.0
D> >
(c)
ok
Eo.
£ o-
T o.
(d)

FIG. 5. Excitonic absorption spectra based on the noninteracting spectrum in Fig. 4. While in each of tii@),plboxs(c), (d) u, is
varied from 0 to 8 to pull théd resonance below the onset of the lowBss$tatesug is varied aga) u,=0.0, (b) ug=0.4, (c) ug=0.8, (d)
ug=1.8. Opposite to the parallel case shown in Fig. 3 the interference of the two interactions amounts to a narrowing tfpthe
resonance as th& resonance passes it, ¢f). Both here and for the cases shown in Fig. 3 this can be understood to originate from the mixed
AB contribution into which bothu, andug couple weakly. Similar to Fig. 3 the contour lines are taken at level heights of 0.1, 0.4, 0.8, 1.2,
respectively. Note also that an unweighted contact potential model with a uniform interaatioliq. (24) would in this case erroneously
predict a trapping of an excitonic resonance in the gap region whdidRe 0 at aboutw=0.8, asu—x.

gion is passed, the constant of proportionality for the deepasymptotic description can be ascribed to a misweighting
ening seems to have increased corresponding to a faster lisnd overcounting even of scattering processes which contain
ear deepening of th& exciton binding with increasing, . two-particle correlations only. Our approximation overcomes
The spectra of Figs.(8)—-5(d) are also particularly suit- this problem to a great extent and it is void of the erroneous
able to visualize that a weighted scattering expansion used fifapping of the resonance, which as expected passes on to
the context of an average decoupling and a contact potenti@wer energies and finally appears below Bieand asuy is
model with two distinguishable interaction strengths renderdncreased, independently of the valueugf. _
a much more accurate prediction for the formation of the The variation range of the carrier interaction strengths,
excitonic resonances than the unweighted one of (24.  Particularly the one fou,, which we have plotted through-
Equation (24) produces a resonance wheneveroUt Figs. 3 and 5 is very large and.ls unlikely to be found in
ReTIo]= — 1/u and InfTI,] is small or zero. In a split band semiconductor alloys. However, mixtures of molecular crys-

h in Fio. 4 th | vart i o h tals, and mixed crystals of rare gas@syhich form quite
case as shown in Fig. € real part IS seen to have a Zero f .4\ pands and at the same time have rather strong band

the gap where Ifiil,]=0. This means that an increase of the sffsets!® might be candidates for such behavior. Unfortu-
interaction strengthu would lead to a bound state being nately, experimental work on the spectra of mixed rare gas
trapped between the split bands at this zero dflRg¢ in the  solids has only been reported in relatively narrow regions,
limit u—. This behavior of course is clearly wrong, since where only one of the substances exhibits the interesting
one can expect that the binding energy of any occurring exexciton lines, whereas the corresponding features of the other
citonic resonance deepens, in this case the binding energy obmponent lie outside the captured regtdh® This makes a

the resonance associated with the higher Iyngand, as the quantitative comparison of these results with the theory pre-
interaction strength increases. This failure in giving the rightsented here unrewarding.
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V. COMPARISON TO EARLIER WORK can be considered, rather than two independent values for
both of these parameters, associated with the underlying con-

Much earlier work on excitons in strongly disordered bi- . . . >
nary solid solutions at finite concentrations focussed on sysuntlon and valence bands. A hehavior of the joint density of

tems where the exciton is tightly bound with a binding en.-States as displayed for parallel conduction-valence band dis-

- : der which can lead to the filling of the central part of the
ergy greater that the narrow bandwidth. In this case th@" - .
Frenkel exciton has been frequently described by a “single”-l_Olnt DOS t_)y the ftagesdalr_|5|_r\g fronr: thm_ar;:d Bg translgf
particle Green’s function based on the theory of moleculaf!onS €ven in a split band limit, as shown in Fig. 2, could for
excitons by Davydo¥® One of the standard assumptions example never be obtained in such a simple single-particle

within this framework is that the matrix elements in the op_p:cture. Ir': Inqne of Fhe afor(_a?engonedhrefer:engez_ is the
tical absorption,m . =(c,k|-p|v.,k’) are strongly local- electron-hole interaction considered, so that the binding en-

ized in momentum space, i@y, = Cons &, .+ S o which ergy of the excitons and therefore their spacing from the

means that the contributing transitions are not only require&om'n'“"“Im absorption edge, a particularly striking feature

to be vertical due to the approximate absence of total mo\-Nith Frenkel excitons, cannot be properly accou_nted f(_)r in
mentum of the exciting photon but also to only occur at one@ny way. For the case of the weakly bound Wannier excitons

; - e such as occur in many semiconductor alloys, the only early
single point in the bands &t=k"=0 (Davydov component work is found in a paper by Maharfff,which, however, is

due to the momentum of the relative electron-hole motio X S
r‘|argely phenomenological and primarily seeks to make pre-

being approximated to zero. 9 . . :
Early treatments of the absorption of mixed moleculard'Ct'onS about how the linewidths of the exciton resonances,

crystals employed the average amplitude approximatior? property which is not we]l represented i.n any CPA the_ory
(AAA) first introduced by Broude and RashBawhich is Qf abs.orpt|on, may be derived from the single-particle life-
able to roughly predict the position and gravity centert'm_?ﬁ |r1fyoltved.k K ¢ hich is based the treat
strengths of the dominant transitions only. With the introduc- € Tirst work known to us, which 1s based on the treat-

: : - t of a proper two-particle theory, is the paper by Abe and
tion of the CPA, which has some important advantages ov en ) !
the AAA, such as being able to produce an approximation o oyozawd who employed Velickis two-particle CPA(Ref.

the actual shape of the joint DOS, it became possible t ) to calculate the absorption in a noninteracting system with
implement the Davydov theory within a self-consistent aussian disorder. I_<aneh|sa and Elﬁqtuereafter consid-
framework. ered both a two-particle CPA for the disorder and a contact

This has been pursued by Onodera and Toyoijawaad a interaction as a model for an electron-hole interaction, but
little later by Hong and Robinsdf who implemented the they were only able to obtain an asymptotic solution in the

CPA as a single exciton band theory and tried to model theiFegime of weak disorder, using the average decoupling of the

results particularly on observations made in experinténts unweighted polarizability ir(24). As they pointed out, their
g]a_sults can be regarded as applying to the amalgamation re-
ized that the spectra of alkali and cuprous halides were mod :lme and a (;]ompanson was I;n%de vath,:,;xpeXmgzonts ondIII-V
fied through spin-orbit splitting of the valence band and® ;XS SPUC31 S'as tEGai—C b ; & 1‘0"5" lan ithi
found that the situation can be better addressed using a tw&2/S-c Pe.™ Since these substances are all clearly within

channel exciton band theory with band mixhgvhich he the amalgamation limit in which our results converge to for-
compared to experimental spectra in CuE} 2 mula (24), the same comparison holds for our theory in this
e

KCl. Br; ,225and K.Rb, .Br.? This two-channel exci- limit and we do not attempt here to repeat it.

ton band theory, however, does not correspond to a genuiqﬁ One should note that the approag:hes of Refs. 9 4,5, and
two-particle theory including vertex corrections, although e present work make the assumption that the optical matrix

Sen had also worked on the latter at that time for othef|SMENtS are constant over the single-particle t,Jands in-
purposeg:?’ volved, even though only vertical transitions let k' are

The approaches of all the authors of Refs. 11, 18 and 2Iallowed, which contrasts the Davydov theory used in the

despite their self-consistency, result in serious restrictions tgarher theorettlcal models O:ktﬁif’s.—%)ll' 1?’ lfl’ wlhere only the
the predictions their models can render about aspects ro-momentum componemt=k-=U IS laken. In a more

genuine two-particle behavior. They seem to give reasonablre(?""_IiStiC situation, the appropriate matri?< elements will ex-
predictions on some of the features of Frenkel excitons in thQIblt a more gene_ra_lk dependencg, but it does not present
strongly insulating substances, such as the movement of tHfeY conceptual difficulty to mod|fy our present re;ults to
exciton peaks as the concentration of the alloy is variegmodel such cases as well, provided the actual dispersion
when the calculated positions of the Davydov component:g"’“’vS for the conduction and valence bands are known.
are compared with the ones of the experimentally observed
peaks .in t_he absqrption spectra. _ o VI. CONCLUSION

A significant disadvantage of exciton band theories in
general is that they only truly work if there is no disorder in  The present work is the most extensive to date which
the system such that the relative carrier motion decoupleseats the correlated motion of pairs of interacting particles in
from the center of mass part. Once disorder is introduced thia disordered medium. It draws from the extension of the CPA
decoupling fails to work, corresponding to a continuousto two-particle propagation developed by Veliékgnd its
breaking of thek selection rule, and only a properly vertex extension to weighted two-particle Green’s functions given
corrected configurational averaging procedure on a twoin our earlier papet.
particle level can overcome this difficuftyMoreover, only The model introduced here achieves a better but still ap-
one “joint density of states” bandwidth and disorder strengthproximate treatment of the interference between the effects
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of impurity scattering and direct two-partic(electron-hole¢  data available for the strongly amalgamation type solid solu-
interaction and it provides an interpolation scheme throughions such as IlI-V and II-VI semiconductor alloys, experi-
all strengths of disorder as well as the possibility to includements on more strongly persistent-type substances, in which
site dependent variations in the direct electron-hole interacthe interesting physical features of both components are cap-
tion within an ATA-like framework. It is therefore most ap- tured in a single measurement, are not so numerous. With our
propriate for systems where the disorder causes a small bptesent treatment we therefore also hope to encourage further
distinct band splitting, where previous asymptotic modelsexperimental work in this direction.
fail to work. There are many disordered systems where such
interacting pairs of particles play an important physical role
and we believe the method can be extended to such situa-
tions. Modeling the excitonic absorption provides a particu- The authors would like to thank Dr. M. A. Kanehisa and
larly obvious application. C. Heide for reading the manuscript and making useful sug-
It seems that compared to the amount of experimentagestions.
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