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This is a question which has long been an embarrassment to the physi-

cist. ~1odern solid state physics had its beginnings in the initial theoretical

trit~nph in which forbidden energy regions (gaps) were predicted by Bloch and

~‘1ilson as following from the s~~~etry properties of crystals. Mott and David (~~ )

wer e among the first to consider the problem seriously and have provided sri

argu ment which, although generally accepted , remains enigmatic.

The amorphous covalent semiconductor provides a case in point . ~iD

were inclined to reject the conjecture proposed by Cohen , Fritzche and

Ovshinsky2(CFO) that the underlying disorder is likely to remove the gap

completely . This picture would smear the conduction and valence bands of the

corresponding crystalline material into the gap producing a finite density

of states N(EF) at the Fermi energy . These authors relied on the

qualitative feature of states in the gap continuum , namely, that their

corresponding wavefunctions are Anderson localized , in order to reproduce

the experimental similarities to crystals. However , about the same time

(—1.970), MoCt deduced3the finite frequency conductivity O(~J) expected for

a band of localized sattes. The real (absorptiv~ part n(u) was found to

behave as at low temperatures so that even including matrix elements

effects no absorption gap occurs. Typically, for a—Si and a—Ge , gaps are

deduced, for annealed films, to b~ somewhat higher than in their corresponding

crystals. For insu].ad.ng glasses, gaps can range to -10eV. Moreover,

there have been no reported observations of w2 absorption in ~~y system.

The basic assumption of MD’s r~odel is that short range structural

properties make the largest contribution to the overall spectral density.

It is well, known that a wide range of amorphous materials with crystalline

phases demonstrat~~ significan t short range order. Thus , MD argue that
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much of the spectral structure, including gaps , should be preserved . Recent

numerical studies, which do not rely on 3loch’s theorem, tend to support

this point of view. Indeed , it is easy to demonstrate the existence of

exact energy gaps for simple models without long—range order. The co mnoa

approximation of all these studies, however , is to ignore or truncate the

distribution of matrix elements contributing to the spectral density .

The enigma is apparent when electrical properties are considered .

Again , we restrict ourselves to the semiconductor. A more or less universal

property of amorphous semiconductors is that they are not ”incrinsic”. That

is, the position of E
F 

is not determined by the states in the conduction or

valence band. The overwhelming evidence is that N(E~) is indeed finite

and that EF 
is pinned (against doping) at about mid—gap . This has led

Davis and Mott to propose5 a “defect band” in which a band of states is

introduced near mid—gap so that N(E~) ~ U . The density of these states

is adjus t ed so that EF remains pinned (large) but they remain non—absorb ing

vis a vis ~2 (no t too Large) . The authors note , however , that  no explana-

tion is provided for the location of this band near mid—gap .

This somewha t unsatisfactory state of a f fa i r s  prompted Anderson to

propose
6
a different m.ichanism for transparency . Anderson argued that  the

glassy state was characteristically diamagnetic , so that unpaired spins

(electrons) were unfavored. The model introduces an effective negative

correlation energy —U which couples electrons located at the same site.

The attractive part, denoted by C , is mediated by the electron—prionon

interaction which may be appreciable in glassy systems where soft phonon

modes are known to exist from independent thermodynamic measurements. itt

the case in which U C — U > 0 , where U is the on—site repulsive part

(Hubbard) of electronic correlation, diamagnetism and an absorptive gap
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foLlow . This situation is riot unlike that which occurs in superconductivity

where infrared transparency occurs fo r  temperatures below T . In the glass,

the energy scale is expanded by a factor ~~ — l0~
’ so that much stronger

correlations are indicated . In addition , Anderson assumed the disorder is

seve re so that N(E) ~ 0 for all E where E is the unrelaxed sire

energy for  a s ingle electron .
7

Moct , Davis and Street and others have borrowe d the negative U

idea in discussing the nature of the defect states for the class of chalco—

genide semiconduting glasses. This permits a much larger density of de~eccs

to account for the strong pinning in these systems without introducing an

absorptive mechanism. Nonetheless, recent optical and transport measure—

ments
8
performed on the same doped samples of these materials have cast

serious doub t, in my opinion, on the validity of a simple defect picture ,

at least for these systems.

It is worthwhile, however, to examine these perspectives in more

detail. A more general observation suggested by the negative U defect

state is that the value of U for a particular state (site) may bear some

relationship to the corresponding one—electron energy, i.e. to where the
7

state lies within the spectrum. That is, Mott cc al. employed the negative

U idea selectively for those states which resulted from deviations from

typical local structures. Anderson introduced ito such prejudice although

some correlatior? certainly exists between the degree of localization and

the magnitude of U . We provide here an extrem e example in which we

examine ‘he Anderson negative U model but allow for a specific correlation

among he si te parameters .

We consider a random distribution (in space and in energy) of

localized states; no structure , e .g.  gaps , is presumed to exist in the
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energy -~pee’ t run • ~i the ~ round t a t~’ • ~ ~~ ~ u~ ted :~ ‘. - two ~
. 

~~ .
- 

~on s

Jf course • he inos t by ~is ~~ ~ ~~~~ :~ ~ t ~ ~~ .i ~~~~~

mater  i.il is the bond wh c h • wev e ’ r . . ‘‘ r’i~ ‘- - 
~ o -

~~~~~~~~~ ‘

bond i:~g ‘ and ant ibond ing * , It  c.~nv~’n ~.u t  ~ ‘ ~-ha r .i~ r er .‘~ t !~~ St ~

s ta tes  by their one—electron . unrelaxed ••nt.’r~~os w h t ~~h ~~ ‘ d en ot e .  respecr~~-o—

¶ ¶ *  .

~~~ E . ‘~ 
-
~~ and ~: — —E t or the t~ bond . ~~~~~~~~ ~~~

. t c  it  V

consider two ~tatcs per site ~bond \ ~~e sv~netrv about E .  • ~ is t a i ~on

only f or  .~onvenience.  S c t t i n~ the one—e1o~-tr ’n f e ’t ~~it  ener ~ v Y ,, — ~ . we

insure t hat on 1 v the bond i n~ st a t e is s ’c ~tip ~.‘d i ~ the  ~ round st .~ to

FoI.lowtng Anderson , a 1 inear t’ t ~~ n— ~’honon .tteract ion ~~ in~ ~~~~~~

due ed • reduc in~ the energy ~‘ t the t . -t bond ~~ ~ s t .i to  . or ant  ibond ~~ t a t e

S 
- - -h~ .i qu~ dra c ic t erm — —

~~ t. - n -
— in t h e  ~ Lc~ t r on ‘~- t u ~.I t ton ~u . Al 1owia~

also for  a re~ u l s  ive term ~
‘ 

~‘v t ho coul omb ~nt or~ic t  ion • ho t rue
1. tu . , . ~

‘-sondirig ene rgy  for  a doub ly  occup i,~d s i t o

E — .E . ~
- 

~~ - 
—

“C I I I

Thus , in general . each - it e  is eh ar . t t er i z e d  by the  t ir ee r a r a r n e t er s  
~
. , V

and C . ~here we assum e the ant ibond ing st at e  ¼ w i  th  ont ’r . ~v - E .  ~ at

-it e shares the sam e v aLu e s  of C .  and I.’

The values of bo th C , and V a ro  l ar g e ly  dependent  on t h ’  ~1egroo

of lo cal L~ at ion and should behave r o u g h L y  .is . where is the

one—electron localized wave f u n c t i o n .  ~ we assume both  a le  w i t h  , .
~~

aside from .sn overall constant , th ou we ~iav ~1,’f ~~~~~~ V — C where ~

by asstmtptton. In addition . Loca l i:ar ~on ~an be ’ ‘xpect ed to ho more

near E
~ ~or • in a scm onduc t or  Langu age . or ~lt ’ope ’r I e’vt~ is  . I’h

i~ nediatL’1v suggests tha t C i, .-rnd I’ a monoton ~~ ~ ~ j ,sc roas ng ~~ t ~‘n

of I E~ _ E 
~ 

. For simp I Ic I t s ’, ~~e’ assume he ’ 1. inear to 1 at ion



— E — iE :~: ~~: .
I c c max I

for ~~~~~~~~ ‘ 3 or anti—bondin g—like states and

E. — E — (E ‘C C
i v ‘~‘ max) I

for ~ or Sonding~ like st ates.  E , and E~ ire the  mo b:litv edges.

t.e. energ ies where • 0 in the conduction and valence bands ,

respectively . Equations (~~ and ~3) ire written so that the site .:tth the

largest coupling C occurs at the t er m i energy E~. • 3 . the L inear

assump t ion is certainlv an oversimplification near the  m o h i l i t ’.’ edges where the

wave function behaves like ¶
~‘(r)-exp— (E_E )~~r where i is not knowo

L • V

exactly but various estimates give roughly • t~

Accordingly , we m a y deduce the optical absorption expected from a

system w i t h  these properties . The states we consider are severely 1ocai~ized

and we allow for opt ical matrix elements only between the two sta tes  at  the

same site. Thus we examine the excitation of an electron from o to ~~

at site i unless the absorption energy is sufficient to connec t the mob ile

states i.e. larger than E - Ec v

Ccc us evaluate the absorption energy c for this process. The

excitat ion we envisage is depic ted  in f i g u r e  1 in an e n e r gy — c on f i g u r a t i o n

diagram for the site i . The higher energy curves relate to the ant thc’nding

state ~* and the lower curves correspond to ~
‘ • We must consider two

contributions: 1) the energy to add an electron (without conf igurational

relaxation) to the empty antibonding state, the excitation is indicated

by a vertical arrow in which the occupation for the , * state changes from

— t~ t,state labeled ~~~ to n~ 
• I (state Labeled t L fl , The energy

for  the process is E accordin g to ‘ti r de f in i t i ons  given above .
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2) the energy to change the occupation oi the bondi:~g state from

r. . • 2 to  n .  — I . The excItation is shown ~n ::i~~ re 1 for the con—
I I -

figurational levels. Note that the states are con : i~uratjonal1v disniaced

according to occupation due to the inclusion of the electron—phonon terms

in the model. The energy for the second process must take accoun t of the

energy of the doubly—occupied bond ing state given by (1). Vsing the

relatIon U . — gC 4 and combining the two processes we have for the

absorp tion energy at the site i

• E 1 
— E~ + (2—g)C. (.~)

Substituting (2) and (3) we obtain

• E ,— E ,, + [(2—g) — (E —E ) IC ]C .

This result is very interesting. It pred icts tha t the absorption

edge , i.e. mm c. , does not necessarily result from pairs of electrons

whose one—electron states are at E ~where C. C ). This is the caseF i max

for a strongly coupled system in which (2—g)C E —E . In thismax L V

instance , the minimum energy for absorption is given by aiim E — E
I L

so that photoexcitation between mobile (conducting) states occurs at the

absorption edge . This should be reflected in the photoconduccivity and

in the steepness of the absorption edge . MD have remarked on the sharpness

of some optical data in glassy systems but have attributed it to the

relaxation of selection rules for the amorphous case.

The result is swmnarized in Figure 2 where we distinguish a strong

coupling system (a) correspond ing to (2—g) C ‘ E , — E and a weakmax v

coupling system (b ) corresponding to (2-g)C < E - E . The diagramsmax v 

~~~~ - 
~~~~~~~~~~~~~~~~~~~~~~~
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relate the single—particle energy E . to the lattice coupling C~, according

to the simple linear model introduced in equations (2) and (3). The ~*

(empty) states , given by (2), are indicated by the > 0 line and the

(occupied) states, from (3) are described by the line where E ,~ 0 . Note

Jthat E~ E1 — ~~ for maximally coupled sites C~= C by assumption.

Since we have not assumed any spectral density depletion near EF , low

energy pair excitations exist at these sites. These processes would pre-

sumably contribute to the low t emperature thermodynamic measurements. It

is worth pointing out that these Low energy processes do not necessarily have

low transition rates as discussed by P 1millipk0 f or the general Anderson model

since they occur at the same site. Thus the model predicts tunneling

states which are Localized excitations, at least at low energies.

Also indicated is the absorption energy for a site with lattice

coupling C. according to (5). In the strong coupling case (a) the gap

occurs at E — E as discussed above. Absorption in the weak coupling

case (b) occurs initially at C ax where the corresponding one—electron

states are localized , indicated by the dark shading for energies less than

— E . No te tha t one—electron localized states only occur for the weak

coupling case. In particular, the number of localized states depends on

the strength of the maximum coupling of the system.

It is tempting to apply th~~e considerations to 
‘real materials.

There is nothing contained within these arguments to limit discussion to

semiconductors. Thus all diamagnetic glassy materials will belong to one

of two “universality” classes according to the magnitude of their electron—

phonon interaction. Chalcogenide glasses, for example, are known to be

underconstrained (soft) and are Likely strongly coupled systems (in the

— 
~~~~~~~~~ 
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sense described in this Co~~ent). The photoconductivity of these systems

does indeed mirror the absorption edge in such systems . By contrast ,

hydrogenated amorphous silicon, which is only marginally diamagnetic

(reducing the hydrogen content generally increases the spin density),

shows photoconductivity at energies much below the main absorption band.

We suggest this is a reflection of the band of localized states which is

necessarily evident in weakly coupled materials.
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~1’

~L;ure .2apt~ ons

~~~ . Ener~’: — configuration ~no.rarn :or c:ie bond:ng state

with electronic occupation ~ I , Labeled (I) ~r

• 2 , ( 2 )  and the antibonding state :* wit h

occupation n . — 0 , (0) or nT 1 .

The arrows refer to the photoabsorption process whereby

an electron is transferred from to

Fig. .2. The correlation between the one—electron energy E~ and

the lattice i~tteraction parameter C . . The absorption

anergy for sites with lattice parameter C . is given by

the gap in the shading . The (dark) shading corresponds

to Localized states.
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