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An empirical linear-combination-of-atomic-orbitals energy-band model is described
for simple-cubic and fcc T1C1, T1Br, and T1I which explains optical data and reproduces
existent a /mor band structures. This band model is used to discuss the type of bonding
in the polymorphs, and to check the applicability for ten-electron systems of the Phil-
lips-van Vechten dielectric theory of bonding.

The Phillips-van Vechten dielectric theory
(PV theory) of bonding and ionicity' has undoubted-
ly been extremely successful in the field of eight-
electron systems, ranging from tetrahedrally
coordinated semiconductors, for which it had
been primarily intended, to crystals as ionic as
the alkali halides. This success initiated several
attempts to extend this theory to more compli-
cated compounds, ' including those where d elec-
trons play an important role, and even to ten-
electron systems like the lead chalcogenides aud
thallous halides. '

Recent optical measurements and band-struc-
ture calculations on the polytypes of TlCl, TlBr,
and TlI,' which can be grown in NaCl structure
(fcc) as well as in their normal CsCl structure
[simple cubic (sc)], yield an almost ideal oppor-
tunity to check whether these ten-electron com-
pounds fit into the pattern of the PV theory.
Moreover, a treatment of these rather simple
systems may also help for a better understanding
of other more complicated systems with a, cation-
ic s shell exceeding the rare-gas configuration.

The basic difference between the thallous ha-
lides and the alkali halides from our point of view
is the fact that the anion s-type conduction band

and the cation P-type valence band, which in the
latter case form the average gap entering the PV
theory, are both occupied in thallous halides.
So, what can be used as an average gap of the
thallous halides is actually the distance between
the mixed s-p valence band and the p-type cation-
ic conduction band. It is not at all clear from
the outset whether this "cationic" gap reproduces
chemical trends in the same sense as the "charge-
transfer" gap of eight-electron systems normal-
ly does. Moreover, the s shell of the cation is
very easily deformable, leading to anomalously
high values of the static dielectric constant, ~„
in all ten-electron compounds. This in addition
may hinder a description in terms of the elec-
tronic dielectric constant, e „, alone. '

To make possible a description of the thallous
halides, which is unambiguous, simple, and
shows the essentials of why the electronic struc-
ture is as it is, an empirical linear-combina-
tion-of-atomic-orbitals (LCAO) scheme has been
developed. ' This scheme reestablishes the band
structures that have been calculated with the Kor-
ringa-Kohn-Rostoker (KKR) method for all six
polymorphs and which are taken for granted
since they explain optical data very satisfactori-

1343



VOLUME 34, NUMBER 21 PHYSICAL REVIEW LETTERS 26 Mwv 1975

TABLE I. Parameters and results of the empirical LCAO model. d gives the bond length in A; EM is the Made-
lurg energy; Ez is the experimental value of the gap energy (Refs. 4 and 7). A» " is used to fit the KKR band struc-
tures of Refs. 4 and 7; Q&' ' is calculated from Eq. (1) and Ref. 8. The other parameters are described in the
text.

d fit
S&

Valence band
t heor

Se SS

Conduction band

Fsr, V( V2 g ~ theo r exp~ rX;

fcc TlCl
TlBr
Tlr

sc TlCl
TlBr
T1I

3.15
3.28
3.47
3.33
3.44
3.63

7.96 3.8
7.646 3.4
7.225 3.0
7.595 3.4
7.353 3.0
6.97 2.85

0.2
0.8
1.8
1.1
1.55
2.5

0.26
0.90
1.75
1.00
1.50
2.28

—0.1
—0.1
—0.05
—0.35
—0.3
—0.2

1.3
1.3
1.3
0.51
0.56
0.5

8.6 0.25
8.4 0.15
8.3 0.1
8.3 2.25
8 1 2.15
7.9 2.0

1 8.5
1 7.8
1 6.9
0.14 7.5
0.14 6.9
0.1 6.0

4.0
4.5
5.1
5,2
6.0
7.0

5.0
5.6
7.0'

'Low-temperature values of Ref. 9. Taken from Ref. 3.

4,7

The following parameters are necessary in the
LCAO scheme to reproduce the KKR band struc-
tures with an overall accuracy of 0.3 eV: (1) The
distance b. ~ between the cationic s-type and the
anionic p-type valence bands, and the distance
E~ between the Tl s valence band and the Tl p
conduction band. Both of these parameters are
defined as differences between the center-of-
mass energies (averaged over the Brillouin
zone) of the respective bands. These are equal
to the k-independent part of the corresponding
diagonal matrix elements of the LCAO Hamilto-
nian. (2) The bond strength V~, which broadens
the mixed s-p valence band without shifting its
common center of mass. (3) The cationic overlap
between next-neighbor cations, V„. (4) Two con-
duction-band parameters V, and V„describing
diagonal p-p overlap between next and second-
nearest Tl neighbors. The anion s valence band
lies about 10 eV below the top of the valence band
and is not regarded here.

An optimum fit was obtained with the parame-
ters given in Table I; a graph of this fit is shown
in Fig. 1 for fcc and sc TlCl as an example.

As it turns out, b, ~ is, within an 0.1 eV accura-
cy, given by the simple equation

free aruon g free cation + 2g (1)sP P s Mad clung

for all six polymorphs, where the free-ion eigen-
values are calculated with Liberman's program'
using a Kohn-Sham exchange potential. V„ is
small and sensitively dependent on the cation-ca-
tion distance, which is larger in the fcc lattice
than in the sc lattice; the s-p bond is rather in-
sensitive in a given structure, but considerably
stronger in the fcc than in the sc crystals. The
conduction-band width decreases, too, with in-

+5-
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X 100 I 111 R X 100 I 111 L

FIG. 1. Electronic band structure of sc and fcc TlCl
as calculated with the KKR method (Refs. 4 and 7; full
lines} and with the empirical LCAO scheme (dotted
lines). The spin-orbit splitting of the valence band is
neglected in the LCAO band structure for sake of clari-
ty. Arrows indicate centers of mass of conduction and
valence bands, - respectively.

creasing cation-cation distance, whereas the so-
called cationic gap, E~, is almost constant for
all six polymorphs, namely, about 8 eV. The
conduction-band spin-orbit splitting is 2.3 eV in
all cases, whereas the valence-band spin-orbit
splitting is 0,1, 0, 5, and 1.2 eV for TlCl, TlBr,
and Tll, respectively, in either structure and at
k= 0.

Three main conclusions can be drawn from
this empirical band scheme: (I) The position in
k space of the direct energy gap is uniquely de-
termined through the nearest-neighbor geometry
of the crystal, namely, for eightfold coordination
it is situated at the end of the (100) axis, and for
sixfold coordination at the end of the (111)axis.
(II) The s-p bond is strengthened by a factor of
about 2.5 for the fcc structure as compared to the
sc structure. In addition the intra-valence-band
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distance h~ decreases by about 0.8 eV for all
three salts because of the increased Madelung en-
ergy of the fcc phases. (III) The average electron-
ic gap, which I defines as

3
ESP & +sP7 (2)

39 74/d . 8 eV

C= 14.4b e x(p-k, ~,) AZ/r, eV,

g 2 .g 2++2
av h (3)

f,.=c'/(z '+c')
for the homopolar, heteropolar, and average
gaps, respectively, and for the ionicity f;. d is
the bond length to be taken from Table I, exp(- k,
&&r,) is the Thomas-Fermi screening factor cal-
culated for ten valence electrons, the charge dif-
ference, b, Z, equals 4, and r, equals d/2. The pre-
screening factor b should be 3.39+ 18% for fcc
crystals. ' Taking these values, which are pro-
posed by Levine for a generalized description of
ionicities, we end up with average gaps of 6, 5.5,
and 4.V eV for fcc T1C1, T1Br, and T1I, respec-
tively, which severely differ from the values in
Table I." To reproduce these values a yrescreen-
ing factor as large as 5 would be necessary,
which falls far off the range of 3.39+ 18%. A

more physical assumption would be to change
the charge difference AZ from 4 to a value close
to 5 (i.e., not all of the Tl valence electrons are
equally effective). This would yield b = 4, close
to the value for, e.g. , RbCl, which is 4.16.'

i.e. , the distance between the centers of mass of
valence and conduction bands, is increased by
about 1 eV for the fcc crystals as compared to
the sc crystals. The electronic dielectric con-
stants are calculated from these average gaps.
with Penn's formula (see Ref. 1),

e „=1+ (ku&~/E „)'C,
where ~~ is the plasma frequency and the correc-
tion factor C, which is close to unity in all cases,
is taken from Levine. ' The results for &„are
given in Table I and are in convincing agreement
with experimental values for the sc case, where
these are known. This agreement is taken as
strong support for the definition of E „which ne-
glects variations in transition matrix elements.

Now the question shall be discussed how these
conclusions compare with PV theory as it has
been applied for sc thallous halides by Levine. '
We will use the formulas [Eqs. (9)-(12) of Ref. 3]

Moreover, such an assumption would also im-
prove the situation in the sc case, lowering the
& values of the sc thallous halides given by Le-
vine to approximately those of the cesium ha-
lides. ' So, a reasonably consistent description
of the electronic dielectric constant along the
lines of the PV theory seems to be possible for
the thallous halides, although one more open pa-
rameter, namely 4Z, has to be fitted.

On the other hand, the ionicities, f;, to be ex-
tracted from this treatment differ bebveen the sc
and fcc phases by less than 1%. This equality of
ionicities does not explain the apparent differ-
ences of the two structural modifications, e.g. ,
the exciton binding energy, which is 10 times
larger in the fcc phase than in the sc phase.

To qualify the statement that fcc thallous ha-
lides are more covalent in character than sc thal-
lous halides, a description with an average elec-
tronic gap obviously is insufficient. Semiquantita-
tive conclusions, however, are possible concern-
ing the ratio e,/e „,which seems to be a better
means to at least qualitatively describe ionicity
in cases where ionic and electronic properties
are as closely connected as they are in the thal-
lous halides. From the Szigeti formula'

e, =e „+z(N/p)(e„+ 2)'e. *'~r ', (4)

we concluded' that ~, should be of the order of 10
in fcc T1C1 and T1Br as compared to about 35 in
sc T1Cl and T18r. Here p. denotes the reduced
ionic mass, N the number of molecules per unit
volume, e* the effective ionic charge, and ~~
the transverse phonon frequency. This strong de-
crease of the static screening together with the
slight decrease of ~ „explained the large exciton-
ic binding energy very well. ~ If we use the same
parameters as used in formula (4) to calculate
the bulk compressibility with a second Szigeti
formulap

3 6 +2
¹/,t'o Eo+ 2

we find good agreement between P* and the exper-
imentally determined compressibility P,„z of sc
TlCl and T1Br, namely, p*=1.15p,„~. In addition
we calculate from (5) p„,*= 2.5p * for T1C1 as
well as for TlBr. This drastic increase in com-
pressibility has two important consequences.
The repulsive part of the total cohesive energy"
is increased by a factor of 2, showing a value of
+ 1.4 eV/mol. Thus the absolute values of the
cohesive energy of the fcc crystal, which other-
wise would be higher than those of the sc crys-
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tais, are lower than these values. This agrees
with experience, since sc TlCl and TlBr are the
normally stable phases. The second consequence
is a lowering of the longitudinal-phonon frequency,
which together with the increase of &or (due to in-
creasing bond strength) is necessary to fulfill the
Lyddane-Sachs- Teller relation: For fcc thallous
halides the ratio eo/e „lies between 2 and 3,
whereas for sc thallous halides this ratio is al-
most 7'; thus the ratio ~~/&u~ should range be-
tween 1.4 and 1.8 (fcc) instead of being close to
2.6 (sc). A detailed calculation of the phonon fre-
quencies of fcc thallous halides has to be waited
for; an experimental determination is lacking too.
From the arguments and experiments known up
to now, however, it seems justified to ascribe
to the fcc thallous halides a noticeably higher de-
gree of covalency than to the sc ones.

In conclusion, I feel, that a straightforward ap-
plication of the PV theory to ten-electron sys-
tems, whereas it may yield reasonable results
for the electronic dielectric constant, is doubtful
as far as ionicities are concerned. It is hoped
that this work on the thallous halides will be a
stimulus for examination or re-examination of
other ten-electron systems, such as lead chal-
cogenides, or similar systems, e.g. , lead and
bismuth halides.

The author is indebted to %. Staude, H. Over-
hof, and K. Heidrich of many helpful discussions.
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Optically induced ESR and absorption due to localized paramagnetic states in the for-
bidden gap have been observed in several semiconducting chalcogenide glasses below

15 K. Analysis of the ESR spectra indicates that these centers are holes localized on
chalcogens and are not directly associated with impurities.

It has long been argued that there' exist in the
forbidden energy gaps of amorphous semicon-
ductors localized electronic states which might
be attributable to dangling bonds, impurities, or
other defects in the structure of the disordered
solid. ' Various studies of the optical' and elec-

tronie' properties of ehaleogenide glasses have
been interpreted in terms of such localized gap
states, a,nd densities of localized states in the
range 10"to 10"em ' eV ' have been inferred
from the experimental results. The most contra-
dictory experimental result concerning the exis-
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