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A consistent theory of two-band self-trapping of electrons (holes) in semiconductors is presented,
in which negative-U centers in the interband (mobility) gap are formed as singlet electron (hole)
pairs self-trapped in atomic soft configurations. Both the configuration softness and hybridization
of the bare single-electron state with extended band states are essential for formation of the self-

trapped states and negative-U centers.

The hybridization significantly changes appropriate soft

configurations, introducing additional anharmonic features in the related atomic dynamics. Ex-
amples are mobility-gap states and negative-U centers and the related atomic dynamics in glassy
semiconductors, the properties of which are discussed.

I. INTRODUCTION

The type of self-trapping of quasiparticles in condensed
matter, in particular of electrons (holes) in semiconduc-
tors, depends on the properties of both the quasiparti-
cle spectrum and atomic dynamics and of their inter-
actions (see, e.g., Refs. 1-10). Whatever the origin of
the self-trapping, in most work (see, e.g., Refs. 1-8)
the essential contributions are due largely to states of
a single energy band, the parent band (e.g., the con-
duction band, for electrons). In this sense, single-band
self-trapping has been considered earlier, and occurs if
the characteristic total energy gain, the self-trapping en-
ergy Wgr (< 0), is substantially less in magnitude than
the interband (or mobility) gap width E,, |Wsrt| < E,.
A well-known example is polaron formation due to self-
trapping of a localized electron for which coupling to a
harmonic atomic-motion mode (z), characterized by an
effective spring constant (k), is linear in the mode.!! In-
creasing atomic displacement in this mode gives rise to
an increase of the elastic energy (kzZ2a?/2) of the atomic
configuration and to a competing coupling-induced de-
crease [Aeq = e4(z) — €4(0) ~ —Qgz] of the bare single-
electron energy and results in a minimum total energy
of the system which corresponds to an equilibrium mode
position (z1 = —Qg/kao) shifted from the original one
zo = 0 (ao is the atomic length scale, ag >~ 1 A) The
related self-trapping energy of n electrons is

W, =—-n?*W and W = Q2%/2ka? (1.1)
with z, = —nQg4/(kao), for n = 0,1, or 2, in orbitally
nondegenerate bare-states,’’ if the characteristic self-
trapping energy is small in magnitude, |[Wgt| < E4. The
energy Wst = W; if single-polaron states with positive
singlet-pair correlation energy U > 0 are ground states,
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whereas Wgt = W, if bipolaron states with U < 0 are
ground states. It is worth adding that the singlet-pair
correlation energy!!®

U=Wy+Wy—2W; + Uy, (1.2)
where Uy is the effective Mott-Hubbard repulsion energy
in the bare single-electron state 14 of energy 4. Let
us note also that in the semiconductors mainly implied,
typical values of the parameters mentioned are

ka2 = Mow? ~ koa? = Mow? ~ 30 — 60 eV,

Qg ~ 3-5 eV (Refs. 1 and 5),
(1.3)
E,~1-3¢eV and UK E,, eg., Ug<03eV
(Refs. 12 and 13).

Therefore the mentioned criterion of single-band self-
trapping is expected usually to be satisfied in crystalline
semiconductors.

There are, or actually may exist, however, materials
for which |Wgt| is comparable to E4. For such materials,
contributions from the states of both the conduction (c)
and the valence (v) bands to electron (hole) self-trapping
are essential and hybridization of states in the gap be-
comes important. One may refer to this type of self-
trapping as two-band self-trapping. The theory of two-
band self-trapping is just what is discussed in essential
detail in the present paper (some aspects of the theory
have been noted earlier®®)-1%). Apart from the parame-
ters of single-band self-trapping theories [see Egs. (1.3)],
the theory under discussion contains two additional ba-
sic parameters: the gap width E; and the effective hy-
bridization energy A (K E,). The related aspect of the
theory is introducing the hybridization of states into the
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self-trapping phenomenon, of which E; and A are char-
acteristic.

The characteristic self-trapping energy Wsr becomes
comparable in magnitude to Eg if the effective spring
constant k is sufficiently small,

IWST, > Eg for k<ko. (1.4)

In this connection, the two-band self-trapping is actually
expected to occur in local atomic soft configurations char-
acterized by soft modes and related potentials with small
spring constants k < ko. Moreover, the two-band self-
trapping is so strong due to configuration softness that
it favors formation of self-trapped singlet electron pair
states with U < 0, rather than of the more usual self-
trapped single-electron (-hole) states with U > 0, in the
gap. Furthermore, this trend to formation of self-trapped
electron pair states is strongly enhanced by the hybridiza-
tion of states in the gap, which gives rise to double oc-
cupation of even the nominally empty (n = 0) single-
electron energy level e4(x) as it drops and approaches the
valence band (mobility) edge during self-trapping. This
is another aspect which the theory appears to add to the
earlier studies of the self-trapping phenomenon.

As noted, the two-band self-trapping is essentially re-
lated to the hybridization of a bare single-electron (site)
state ¥4 of energy £4 with states ; of energy ¢;, in both
the conduction ('gbz(c)) and the valence (¢§v)) bands. In
fact the hybridization matrix elements V;4 contribute to
the true, renormalized, single-electron state ¥4, in a soft
configuration,

Vo = Y CLP i + CS7 o, (1.5)

corresponding to the true single-electron energy level E 4,
(o stands for the spin projection, o = +1/2). An impor-
tant characteristic of this self-trapping is the contribution
of the hybridization to ¥4,

SIcgr=1-1cr=1-+2, (1.6)
1

so that v2, — 0 as the hybridization becomes strongest,
and v2, — 1 alternatively (e.g., with lCi(;)l — 0 as
Via — 0). Another related characteristic is the true oc-
cupation v4, of the bare state 1)4. Both characteristics
vary with the soft-mode (z) variations during the self-
trapping, the hybridization effects becoming strongest as
e4(x) approaches the appropriate band (mobility) edge.
As noted, the self-trapped state is realized as the equilib-
rium soft-mode displacement is reached in a competition
between the soft-mode potential growth and the bare en-
ergy decrease, the equilibrium displacement being large
due to the mode softness.

The main problem of the theory is to describe the ba-
sic properties of two-band self-trapping, in particular,
the behavior of 2, and v4,, as the soft-mode displace-
ment increases to the equilibrium value. This problem
is eventually reduced to calculations of the related soft-
configuration adiabatic potentials ®,, depending on the
soft-mode displacement, as the bare level g4 is occupied

by n electrons. For the sake of simplicity, the bare state
14 is assumed to be orbitally nondegenerate, so its nomi-
nal occupation n = 0, 1, or 2. This appears to be relevant
for the amorphous (glassy) semiconductors mainly im-
plied, because of their lack of symmetry. Another prob-
lem is to calculate the self-trapping energies W,, and the
singlet-pair correlation energy U and to find whether the
hybridization effects actually favor formation of singlet-
pair self-trapped states with U < 0, i.e., of negative-U
centers, as noted above.

Most important examples of systems exhibiting such
two-band self-trapping are glassy semiconductors, largely
the chalcogenide glasses like g-As,S3 and g-GeS,, which
are mainly implied in what follows. In these materials,
the actual mobility-gap states are commonly considered
to be singlet electron (hole) pair states with negative
correlation energy, or negative-U centers, as assumed in
Refs. 11 and 14 and applied in a series of papers for in-
terpreting a large variety of experimental data (see Ref.
15). In the theory under discussion, the gap states in
glassy semiconductors actually are shown to be negative-
U pair states, with typically large |U| ~ Eg/2, in accor-
dance with earlier assumptions.!!»'* This holds because
|W2| > 2|W1| + Uq for the characteristic values noted in
Egs. (1.3) and (1.4), and because the related characteris-
tic value |U| = |W2|/2, with |W3| close to E4. The latter
is related to the hybridization-induced repulsion of the
true single-electron level off the valence-band edge, as
demonstrated in direct calculations (Sec. IV).>1® Then
the spectral and thermodynamic properties of the pair
self-trapped states are found to be similar, in some re-
spects at least, to those of the negative-U centers intro-
duced in Refs. 11 and 14 as also follows from calcula-
tions (Sec. V). The apparently conflicting models**1* in
which, respectively, discrete or continuous features of the
gap spectrum predominate, may be considered in a sense
as limiting cases of the present theory. In this respect
the theory of two-band self-trapping may also contribute
to the physical insight into the problem of electron gap
states and related properties of glassy semiconductors.

It is worth adding that the basic concept of the soft-
configuration model of glasses®%!7 is that soft con-
figurations with a relatively high atomic concentration
cqg < 1072 (rather than ¢y < 107! as earlier assumed), are
characteristic of a glass. Moreover, the related soft modes
are shown to be actually slow, corresponding to low effec-
tive frequencies, and the related potentials exhibit anhar-
monic features and generate low-energy excitations re-
sponsible for the universal low-temperature properties of
glasses (see, e.g., Refs. 9 and 18). Then correlations may
be expected between the low-temperature properties and
the electron properties determined by negative-U centers
in glassy semiconductors.

Another example of two-band self-trapping may be
related to deep soft defects in narrow-gap semiconduc-
tors (perhaps, like PbTe:In, exhibiting peculiar electronic
properties; see, e.g., Ref. 19).

Two principal factors are taken here into account to-
gether in the self-trapping problem:

(i) Hybridization of the bare state ¥4 with extended
states 9; of both bands, largely the nonparent band (e.g.,
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the valence band for electrons), in the gap;

(ii) Anharmonicity of the substrate atomic soft config-
uration.

The resulting properties of the self-trapped states and
related local atomic dynamics are found to substantially
differ in some important respects from those of single-
band self-trapping in a harmonic lattice. The purpose
of this paper is to develop the theory which gives a de-
scription in essential detail of two-band self-trapping in
soft configurations and of the related local atomic dy-
namics, particularly in glassy semiconductors. The basic
properties only are discussed, whereas concrete related
phenomena will be discussed elsewhere.

Actually many data concerning thermal equilibrium
and steady-state phenomena may be qualitatively inter-
preted within the framework of the well-known “chemi-
cal” or “defect” model of negative-U centers,'!5 which
is related to discrete features of the gap spectrum. On
the other side, non-steady-state effects in these materials
rather reflect continuous features of the gap spectrum,2®
which are basic in an alternative model of negative-U
centers.!! In this respect, it seems important to derive
these models as limiting cases of the theory of two-
band self-trapping, which is intended to be done else-
where. Therefore only general experimental findings, like
electron-hole symmetry in the characteristics of negative-
U centers and the coexistence of discrete and continuous
features of the gap spectrum, are discussed and no de-
tailed comparison of the theory to the large variety of
data available for glassy semiconductors is given in this
paper.

The basic relations and approximations of the model
system under discussion are presented in Sec. II. The
total electron energy and the related adiabatic potentials
are analyzed in Sec. III. The main results of numer-
ical calculations and analytical approximations for the
characteristics of two-band self-trapping are discussed
in Sec. IV. In these calculations appropriate parame-
ters of the theory characterize the hybridization of states
(Vig) and electron-mode coupling. Microscopic calcu-
lations based on explicit expressions of the bare states
(4, %;) and hybridization matrix elements (V;4), even for
the glassy semiconductors implied, are beyond the scope
of this paper. The density of states of the ground self-
trapped states and low-temperature thermal equilibrium
properties of negative-U centers, including the mentioned
electron-hole symmetry and coexistence of discrete and
continuous features of the gap spectrum of glassy semi-
conductors, are considered in Sec. V. Concluding re-
marks in Sec.VI summarize the results described and con-
cern some other effects (and approaches) in the theory of
two-band self-trapping.

Electron self-trapping is mainly considered in what fol-
lows, whereas hole self-trapping is similar (with trivial
substitutions of the valence-band characteristics for the
conduction-band ones and vice versa).

II. MODEL: BASIC RELATIONS AND
APPROXIMATIONS

The quantum-mechanical system under discussion con-
tains electrons characterized by a two-band energy spec-

trum, including energy levels in the interband (mobility)
gap, which interact with atoms moving in soft config-
urations, their soft-mode potentials. The model takes
into account interactions with a single most important
atomic-motion mode z while interactions with other mo-
tion modes are neglected as less important. This approx-
imation not only simplifies the theory, retaining the basic
features of the two-band self-trapping, but is relevant for
soft configurations in glasses.®

The Hamiltonian of the model can be described as
follows:1°

H(z) = Var(2) + Hei(2) = V(@) + HY + Hopor (),
(2.1)

where V,i(z) is the substrate soft-configuration poten-
tial energy, H. e(? ) is the Haldane-Anderson Hamiltonian
introduced in a different context in Ref. 21, and ﬁel_at
characterizes the electron—soft-mode interaction.

It is shown in the soft-configuration model that actu-
ally a single soft mode z is important for the local atomic
dynamics and the related soft-mode potential energy for
not very large displacements |z| = |u|/ap < 1 can be
approximated as follows:?:16

Var = A(nz? + €2 + yz*), (2.2)
where A = koal/2, ko = Mow?, and v = 1. Generally
speaking, the substrate potential energy (2.2) is anhar-
monic, with the basic parameters n and & of either sign
(n>00rn <0, >0o0r ¢ < 0) and small in magni-
tude {|n],£?} < 1, e.g,, {|n],€?} < n* ~ 0.1. The re-
lated effective spring constants k are small, k < ko (e.g.,
k = kon < ko at 0 < n < 1) and typical displacements
|z| may be rather large, |z| < 0.1 — 0.3, whereas large
k =~ ko and small |z| < 1 are characteristic of normal
harmonic single-well potentials V,; ~ Anz? = kx2a2/2 at
1 =~ 1. Both single-well and non-single-well soft mode po-
tentials (2.2) are available. Single-well potentials occur at
9¢2/32 < 1 < 1, and are quasiharmonic for 7 separated
from the curve 7 = 9¢2/32 by a gap significantly exceed-
ing the important parameter n, = (h%2/2Mya2A)'/3 ~
1072 of the soft-mode dynamics.?'® However, essentially
anharmonic potentials are characteristic of the alterna-
tive range of n < 9¢2/32 (K 1), a true double-well po-
tential with a pronounced interwell barrier for n < 0 and
|7l > 3nL while an intermediate, strongly anharmonic
one for |n| < 3ng, e.g., |n| < 7.

For disordered systems like glasses, 77 and £ are random
quantities which obey a probability distribution density
F(n,£), exhibiting its highest maximum at n = 7 ~ 1
(and €2 = €2 <« 1) for the overwhelming majority of
atoms in quasiharmonic single-well potentials. Generally
speaking, the parameter A in Eq. (2.2) is also a ran-
dom quantity, as well as the effective mass M, of atoms
cooperatively moving in the soft mode (see, e.g., Refs.
9 and 17). Commonly, however, a representative aver-
age value A is used, corresponding to an implied nar-
row distribution, with the typical value kga2 ~ 30-60 eV
mentioned above. Two limiting types of F(n,£), and in
this sense of glasses, may be expected, depending on the
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properties of the basic interatomic forces. One, Fy(n,§),
exhibits analytical (not necessary monotonic) behavior
near n = 0, F(n,€) = Fo(l) = const # 0, for variations
{6m,6(€)?} < nc ,2(®)16 whereas the other, Fy(n, &), con-
tains a nonanalyticity of the type Fa(n,§) = InIFéz) with
Féz) = const for the noted variations'” [the variation
scale 7. of F(n,£) in n and £2? exceeds nr, with typical
e = 0.1 > 7). For real glasses one can assume () that
F(n,&) = c1F1(n,€) + c2F2(n,€) with 0 < ¢1,2 < 1 and
c1+c2 = 1, so it is qualitatively similar to Fy (7, {), rather
than to F3(n, &), near n = 0, at actual not too small c;.
Although the difference between F; and F> may be re-
flected in some properties of the anharmonic soft-mode
dynamics, it is not essential in the two-band self-trapping
(as results from the following calculations) and therefore
can be neglected.
The Hamiltonian?! (see also Ref. 22)

Z€iﬁio’ + Ee( )'ﬁ'da
+z Ud Z NdgoNdo +Z{V(°) al d +Hc}

oF#o!

0 = el(:l: = 0)

el

(2.3)

takes into account hybridization of the bare localized
state [¢¢(10), s((io) = eq(x = 0)] in a reference (z = 0)
atomic conﬁguratlon with the band states (1, e,), where
jo = al oljoy J = tor d, Ggo = d,,, and {aJa,aja}
are the efectron operators. Coulomb interactions of elec-
trons in band states with each other and with electrons
in the localized state (¢4), as often, are not taken into
account explicitly in H 9- These interactions and the as-
sociated polarization of the configuration environment by
a true local charge appear to reduce the bare Hubbard
energy to the effective parameter Uy, with, as noted in
Eq. (1.3), typically relatively small values in semiconduc-
tors, Uy < E,.12:13

Finally, the electron (hole) —soft-mode interaction con-
tains contributions both diagonal [Aeg4(x)] and nondiag-
onal [AV;4(z)] in the local electron state,

ﬁel-at ( Agd z Ndo

+Z{Av,d (z)al d, +Hc}

’LU

(2.4)

with Acg(z) = ea(w) — 6§ ~ —Quz and AVi(z) =

Via(z) — Via(0) ~ Q;qz in the usual linear approxima-
tion. The higher-order expansion terms [e.g., up to z*,
as in Eq. (2.2)] can be accounted for approximately by
renormalizing the parameters of V¢(z) without essen-
tial changes in the estimations (e.g., n — 7 + An and
& o €+ A€ at |An| ~ |A(E?)] < Qa/A < 1).223 The
bare electron state 14 is considered (as well as in Ref.
21) as a localized state of which the reference energy level
E((;)) = e4(z = 0) belongs either (mainly) to the gap or
to the conduction band not too high above its (mobility)
edge E.:1°

E, <zs(0)<Ec or E. <e(0)<Ec+Wo.

Here E, is the valence-band (mobility) edge and the typ-
ical magnitude of the single-band self-trapping energy
W() >~ Q§/2k00,g <K Eg.

Generally speaking, the bare single-electron energy
level g4 = eq4(x) ~ 6((10) — Qg and hybridization matrix
elements V;y = Vi4(z) ~ V( ) 4 Q;qz are random quan-
tities dependlng on z, and obey approprlate distribution
densities Po(ed ,Qaq) and Py(V, Ei ,Qiq). It is assumed
for disordered systems like glassy semiconductors that

Po(e, Qu) = go(e”) Po(Qa)

and
P(VY, Qia) ~ g1 (‘/ifi()))Pl (Qia)

and that Py 1(Q) and g4 (Vifio)) are narrow distributions
around the respective average values (Qq, Vifio)), whereas

the bare density of states go (afio)) usually varies weakly
around F. and steeply drops in the mobility gap for E,—

( ) > wy, the band-tail width. Since the displacements
m may be of either sign, the parameter Qd can be chosen
positive without loss of generality, 0 < Qq < D, e.g.,
Q4 ~ 3-5 eV.?* The width of the conduction (D.) or
valence (D,) band actually exceeds E4 noticeably for the
semiconductors in question, e.g., D, , = 5-10eV > E;, =~
1-2 eV. It is also expected that, generally speaking,

|Qial = |Q5)'| < Qa = Qaa = QZy, (2.5a)
and for the valence (“nonparent”) band
VO £ 0 while V¢ =0 (2.5b)

for any given random configuration, as long as the bare
state 94 originates from the conduction band (i.e., it is
not a true defect state).

As noted in Sec. I, one of the essential problems in
this theory is to calculate the correlation energy U of a
self-trapped singlet electron pair state in a soft atomic
configuration and to find out whether and under what
conditions U is negative for the system under discussion,
for which hybridization of states is essential or even deci-
sive. The correlation energy can be expressed in terms of
adiabatic potentials ®,(x) of the configuration distorted
at self-trapping in the bare state, for different nominal
electron occupations n = 0,1, or 2:97!

U= q’z(.’ig) + q’o(io) — 2@1(2_21) = U(n, E) (2.6)

A related problem is to calculate the self-trapping ener-
gies

Wn = "Pn(in) - ‘I)n(O) = Wn(n’ &)7
which are negative as self-trapping occurs. The poten-
tial extrema (minima, maxima), including the equilib-
rium self-trapping displacements Z, along the mode z,
are found as usual from the equation

(2.7)
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dd,(z)
dz

Equations (2.6)—(2.8) take into account the adiabatic-
ity of the self-trapping electron motion with respect to
atomic motion in the slow soft mode z, as the related
parameter

=0 at

T =Ty = -’En(n, 6) (28)

ECXC Eexc

_— K1 2.9

|Bao(2) — e’ P =
for actual large equilibrium displacements |z| = |z,| ~
1 and low energies €exc (K hwp) of the soft-mode
excitations.?1® However, since V;4 depends on z, the true
occupation of the bare level is also a function of z, so
the adiabaticity of the atomic motion (x) with respect to
variations of the electron state occupation often supposed
for single-band self-trapping (see, e.g., Ref. 11) does not
hold precisely.

The Green’s function method is applied and the total
electron energy Eg‘)(a:) of the system (2.1) is calculated,
in the Hartree-Fock mean-field approximation taking into
account the Hubbard interaction. Then the total electron

Hamiltonian in (2.1) is approximated in a standard way
10,21
asl®

H(z) = Hylea(z), 1{,-,,(95)]
~ Hyr(z) = HaleSE (), Vig(z)] — 6E.  (2.10)

2561

Here

1
He,Vid) = Hale, Vig] — EUd Z NdoNdo

o#o!

1
0FE = §Ud ;éz’ VdoVdo!' s

and
eqn = e (2) = ea(x) + Uava,—o ()

is the effective single-particle energy level substituted for
the bare energy level 4 in Hg (), so that ﬁHF(w) is bi-
linear in the electron operators, whereas v4,(z) is the
true occupation of the bare state (¢4) with spin pro-
jection o (= +1/2). This approximation is assumed to
be relevant, since in the semiconductors in question the
Hubbard energy U,y < E,,121® while the resulting pair
correlation energy U is negative and much larger in mag-
nitude, |U| ~ E,, for most pairs in the soft configurations
in question. In the Green’s function approach the elec-
tron energy contribution Egl) (z) to the adiabatic poten-
tial ®,(z) and the bare state occupation v, are described

by the following relations:10:2%

A®,(3) = B (2) = Bu(e) — Vas(2) = 3 / dw wr~TmTrG@ (W) — §E

= Z/ dw ww”llmég‘fi)(w) [1 - d¥}(w)/dw] — §E,
o ( 7‘)

and

va(z) = Z Vdos
Vo () = (Puo(2)) = /

(Rn)

dwﬁ_llmégz) (w). (2.12)

Here (R,) stands for the range of energies w of the nom-
inally occupied states only, and the following formula is
applied:??

o (o dx!
TG () = G @) 1 - =]

d
= Eln{w——ajﬁ—Ed}.

In Egs. (2.11) and (2.12),

1

G (W) = WG (W)|ya) = [w— e — 4] (2.13)

is the respective diagonal matrix element of the Green’s
function operator for the Hamiltonian (2.10), whereas the
self-energy

(2.11)

L4 =Sg(w, ) = Z [Via(z) | (w — &)

= /dsA(s,w)(w —¢e)7t (2.14)

is determined by the effective hybridization energy

Ae,w) = go(e)|V (e, w;z)|? = A(e, w; ), (2.15)
with NY/2V,4(z) = V(e,w;z), N the total number of
atoms, and go(e) the bare electron density of states
(DOS). Moreover, an important characteristic of two-
band self-trapping is the degree of hybridization of the
bare state with the band states:

E. .
0 <93, (z) = / dwﬂ'_lImGS"i) (w)

E,
-1
_(1- s,
dw
The degree of hybridization 2, (z) is the probability to
find the bare state electron in the cloud of the true state

¥ 4o [Eq. (1.5)] with energy F4, in the gap. In particular,
72, (z) =~ 0 corresponds to nearly complete hybridization

<1. (2.16)

w=E4,(z)
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at large displacements |z| ~ 1 and v3,(z) ~ 1 to negli-
gible hybridization at small |z|. The true, hybridization-
renormalized single-electron energy level Ey, = Eg4, ()
is the pole of C:'fiz) (w; x) in the (mobility) gap and can es-
sentially differ from the effective energy level £ (z) for
large displacements |z| ~ 1:

—ef(x) - 2 (Es) = 0, (2.17)
where ¥/,(w) = ReXg(w) while £j(w) = Im¥4(w) =
for B, =0 < w = Eg, < E. = E;. The last relation

in the right-hand side (RHS) of (2.16) just follows from
Egs. (2.13) and (2.17).

Then the problem of the two-band self-trapping char-
acteristics and related hybridization effects is reduced
to calculations of ESI) (z), Ear(z) and vy(z), 72, (z), as
well as of Z,(n,€). The basic parameters of the the-
ory, besides those for a reference (z = 0) configuration,
{E&O)/Eg, Ui/Ey4, A(e,w;z = 0)/Egz},2' are also soft-
mode-related characteristics!®

Ae,w;z)/Eg, Qa/Eg, A/E,. (2.18)

The calculations are performed by applying the follow-
ing approximation for A(e,w;z):1%2!

A(g,w;z) ~ A, (z)0(e — E.)O(E, —¢)

+Ac(z)0(E., —€)0(c — E.). (2.19)
Here 6(z) = {1 at z > 0; 0 at z < 0}, while A, .(z)
are, generally speaking, z-dependent characteristics of
extended states of the valence and conduction bands,
with E, = E, — D, E!. = E. + D, and D., the band-
widths. The approximation (2.19), taking into account
the gross features of the two-band single-particle energy
spectrum, assumes that the dependence of A on g, the
band state energy, does not affect the qualitative features
of the self-trapping in question and the related estima-
tions. Moreover, hybridization of the bare electron state
(e4) with the gap states (w) far from the edges (E.,) is
shown?® to be also relatively unimportant for the quali-
tative features of the self-trapping, so the w dependence
of A may be neglected for the estimations as well. In
fact, the important variations of both & near E., and w

in the gap are small in the sense that {d¢,dw} <« E4 and
{é¢,6w} < D, for the D., and E,; implied. Typical
values of A ,(z) can be estimated as

AC:’U(:D) =~ N|Vzd($)|zgo(Ec v)
~ |[V1|?/D. ., ~ 0.01-0.1 eV

< E,~1-3 eV, (2.20)

with V;g = VN2 |V3| = 0.3-0.5 eV,?* and go(E. ) ~
1/D¢v, 5 < Dy < 10 €V.

III. TOTAL ELECTRON ENERGY

As noted, hybridization of states significantly influ-

ences the total electron energy Eg‘)(m) of the system in
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question.The hybridization of the bare state (1q) is taken
into account not only with the nonparent band states but
also, under self-trapping (z # 0), with the parent band
states, the efficiency of hybridization depending on the
position of the bare energy level e4(z) in the gap. If the
level is far from the band edges E.,,
AK |5d(z) - Ec,‘ul < Eg7

the interactions of the bare state with the band states
are not essential and the true occupation v4 of the self-
trapping state within the mobility gap is close to its
nominal occupation n. However, the situation changes
drastically as the bare level approaches a band edge
or penetrates a band. If the energy level e4(z) is lo-
cated within the conduction band [eq(x) > E.], the hy-
bridization of the state 4 with unoccupied conduction-
band states gives rise to such an electron (or electron
pair) state, which mainly consists of the conduction-band
states, rather than of the state 4. Therefore, as fol-
lows from Eq. (2.12), the true occupation of the state
14 becomes close to zero, vy ~ 0, independently of its
nominal occupation n, actually due to the well-known
quantum-mechanical dispersion of the wave packet in the
conduction band. A similar situation takes place when
the bare level e4(x) appears within the valence band
lea(z) < E,]. The difference is that hybridization leads
to almost complete occupation of the state 4 by two
electrons coming from the valence-band states, so that
vq ~ 2, independently of the nominal state occupation
n. Essential changes Avy = v4 — n in the state occupa-
tion occur within an energy range around the appropriate
band edge, of which the width is of the order of magni-
tude of the effective interaction energy A. Since actually
A/E; < 1 and Ug/E4 < 1, simple approximate rela-
tions can be derived for the electron energies Egl) (z) of
the system, taking into account the obvious expressions
characteristic of the hybridization-free case:

(")(:1:) = neg(x) + Ugby, 2. (3.1)

In this connection let us assume, for the sake of sim-
plicity, that the hybridization generates abrupt changes
in the state occupation as the energy level e4(x) crosses
a band edge with increasing soft-mode displacement. As
just noted, if the energy level e4(z) is located in the con-
duction band [e4(z) > E.] and the state 14 is singly oc-
cupied (n = 1), the true occupation of the state becomes
close to zero, v4 ~ 0, and the electron occupies the band
bottom, Eéll)(m) o~ E.. Then the true and nominal occu-
pations nearly coincide (vq ~ n ~ 1), if E, < g4(z) < E.,
so the relation (3.1) at n = 1 is still applicable. On the
other hand, if €4(x) is located within the valence band,
the true occupation vy >~ 2, so the relation (3.1) may be
applied for n = 2. In a similar way the cases of other
nominal occupation can be described. The approximate

expressions for E{Y () follow:

(0) (n 0._J0 at e4(z) > E, =0,
By (v) = E, { 2eq(z) + Uq at eq(z) <0

(3.2)
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E, at egq(z) > E. = Ey,
EQ(z) ~ { ea(x) at 0<eq(z) < E, (3.3)
2eq(x) + Ug at eq(z) <0 ;
and
(2) ~ at eq(z) > Eg,
Ea'(@) = {2sd(:c)+Ud at eq(a) < By . (34

In accordance with the note above, it is taken into ac-
count that E{Y(z) = nEy, if e4(z) > E, > Us. The
expressions (3.2)—(3.4) give a simple qualitative picture
of the electron energy changes under self-trapping. This
is supported and quantified by the results of numerical
calculations presented and discussed in the next section
for actual positive soft-mode displacements which corre-
spond to e4(z) approaching and penetrating the valence
band, i.e., to e4(z) < E4 in Egs. (3.2)—-(3.4). Although
the hybridization energy A is finite and therefore the
related changes in the state occupation are continuous,
the latter indeed are rather sharp for actual A/E,, the
sharper the smaller A/E,.

The expressions for Eéf)(m), as well as for the other
characteristics F4o(z), V4o, and 73, (z), and for the equa-
tion determining the equilibrium self-trapping displace-
ments, which are applied in the numerical calculations,
can be derived in the approximation (2.19) from Egs.
(2.11)—(2.17). It follows that (see also Ref. 10)

ES (2 )_——Z/ b0 (w, ¢)dw

+ Y.  Ealz)-E, (3.5)
o(occupied)
(3.6)

and

brtaie) = § - avcton { 2R =Bls) g

2//( ;
Here the self-energy

Ta(w) = Ay(2) In| - ol 4 Ac(@)n|% B E°
+im [Av (z)0(E, — w)f(w — E,)
Ac(w)ow-Ec)e(E;—w)] 68)
and
Vi (@) = {1 TR D

N A.D,
(Be — w)(E; —w)

} (39)
E,<w=E4,(z)<E.

with E. = E.+D., E, =E,-D,,E, =0,and E. = E,.
The integrals in Egs. (3.5) and (3.6) are taken over the
energies (w) of the (fully occupied) states of the valence-

band, and the reference energy for Egl) () is the total
energy of the unperturbed, hybridization-free, valence-
band states.

The first term in Eq. (3.5) characterizes the decrease
of the total valence-band energy due to the hybridization
of states, while the first term in Eq. (3.6) describes the re-
spective change in the true occupation of the bare single-
electron state. The second term in Egs. (3.5) and (3.6)
corresponds to the energy of the occupied energy levels
E4(x) and to the related contribution to the occupation
of the bare state, respectively. Note that the conduction-
band states only slightly contribute to Eg')(z), Vio (T),
and v3_(z), i.e., to T4(w = E4,), as long as E4,(z) ap-
proaches E, and e4(z) penetrates the valence band at
large displacements |z|, 1 > |z| > x4 = E4/Qqg. In this
actual case (see Sec IV) implied in what follows, the ex-

pressions for E (m) and v2_(z) can be simplified, with!®

Eao(z) — % 3 /v b i@ (310

and

Vi (%) = [1 + E—d?@] - (3.11)

The latter corresponds to practically complete hybridiza-
tion with the valence-band states at 0 < Eg4,(z) < A,
and to negligible hybridization at Eg4,(z) =~ 6da(a:) >
Ay, in agreement with the corresponding note in Sec. II.

As noted above, applying quantitatively more ad-
equate expressions for A(e,w;z) is not expected to
give rise to essential changes in the basic features of
Eg')(:z:), E4,(z) and vg4s (), v2,(z), althogh quantitative
corrections may occur.

IV. BASIC FEATURES OF SELF-TRAPPED
STATES AND RELATED ATOMIC
DYNAMICS. FORMATION OF NEGATIVE-U
CENTERS

Equations (2.8), with Egs. (2.12) and (3.5), and also
Eq. (2.17) have been numerically solved and the basic
characteristics (3.5), (3.6), (3.9), (2.6), and (2.7) have
been calculated for the self-trapped states at equilibrium
soft-mode displacements Z,(n,&), for different nominal
occupations n = 0,1, or 2 of the bare state. In what fol-
lows the main results are presented and discussed. The
situation is considered in detail for the case of a nomi-
nally free bare state (n = 0), which exhibits in a most
pronounced way the basic features of the self-trapped
states and the related atomic dynamics. Hybridization
effects, giving rise to these features, actually are strong
just for the substrate soft configurations (2.2) of which
anharmonicity limits the equilibrium displacements to
realistic |Z,(n,£)| < 1. Characteristic values (n}*,&3*)
of the soft-mode parameters (n,£), which mark essen-
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tial changes in the bare state occupation v, and related
atomic adiabatic potentials (atomic dynamics), are also
calculated. However, analytical approximations for esti-
mating (nX*,£:*) can be obtained only for quasiharmonic
soft configurations belonging to the range of (7, ), actu-
ally at 1 > > 7, (since most important contributions
come from & ~ £, the mean value, which is small, 2«1,
and practically can be chosen £ ~ 0).

It is worth noting that two-band self-trapping is re-
alized as long as the bare electron energy level eq4(z) ~
€d(xz) — Qqx moves toward and penetrates the valence,
nonparent, band with increasing soft-mode displace-
ments z (> 0), and strong hybridization of the elec-
tron state with the valence-band states occurs at large
enough positive equilibrium displacements Z,(n,£) ~ 1.
The soft-mode asymmetry (£) in Eq. (2.2) does favor
z > 0 and Z,(n,§) > 0 at £ < 0 while it does not
at & > 0. Therefore a finite subrange of (n,§ > 0)
may exist, in which Z,(n,£) < 0 and e4(x) moves to-
ward (and may penetrate) the conduction, parent, band
and hybridization with these band states becomes strong.
Self-trapping in such soft configurations does not con-
tribute to the two-band self-trapping under discussion
and is a special type of single-band self-trapping which
does not favor formation of negative-U centers. Numer-
ical calculations of Z,(7,£) show that such a subrange
Az of (n,€), although finite, is small compared to the
main subrange A; of (n,{), which corresponds to two-
band self-trapping with large Z,(n,&) > ©, = E4/Qq
and £4(Z,) < 0 < £4(0) ~ E4. As shown in the next sec-
tion, only the contribution of the main subrange A; of
(m, &) to the electron density of states (DOS) and thermal
equilibrium statistics of the system under consideration
is important. In this connection in what follows we focus
on the two-band self-trapping and related soft modes in
the main subrange A; of their parameters (7, ). In fact,
as seen in Sec. V, only a small part of this subrange A, is
important in thermal equilibrium properties, and corre-
sponds to quasiharmonic single-well soft-mode potentials
(2.2 ), at 1 > n > 7. However, the whole subrange A,,
including anharmonic non-single-well soft-mode poten-
tials, and the related spectrum of self-trapping energies
W..(n,€), pair correlation energies U(n,£), and atomic
adiabatic potentials ®,(z;7,{) are considered in what
follows, since those may be important for nonequilib-
rium properties of the system. An example is a corre-
lation between photoinduced electron effects, associated
with generation of negative-U center excitations (pho-
toluminescence, photoconductivity, etc.), and changes in
atomic structure (photostructural changes®?2), in atomic
soft-mode potentials and low-energy dynamics, as well as
in the associated low-temperature properties, of glassy
semiconductors, which will be discussed elsewhere.

Three most important effects can be revealed, which
are due to hybridization of states in the gap and are char-
acteristic of the two-band self-trapping and the related
spectrum of W, (n,&), U(n, &), and ®,(z,n, &) under con-
sideration.

(i) As the electron level ¥ (2) = eq(z) + Uava,—o(z)
approaches under self-trapping the (mobility) edge E,,
increasing hybridization of states gives rise to repulsion
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FIG. 1. Dependence of bare [ed(z)], eﬂective [esE (x)], and
true [F4-(z)] energies on z at efio) = /E' =1, Q3 = 4,
Vi =0 = Qiaw), N'?Qia) = 0.5, N1/2Kf,"(1,) =0.2, ie.,
A, = 0.01, Uy = 0.15, and D, = 5, with E, taken here as
the energy unit (the same set of parameters is used in the
subsequent figures).

of the true level E4,(z) off E,. As seen from Fig. 1,
hybridization is negligible as e5¥(z) is far from E, = 0,

Ego(z) e (z) > A and wvg(z) =1-73,(z) <1,
(4.1)

whereas it becomes decisive as €5 (z) approaches E,, and
penetrates the band, e$%(z) < 0. In the latter case,
Eq4,(z) is stopped near E,,,

0< Ego(z) < A and Vis(z) ~ 1. (4.2)

In fact, the effective electron-mode coupling energy

(eﬂ)(z) can be defined, for large displacements and
E4,(z) close to E, at least, as

Q5P (2) = dE4o(2) /dz = 73, Qu,

as follows from Eqs (2.16) and (2.17). As seen,
QY™ (z) < Qqand 72, (z) = 1—vgo(z) < 1 for large |z,
in accordance with Eq. (3.11). The essential decrease of
(eﬂ) (z) can be considered as the ultimate cause of repul-
s1on of the true energy level off E,. It follows from Eqgs.
from Eqs. (2.17) and (3.8) that E4, (z) approximately
approaches the (mobility) edge E, in an exponential way,

Bun(z) = Dy oxp { L) esf (@) }

for esf| = —esf > AL

(ii) The hybridization of states also is responsible for
an increase of the bare state occupation from the nomi-
nal n = 0 to the true occupation v4, > 0 (Fig. 2). This
corresponds to a change in the equilibrium self-trapping
displacement from zy ~ O to a finite zo # 0, as follows
from Eq. (2.8) and discussed also below. Solutions of Eq.
(2.8) are illustrated in Fig. 3 for different possible values
of the substrate softness parameter 7 and for £ = £ =~ 0
corresponding to the main maximum of the distribution
density F'(n,£). A single solution zo = zo; =~ 0 only oc-
curs for large enough n > n§ = n)_,, at weak hybridiza-

(4.3)

(4.4)
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FIG. 2. True occupation of the defect state at different
nominal occupations as a function of z.

tion, with Vg, (z01) = 1 —v3,(z) = A/E4 < 1. However,
an additional solution o2 # 0 appears for smaller n < 7g,
for a large displacement |zoz| ~ 4 = E4/Qq < 1, which
corresponds at first to a metastable minimum and, for
still smaller 7, to an equilibrium (absolute) minimum,
as discussed below. Thereby, the effective electron level
€$¥ (z) reaches E, and penetrates the valence band, the
true level Eg4,(z) is repelled off E,, and nearly com-
plete hybridization occurs, 72, (z) < 1, so zo2 should
be close to the equilibrium self-trapping displacement z2
for a nominally doubly occupied state (n = 2) in the
hybridization-free case:

|Zoz| = |z2| < 1, (4.5)

for soft enough configurations.

The characteristic value 7, corresponding to appear-
ance of an inflection point for ®¢(z;7n), is found to be
1g =~ 0.08 for the representative values of the parameters
used in the calculations. A value 73, = 0.10 close in scale
to g follows from the approximate expression

Non < % ~0.1
obtained in the harmonic approximation.

It is worthy of note that self-trapping of the nominally
free state (n = 0) is entirely determined by hybridization.
The latter originally is weak [vgo(z) ~ A/Ey < 1 for

(4.6)
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FIG. 3. Minima positions of the adiabatic potential ®o(z)
depending on the softness parameter 7 (for the same set of
parameters noted in Fig. 1 and A = 40, £ = £ = 0, as also
used in Figs. 4-9 and Figs. 11-13).

|z| < 1] but finite, and then increases with growing |z|
up to zo2 =X x2, due to increasing contributions from
extended valence-band states. The resulting self-trapped
pair state is still localized, but its effective size p increases
as compared to the bare state size po = (1—2)a;, a; being
the average nearest neighbor separation (a; ~ 2.0 A). A
rough estimation of p/pg can be obtained from Eq. (3.11)
and the approximate relation

Po
Vao (Toz) = / dr 477?| W go (r|z = 202)|”
0

3
<1 (?&) , (4.7)
6\ p
with W4,(r|we2) = Caoexp(—r/p) and g =
Coexp (—r/po), so that
1< p/po~[1+ A/Es(x02)]/* <5 (4.8)

for realistic not too small Eg,(z02), 1 < A/Eq4s(zo2)
102.

The related effects of the true single-electron energy
level E4,(z) being repelled off the valence-band edge E,
and of the increase of the bare state occupation may be
interpreted as follows. The true occupation v4,(z) with
increasing |z| changes from n, = 0 to v4, = 1 due to
contributions of the valence-band electrons which flow
into the region of the bare state, strongly interacting
with the soft mode. Thereby, in accordance with the
behavior of the total electron energy, the bare level effi-
ciently drops and penetrates the valence band, effectively
as £4(0) — v4Qqzx at vg — 2. However, the contributions
of the bare state to the true, hybridization-renormalized
state ¥y, are characterized by v3,(z) — 0 for the large
displacements |z| — xzo2. This may correspond to the
fact that the true energy level, as a solution of the effec-
tive Schrodinger equation (2.17), behaves in such a way
as if it is unaffected by the true occupation of the bare
level, and may be characterized by the nominal occupa-
tion which is zero in the case in question.

(iii) A competition between an increase of the sub-
strate atomic potential energy and an electron energy
gain due to growing hybridization, with increasing |z|,
can generate for sufficiently soft substrate configurations
additional anharmonic features of the adiabatic potential

IA

Bo(z) = Vat(z) — Ua [vao(2)]” — 2 [Eao () — €55 ()] »
(4.9)

and thus of the related local atomic dynamics. A signa-
ture of the potential anharmonicity is softness and/or ap-
pearance of an extra potential minimum as a metastable
one for an excited self-trapped state at n < 5§, and then
as a lowest-energy minimum for a ground state at smaller
n < ng* < ng < 1 (Fig. 4). The value n3* ~ 0.01 is found
for the representative values of the parameters. An ap-
proximate expression of j;, for a harmonic substrate fol-
lows from

Qo(d:(n ~ 0) ~ 2A lIl (Dv/Eg)
~ ®o(zoz = T2) ~ 2E, — Q5/Ang}: + Ul,
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FIG. 4. Dependence of the adiabatic potential ®o(xz) on =
for different values of the softness parameter 7.

ie.,

Mo, = Q3/A(E + Ua), (4.10)
so that 73y ~ 0.05 is not far in scale from 7ng* (cf. Ref.
10).

Z)ne can conclude that the lowest-energy minimum po-
sition of the adiabatic potential depends on the value of
n/n$*, unlike the universal single minimum at zoq = 0
for single-band self-trapping. For 1 < ng*, the electron
ground state related to the lowest-energy potential min-
imum at xo2 ~ xz is the self-trapped state for a singlet
electron pair [vg(zo2) =~ 2], so the self-trapping rather
requires overcoming the interwell barrier. It is seen that
actually ng* is rather small, so the related extra anhar-
monic features appear for soft enough configurations oc-
curring in a glassy semiconductor.

The situation shown in Fig. 5 for a nominally singly
occupied state (n = 1) is similar to that for n = 0. The
main difference is that the respective n; and n}* are larger
and characteristic of more numerous and less soft config-
urations: 77 > 75 and 77* > 75*, at 9* < #§, eg.,
nt ~ 012 > nd ~ 0.08 and 7* ~ 0.05 > ni* ~ 0.01.
Of course, in this case self-trapping occurs even without
hybridization although the latter changes it substantially
for soft enough configurations.

The situation is essentially different for a nominally
doubly occupied bare state (n = 2) which is weakly sen-
sitive to hybridization, since it is filled originally. There-
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FIG. 5. Dependence of the adiabatic potential ®;(z) on =
for different values of the softness parameter 7.
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FIG. 6. Self-trapping energies: dependence on the softness
parameter 7).

fore,
®3(z) ~ Vas(z) + Uqg + 2e4(x) (4.11)

and
By(z2) ~ 26 + Uy + Wy, (4.12)

as if the influence of the valence-band states vanishes.
Then the adiabatic potential has the same structure as
the substrate one V,4(z). For instance, it would be har-
monic, with

th = th((cz) ~ —Qﬁ/Anag

at 2 ~ Qq/An if Vy(z) ~ Anz?.

The hybridization-induced changes in ®0(z) and
®,(z), as well as in z,, for the lowest-energy minima,
give rise to significant deviations of the total electron en-
ergies Egl)(a:), self-trapping energies W,, (n = 0,1), and
the pair correlation energy U in Egs. (2.6) and (2.7) from
the standard formulas!™®

Wo=0, W,=Wy/d=-W =—Q2/2ka2,
EY) = n(e?) — Quz) + 6n2Us, and U= —2W + Uy
(4.14)

for single-band self-trapping in a harmonic substrate con-
figuration Vy(z) ~ Anz? = kzZe2/2. In Egs. (4.14)
U decreases linearly with W and is negative for k <
Q32/2U4a% < ko. The deviations of Wy, Wi, E(n)(a:)

el

(n = 0,1), and U from Egs. ( 4.14) are schematically
shown in Figs. 6 and 7. Those become essential for small

(4.13)
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FIG. 7. Total electron energy gain Eél" ) dependence on z
for different nominal occupations.
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enough n < 7n1* as the electron ground state, nominally
singly occupied (n = 1), is related to the extra minimum
at 1 = z12 ~ z3 for ®1(z) and is actually doubly occu-
pied [vq(z12) ~ 2]. This behavior might be illustrated for
self-trapping in a harmonic substrate configuration with
W, from Eq. (4.13),

Wi =E; —4W + Uy = Wy(z2) + E4, + Ug < 0, (4.15)
Up=4W —Ug —2E, < 0, ’
for g < m < nif at |n| < 1 and typical 6((;)) ~ FE.=E,
[with accuracy to small corrections O(A/E,)]. In Eq.
(4.15), W; decreases linearly with W ~ 5~!, whereas
the negative U passes through the lowest value U,,, at
1 = 13}, increasing in the range n5; < n < nj;. Further
decrease of 7 (< 737) changes the lowest-energy minimum
position for ®o(z) from z¢ = zo1 =~ 0 to zo ~ Tgz =~
T12 ™~ X2, so that [with accuracy to small corrections

O(A/Ey)] ®2(z2) ~ ®1(x12) =~ Po(xo2), and

Un > —-A, ie., Uy <AKE,. (4.16)
In fact, U asymptotically tends to zero, not becoming
positive, at 7 < n5;. Then the negative correlation en-
ergy U exhibits a nonmonotonic dependence on W, and

the lowest value
2 Ua
e (1+ =24
3¢ ( M 2Eg)

is actually close to, though slightly less than, (—E4/2)
for Eq > Uy, |Umn| ~ E4/2.

As noted above, the basic features of U(n) shown in
Fig. 8 (solid line) for self-trapping in anharmonic sub-
strate configurations (2.2) are similar to those of the non-
monotonic dependence Up(n) from the formulas (4.15)-
(4.17). On the other hand, even in the absence of hy-
bridization, the behavior of U(n) shown in Fig. 8 (dashed
line) for the self-trapping in the anharmonic configura-
tions with double-well potentials is similar to that de-
scribed by the solid line in Fig. 8 and by formulas (4.15)—
(4.17). This similarity can be interpreted to mean that
hybridization effects give rise to anharmonic features of
the same type as the original anharmonicity of Eq. (2.2).
The difference is that hybridization prevents occurrence
of positive correlation energies for anharmonic configu-

Uph = Un(ni}) ~ (4.17)

anharmonicity+hybridization
01 H— — anharmonicity without hybridization

g

correlation energy U/E
)
T

-0.3-0.2-0.1 0 O.1
n

FIG. 8. Dependence of pair correlation energy on the soft-
ness parameter 7 for different cases.
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rations (n < ng*), whereas the anharmonicity itself does
not. A quantitative difference exists between U,,; in Eq.
(4.17) and the true lowest value U,, of U for self-trapping
in anharmonic configurations, which is, however, rela-
tively small, so that

0< Upn —Up K lUmhla ie., U, ~— 9/2, (4.18)
as seen from Fig. 8 as well.

It is worth adding that the behavior of U(n) and its
hybridization-induced features, as also the scale of the
magnitude, do not essentially depend on whether Vifio) =
0 or Vifio) is finite (e.g., |Vi5710)|N1/2 = V1] € 1eV)in
Via(z) ~ Vifio)+Q,-dm, as shown in Fig. 9. Presumably this
holds because of the relatively large magnitude |z,| =~ 1.

It follows from the above that the hybridization of
states in two-band self-trapping in general changes the re-
lationships between Eq4,(%,) and W,(n,§) (n = 0,1,2),
as well as the behavior of U(n,£), compared to those
for single-band self-trapping. The difference is minor in
the subrange of not very soft configurations at 1 > n >
nt* > n3* and € ~ € = 0, in which actually the substrate
soft-mode potentials (2.2) are quasiharmonic. The devia-
tions, however, become essential for softer configurations
at 7 < n}* and even more at n < n§* (< n1*), for which
the substrate potentials are rather anharmonic and even
non-single-well, e.g., double-well ones. Then in the sub-
range of (7,€) at 1 > 7 2 n}* and € ~ € ~ 0, in which U
is close to its lowest value Up,, U = U,,, ~ —E4/2, an ap-
proximate electron-hole symmetry exists, as introduced
for single-band self-trapping in an earlier theory,? in the
sense that

UL ~ —Ey/2 ~UM, (4.19)

with accuracy to small corrections < A/E;, < 1,
< Ui/Ey < 1, and |AU|/Ey < 1, with AU = |Up,| —
Eg4/2. Correspondingly, with the same accuracy, the pair
self-trapping energies also exhibit this symmetry in the
sense that

Wiee ~ —E4 ~ Wap, (4.20)

g

-0.3

correlation energy U/E

e S L

_0.4 1 | 1
-0.3-0.2-0.1 0 0.1
n

0.2 0.3 0.4 0.5

FIG. 9. Variations of the pair correlation energy be-
havior for different dependence of the hybridization en-
ergy on the soft-mode displacement =z. Curve 1:

N2V = 0.2, Qiaw) = 0. Curve 2: N2V = 0.2,
Qid(v) = 0.5. Curve 3: Nl/ZVig)()v) = 0, Qiq(vy = 0.5. (The

other parameters are the same as in Fig. 3.)
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although 1/4 < |W,/W3| < 1/3, rather than W, = 4W;
for single-band self-trapping in a harmonic lattice. This
kind of symmetry is important since just the subrange
of (n,£), in which the relations (4.19) and (4.20) hold,
determines the principal spectral and thermal equilib-
rium properties of the gap states. That is why the earlier
theory of the gap states in soft configurations,® though
applying relations of single-band self-trapping theories,
still might approximately be used for interpreting ther-
mal equilibrium properties of negative-U centers in glassy
semiconductors.

V. DENSITY OF STATES AND THERMAL
EQUILIBRIUM PROPERTIES
AT LOW TEMPERATURES

For the semiconductors under discussion (e.g., for
glassy semiconductors) for which the electron subsystem
is not excited, the principal spectral characteristic of the
gap states, their density of states (DOS) per particle

9(B) = g9 (B) + ¢ (B), (5.1)
additively contains electron (e) and hole (k) contribu-
tions of both single-particle states of positive correlation
energy U (positive-U states) gge’h)(E) and singlet-pair

states of U < 0 (negative-U states) g{") (E). The re-
spective expressions are as follows:

g &M (E) = M (B) + g3 (B), (5.2)
n* oo
sE) = [ an [ a [ aeofeP )
xF(n,€)8 [E— E1(c5m,6)],  (5.3)
and
n* oo
M (B) = / dn / de / de?) g ()
F §|E — Ey (e 2 5.4
X (nvf) Z(Ed 777?£)/ ) ( . )

with the total energies of the system nominally occupied
by n = 0,1, or 2 electrons (or holes) being

EO = 07 E1(6§0);n7£) = 5510) + W1(777§) - WO(n,£)7

Ea(eDsm,€) = 26 + Wi (n, €) — Wo(n, €) + Us,

and
/-oo /00 dnd¢F(n, &) =1, /go(sfio))ds((io) =1. (5.5)

The DOS g(E) determines both the total concentra-
tion of the self-trapped states and the related thermal

equilibrium properties, such as the concentration c; of’

the occupied negative-U pair states, or negative-U cen-
ters, and the position of the chemical potential ¢, or the
Fermi-level ¢y (at low temperatures T' — 0), in the gap.
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The concentration of the positive-U or negative-U cen-
ters is

en = cl® 4 P (5.6)
at n =1 or n = 2, where
o) = /n‘ dn /m dE/defio)yée’h)(Sff))
—oo —oco
XF(n,6)9(™ (e3”51,€), (57)
and the Gibbs occupation factor
bn(ey;m,6) = Z g, exp {nc — Engig))m’ g)] , (5.8)

2 _ (0),
Z:Zgnexp [nc En,_(lfd ’n’E)Ja

n=0

go=g2=1, and g1 =2 (5.9)

In what follows low temperatures T are only implied
[(o =¢(T =0) > T — 0] and temperature-dependent
effects, in particular in ¢,, are not considered in detail in
the present paper. Some approximations are introduced,
which may simplify the discussion and are justified below
by calculations concerning in particular the electroneu-
trality equation

() = eV (¢) (5.10)

for an actually intrinsic glassy semiconductor. As also
may follow from general qualitative arguments,® the
electron-hole symmetry in Eqs. (4.19) and (4.20) corre-
sponds to ¢ near the midgap E = E,/2,

(¢ =C¢(T=0)=E,/2+A{ ~ E,/2 > |AC|. (5.11)
It is also taken into account here (see below) that

9(¢) ~ g2(¢) > 91(¢)- (5.12)

In this connection most important (ego); n,&) obey, e.g.,
the equation

Eoe(e{);m,6) = 260 + Wae(n, &) — Woe(n, &) + US)
~2( ~ E, (5.13)

so
(—FEie=(— 5512) - (Wle - WOe)
1 (e)
= 5 (WZe"WOe+Ud )_(Wle_WOG) <0
for actual
[W2e — Woe| > 2|Wie — Woe| + Uée)-
Therefore,
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2¢ — E3 (—FE;

T

z:1+exp[ ]»zexp[ ] (5.14)

for the low temperatures in question. It is worth not-
ing that the subrange ( 5.13) of (7,&) still corresponds
to small ®g(xo ~ 0) =& A < |Un| ~ Eg4/2, not much
different from the situation for negative-U centers in the
mentioned earlier theory applying the relations of single-
band self-trapping.

In the approximation (5.11) and (5.14) the total low-
temperature concentration of negative-U and positive-U
centers in the gap,
ge) + cgh)’

Ctot =C1 +C2 = Cy = Cge) + Cgh) >c (5.15)

and c; can be expressed in terms of g(E) and
$2(5)57m,€), eg.,

) = /dEdQO(ESO))i/)(EgO))

E. _
= dEgze(E)¢2e(E) .

v

(5.16)
Here
n" oo
P(e®) = /_ dn /_ dEF(n, €)bae (s, ©)

and

$2¢(E) = ¢p2e(E2/2) = 1 — $2n(E)
= ¢2e(eV;m, )

~ {1+exp [_K;_E)]}_

(5.17)
with E = Ez(afio);n,f)/Z, so
$2e(E) =1~ op(E) -0  for  E>(
while |
B2.(E) = 1 for E<¢
at T — 0.

Numerical calculations of Egs. (5.10) and (5.15)—(5.17)
justify the relations (5.11)—(5.14). The calculations were

carried out by finding e&o) = f(E,n,§) from the definition
of F,

2F = Ey(¢{;m,£),

so that
n° oo
0:(E) = /_ dn /_ dEF(mOQmEE)  (5.18)

with go(c{") = Q(n,¢; B).

The bare DOS go(efio)) of the two-band system and the
distribution density F'(n,£) are approximated by often
applied Gaussian-like functions:

2
(e)(_(0) . B, — el
9o (€q°) = goe €xp | — | —=*

wt(e)

x0(E; — et(io)) + an(E((io) - Ec)},

(5.19a)

i-n\*_ (E=¢\°
F(n,€) = Fo(n) exp [_ (%) - (59) } |
(5.19b)
Here g5, = gée,h)(Ec,v)y Qepn = const, 7= 1, 2 K 1;
aAnzl and A stand for the respective distribution widths,

Fo(n) = Fo = const
or

Fo(n) = |n|®o, Po = const (5.20)

for the two mentioned limiting types of F'(n,¢) at |n| < 1
in the soft-configuration model (see, e.g., Refs. 9 and 16).
The constant Fy (or ®¢), as well as ratio a./ap, can be
estimated by taking into account the normalization Eqs.
(5.5), actually with a, ~ ax, and wt(e‘h) are the band-
tail widths, w(®" /B, < 1, e.g., w{®" /E, ~ 0.1. The
variation scale 7 of F(n,£) in n for |n| < 1 is

on ~ (An)?/27 ~ 0.1 ~ (AE)? (5.21)

for typical soft-mode concentrations cg ~ 10~2 in glasses
(see Sec. I). The parameters in the calculations include
both the basic parameters of the theory [Eq. (2.18)] and
those introduced in Egs. (5.19)—-(5.21).

The results of the numerical -calculations for
g(E), c2(¢), and ¢ are presented in Figs. 10-13 and
discussed below. At least qualitatively and in order-of-
magnitude estimates, the DOS g(E) around the midgap
and the related thermal equilibrium properties do not
change at typical variations of the parameters in Egs.
(2.18) and (5.19)—(5.21) and of the type of Fy(n) in Egs.
(5.20). The results are weakly sensitive to the type of
Fy(n), since quasiharmonic soft modes with not very
small |n| > nr ~ 1072 mostly contribute to the proper-
ties under discussion (see also below) while the difference
in Fy(n) is important here for very small |n| < 7.

Rough estimates also show, and it is implied in what

follows, that other realistic approximations of go(sfio))
and F(n,€)/Fo(n), e.g.,

. E. — 6(0)
i fem | (B
Wy
X0(Ee — ) + a0y - E.) }

do not give rise to essential changes in the qualitative
behavior and order-of-magnitude estimates of the DOS
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FIG. 10. Partial DOS’s (per particle): g.(F) for elec-
trons (solid line) and gn(FE) for holes (g5. = g5n = 0.1,
a2 =ar =1, 1=1, £ =0, An = 0.4, A¢ = 0.3;
other parameters are noted in Fig. 3). For g,(E): solid line
in the symmetric case (all the parameters are the same as
for electron states), dashed line at Q5 = 3, and dotted line
at A, = 0.1 (other parameters are the same as for electron
states).

g(E) and thermal equilibrium properties under discus-
sion compared to the results of calculations presented in
Fig. 10.

As seen, the symmetric shape of g(E) ~ g2(FE) around
E at complete electron-hole symmetry (X. = X5 with
X = Qq, 95, we, o, and Uy) is weakly distorted at real-
istic non-symmetric values of the parameter X, with de-
viations from symmetry less than 10% in accordance with
Eqgs. (4.19) and (4.20). The largest deviations are associ-
ated with variations of the parameters Q4 and A, whereas
variations of the other parameters give rise to smaller de-
viations not exceeding about 1% in magnitude. It follows
also from the calculations that the variation scale § E for
g(E) around E much exceeds wy, 0E ~ Eg/2 > wy, ie.,
the variations of g(F) at E ~ E are much slower than
in the band tails. Indeed, since most of the soft modes
(2.2) are quasiharmonic at 1 > n > nr Egs. (4.14) and
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FIG. 11. Dependence of the singlet electron pair energy
Eze(e3;m,€) on the soft configuration parameters (7, £) at im-
portant €3, ~ 1.
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FIG. 12. The truncated sector A = A; + A; in the (n,£)
plane, in which the electron negative-U centers exist at T = 0,
for actual €3, ~ 1 (for the same set of parameters noted in
Figs. 3 and 10). -

(5.13) give rise to

SE ~ nkoa2Q7 (e + U4/2 — E)?

LB, 01AE, By
T2 Qa4 Qu 2 ¢

(5.22)

for typical én =~ 0.1 = n* and, as shown below, efio) ~
E., E =~ E. This means that the variations of g(F) at
E =~ E are due to variations in 7, rather than in s&o).g’”
Moreover, even the lowest value gz, of g(E) ~ g,(E), at
E = E, ~ E, is very high compared to the corresponding
value of the bare DOS,

go(E) < gr. = g2(FL) = go(E) <1073, (5.23)
In this connection, a rough estimate gr ~ cqf: corre-
sponds, for typical cq ~ 1072, to an effective concentra-
tion of the related tail states in the gap f, < 101, which
does not seem implausible in scale in a glassy semicon-
ductor.

Actually, the electron (and hole) negative-U centers
are formed, with their Fermi level position near E, as
long as the conduction-band split DOS gy.(F) for elec-
tron pairs and the valence-band split DOS g24(E) for

e
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= .
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X 10" | true Fermi-level > . "~ T
— positions
10-5 1 L i
0] 0.2 0.4 0.6 0.8 1
/E
5 9

FIG. 13. The Fermi level position for the negative-U cen-
ters, in the mobility gap, as found from the electroneutrality
equation (the same parameters and notations as in Fig. 10).
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hole pairs are overlapped in a noticeable energy range
AE.g < 0F around the midgap. As long as the overlap
occurs, electrons from the valence-band split DOS flow
to and occupy the pair states in the DOS g3 (E) below (,
whereas holes occupy the pair states above . This redis-
tribution gives rise to formation of electron (Fqe < 2()
and hole (Eap > 2¢) negative-U centers in the gap. The
overlap indeed takes place, since for the actually im-
portant €4. ~ E., €4n ~ E, assumed (see below) and
U~ Uy~ —E,/2, By/2 < 2|Wi| < 2E,/3,

Eye ~ 2B, +2W® + U + U{®

<2 < Eap ~ 2B, +2WM + UM 4 UM (5.24)
(it is taken into account that Wy = 0 for the implied
U =~ U, ie., n>n* > n}*; see Sec. IV).

The total subrange (7, ) for soft modes at {|n|,£%2} <
n* = 0.1 , in which electron negative-U centers are
formed, can be found from the mentioned relation

*

Bae(e$im,€) < 2¢ ~ E, (5.25)

for the actual variety of sl(io) in question. However, as
noted (and justified below), the bare energy level efio)

lies near E. in the actual cases with ( ~ F = E;/2 ,
efio) ~ E. = E,;. For such e((io), the variation of FE,
with 7, found from numerical calculations for different &,
is shown in Fig. 11. As follows for £ < 0, E,;. — 2E,
monotonically decreases with decreasing 7, because of
complete hybridization with the valence-band states for
small enough 7. In contrast, a nonmonotonic dependence
of FE3. on 7 is rather expected at £ > 0, as long as com-
plete hybridization with the conduction-band states oc-
curs at vy ~ 0 =~ vy, ®o(zo) ~ 0, and P2(z2) ~ 2E,, so
that E,. increases with decreasing n and approaches 2E,
at small enough 7.

Then the equation Eq.(E.;n,€) = E4 has a single real
solution 7, (€) at £ < 0, whereas two real solutions 7 2(§)
with 71(&) = m2(é) occur at 0 < € < ()2 < &
(and no real solutions exist at £ > &,). The related
subrange of (n,£), at {|n],£2} < n« is the truncated
sector A = A; + A in Fig. 12, which mainly corre-
sponds to £ < 0 and thus to positive equilibrium soft-
mode displacements Z,(7,£) > 0. The latter just give
rise to the two-band self-trapping and negative-U centers
in question. Those, however, do not occur in practice for
¢ > 0 and related negative displacements Z,, (1, £) < 0, for
which complete hybridization of the electron bare state
with the conduction-band states actually takes place in
the soft configurations, corresponding to wave-packet dis-
persion in the conduction band. In this case vy ~ 0 =~ vy,
®o(zo) =~ 0, and P;(z2) =~ 2E,, the state being almost
nonoccupied, and the relation (5.25) does not hold. Actu-
ally, a kind of single-band self-trapping occurs for £ > 0,
which is not important in the characteristic truncated
sector A = A; + A, and therefore not considered in what
follows.

The question is what are the (7,£) in the character-
istic range (A) which correspond to the states occupied
by singlet electron pairs, i.e., to the electron negative-

U centers? The integrand in the corresponding inte-
gral of Eq. (5.16) exhibits a pronounced maximum at

€max =~ & ~ 0 and Nmax =~ neg(sfio), £) for an actual
F(n, &) steeply decreasing around 7 ~ 1 and £ ~ 0. In

fact, dF(n,€)/dn > 0 while d¢2€(afi°);n,§_)/d17 < 0 as
2E = Eze(efio);n,f) increases with 1 and d¢;/dE < 0,
SO 7Tmax is found from Ege(a‘(io);n,ﬁ_) = 2(. For most soft
modes which are quasiharmonic, Eqgs. (4.14) give rise to

1€ ¢0) =1l (e 0)

= (QY)?/A(E, + US), (5.26)

for the mentioned characteristic values of 6‘(10) and ¢,

which, from the calculations (see below), are e((io) ~ E,

and ¢ ~ E = E,/2. The related estimates of cg,[)\(e) and

C2e are

AE.gs
Eq

~ 0.1g2¢(Eerr) < 107% < c{) ) < g2e(Ber)

C2e = g(()E) (EC)F("']S;:}‘)’ 0)¢Ze (77‘(3;;) , 0; Ec)

(5.27)

with AE.g < 6E, ¢2.(n'2,0; E.)AEs/E, ~ 0.1, and

92e(Eerr) ~ g, ~ 1073 at Eg = E3(Ec;n'g, &) ~ E.
In fact the integrand gse(F)¢2e(EF) in Eq. (5.16) ex-
hibits a pronounced maximum at E.x = Feg, since
dgse(E)/dE > 0 while dg2.(E)/dE < 0, with ¢oe(Feg) <
0.5 and AE.g/E, < 0.5 .

The substrate anharmonicity and hybridization lead to
relatively small deviation of nmax(a,(io) ,{) from neg (efio) , Q)
at e.(io) =E.,and (= E.

As follows from the above, the main contributions to
cge) come from a small spot in the sector A of (n,§),
which corresponds to soft-mode equilibrium displace-
ments :tge)(n,(,fgx,ﬁeg = 0) =~ 1 and is marked in Fig. 11.
The situation for hole states is similar. Thus negative-U
centers are largely formed due to two-band self-trapping
at large soft-mode displacements z2 =~ 1 and strong hy-
bridization of the defect states with the nonparent band
states.

Solving Eq. (5.10) numerically gives rise to

(=E+A{~E=E,;/2 (5.28)
with A¢/Ey ~ 0.1 < E (Fig. 13), so that
Neff = neff(‘e((iO) = EC’C = E) =~ Q(zi/AEg? (5'29)

with accuracy to corrections ~ A/E; < 1, wy/Ey < 1,
and Uy/E, < 1, just as assumed in Eq. (5.11). The above
calculations are self-consistent, if the most important e'(io)
are close to the parent band edge. Indeed, the integrand
38 (€Y pe () in Eq. (5.16) exhibits a rather sharp
maximum at sdo ~ E., since, e.g., dg(()e) (a‘(io))/de:l(io) >0
while dw,be(el(io)) /dsfio) < 0 in the gap. The resulting pair
correlation energy

Ue(;"h) ~ (e (8510) =E;u;n = nigh);g = 0)

~ UM ~ —E /2 (5.30)
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is characteristic of most negative-U centers, as long as
Ey/2> U, ‘ge’h). It is worth adding that |Ueg| varies with
increasing band-tail width and the width of F(n,£), but
the variations are relatively small as the width remain of
the same scale.

With Egs. (5.28)—(5.30), the relations (4.19) and (4.20)
still hold so the discrete levels

E,=E.—v|Wi| or E,=E,+v|W| (5.31)

with v = 1,2,3 and Eg/4 < |W1| < Eg/3, |W1| =
Ey/4 < Eg4, are characteristic of the gap spectrum and
coexist with the continuum spectrum DOS g(FE) =~ g,(E)
around E = E. In other words, coexistence of continuum
features and discrete levels, which is found in experiments
to characterize most negative-U centers in the mobility
gap of glassy semiconductors (see, e.g., Refs. 9 and 20)
can also be established in the theory under discussion, in
a rather natural way.

VI. CONCLUSIONS

A consistent theory of two-band self-trapping of elec-
trons (holes) in semiconductors is presented in detail, in
which negative-U centers in the interband (mobility) gap
are formed as singlet electron (hole) pairs self-trapped
in substrate atomic soft configurations. The latter ap-
pear to be characteristic of glasses, and possibly of some
types of defects in crystalline lattices, and exhibit an-
harmonicity, each in a single soft motion mode. Both
the softness of the configuration (motion mode) and the
hybridization of the bare electron (hole) state with ex-
tended states of the nonparent band are essential for for-
mation of the self-trapped states and negative-U centers.
The hybridization significantly changes the soft substrate
configurations, introducing extra anharmonic features in
the related atomic dynamics, i.e., giving rise to an addi-
tional softness and adding or subtracting one minimum in
their adiabatic potentials. The resulting electron (hole)
pair correlation energy U is basically negative and for
most negative-U centers comparable in magnitude to the
gap width, |U| = E4/2. The dependence of U(n) on the

M. I. KLINGER AND S. N. TARASKIN 32

configuration softness () is nonmonotonic and exhibits a
deep minimum with large magnitude |U,,| ~ E;/2 char-
acteristic of the negative-U centers. For the latter, the
DOS is rather high, g2(E) < 1073, and determines the
position of the low-temperature Fermi level ¢ near the
midgap E = Eg4/2. The related low-temperature concen-
tration of negative-U centers is relatively high, c; < 1074,
corresponding to a low electron spin resonance (ESR)
signal and to the Fermi level pinning observed in glassy
semiconductors. The high susceptibility of soft configu-
rations and related negative-U centers to external fields
like hydrostatic pressure in the semiconductors in ques-
tion gives rise to significant effects, which are predicted to
be considerable even at not very high pressures p ~ 10—
105 bar and still finite gap width, and will be discussed
elsewhere (see Refs. 9 and 28).

The earlier models of negative-U centers in glassy semi-
conductors are characterized either by a continuum gap
spectrum and high DOS g2(E) ~ 1072 and ¢; ~ 1073
(see Ref. 11) or by quasidiscrete levels ~ E. — vE,/4 at
v =1,2,3 in the gap with a much lower ¢, < 1075.14:18
The theory under consideration, as well as the earlier
theory of negative-U centers in soft configurations,® es-
tablishes the coexistence of both continuum features of
the gap and discrete levels E, ~ E. — veg at Eg/4 <
€0 < E4/3 in the gap, as observed in thermal equi-
librium and nonequilibrium phenomena in glassy semi-
conductors. In this connection, the earlier models of
negative-U centers in glassy semiconductors!l:?41% may
be considered as limiting cases of the theory in question
with g2(E) < 1073 and c; < 1074,
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