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We present new results that the states associated with Pb or Te vacancies in PbTe lie
well up in the conduction band and that no localized states appear in the valence-conduc-
tion band gap. Holes and electrons due to Pb or Te vacancies cannot freeze out even at

0°K giving PbTe the character of a metal at very low temperatures.

It is well known® that PbTe is made n- or p-
type by altering its stoichiometry. Pb-rich ma-
terial is n-type and Te-rich is p-type. The role
of interstitials, although perhaps important, is
not considered here. The principal source of
holes and electrons is taken to be the Pb and Te
vacancies. The perturbing potential due to a va-
cancy is approximately the negative of the poten-
tial normally associated with the vacancy site.
Since a vacancy has no net charge, the corre-
sponding perturbing potential U(7) is highly local-
ized. It falls off rapidly as compared with the
potential due to an acceptor or donor impurity
where one has a screened Coulomb potential.

The vacancy potential is very strong, going to
+o at the site as 1/7.

The localized nature of U(») makes it conven-
ient to expand the impurity wave function ¥ as a
linear combination of Wannier functions @, (»—Rg)
summed over bands # and sites Ry:

b= 27 A (R )a (r—R ), (1)
n Rq
where
(3C, + U)Y=E. (2)

Following the Koster-Slater? theory for impurity
states, one is led to a secular equation in matrix
form,

det| 1-G(E)U|=0 (3)

U is the matrix of the vacancy potential between
Wannier functions
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and the Green’s function matrix G(E) is
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where » and 7 denote the 7th partner of the nth
band whose energy is E, (k).

In order to construct the Wannier functions and
set up the G(E) and U matrices, it is necessary
to know the Bloch functions and corresponding
energies for all of the bands of interest over the
entire Brillouin zone. This was done using a
K-P interpolation scheme. First a relativistic
augmented-plane-wave (APW) calculation was
carried out at 2 =0 where accurate energies,
wave functions, and interband momentum matrix
elements were found. The solutions at 2 =0 were
used to set up the K+ secular equation

Comwr ot
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with P =f)+ eA/c. The size of the secular deter-
minant (6) was 32X32. This was solved over the
entire zone and the bands determined in this way
agreed with APW calculations at numerous check
points in the zone to within a few percent.

The k- p information allows one to set up the
secular equation (3) for the impurity levels. The
interaction of the five valence bands and four
conduction bands, arising primarily from Pb and
Te s~ and p-like one-electron functions, was con-
sidered. For each pair of bands, five different
values of Rp —Rq were considered in the G and U
matrices. The evaluation of the G matrix in-
volves a sum over k space. This was done using
1000 points in 1/48th of the zone via the Conroy?®
integration technique which is considerably more
accurate than the Monte Carlo method.

The results are shown in Figs. 1 and 2. The



VOLUME 22, NUMBER 5

PHYSICAL REVIEW LETTERS

3 FEBRUARY 1969

E (Ry) E(eV)
Le
0.40
i L3,L%
0.20} 3L‘_‘ °
v As ¢
8
0.00}2r¢ Aarhs olt
C i
= e
-0.20T# Bt -02a35 _ Re®
;21.,8_ “"\A‘w[\s
- 0.40/" [ AG:X» wls
L AG’ L J =
< Le
-0.60, i W:\g
_|P8 Te-P ; ® LX,L;
3 Y —
-0 80Hrs Ag Aa,Ae Lt
- Pb-S
- 1.001-Ts s
[ .\
- - o L%
.20 -1.291 ©
- 140t Te-s  As //j""'-g
3r+ b
Te

FIG. 1. A level due to a Pb vacancy splits off from
the Pb s valence band and appears at —0.243 Ry. The
bands shown are in the (111) direction and the energy
is given in Rydbergs vertically. The shaded region is
the gap between the valence and conduction bands. No
other levels are split from the valence bands.

lowest valence band is primarily a Te s band.

It lies about 2 eV below an essentially Pb s band

which in turn lies about 1 eV below a band which

is formed mainly from Te p functions. These va-
lence bands have 10N levels in all where N is the
number of unit cells in the crystal.

The solid circles in both figures denote the
band energies found at that point by a full APW
calculation* and are inserted here to indicate the
agreement obtained by the K-p scheme described
above.

The ionicity of PbTe is not accurately known
and the APW calculation of Ref. 4 used neutral-
atom potentials to construct the crystal potential.
Since the net charge within a Pb or Te APW
sphere is very nearly zero in this model, the
perturbing potential due to a missing atom lacks

“a long-range Coulomb tail. Also, although the
valence bands in Figs. 1 and 2 are labeled Pb s,
Te s, and Te p, this should not be taken to mean
that the corresponding charge densities add up to
two electrons about a Pb site and eight electrons
about a Te site in a unit cell. Actually the Te s
and Te p valence bands have an admixture of
Pb s and Pb p charge, enough to correspond to

E(Ry) E(eV)
0.40
Lz, Ls
0.20 , 48
0.00
-0.20
-0.402r; _\\AS\ Lals
[6 AG.% elg -
% ° Py
~osony [ e o
Mip- Te-P 1 3"\<XT-04582 '\L:' °
-0.80} ® s 45 6
- -0.926
-|.00~'rg——’%
L ]
i —
-1.20F I
AL L mes  Aep —— 1S
s

FIG. 2. A level due to a Te vacancy splits off from
the Te s valence band and appears at —0.107 Ry. A
level splits away from the Pb s band due to the Te va-
cancy and appears at —0,926 Ry between the Pb s and
upper Te p valence bands. Another level separates
from the lowest Te p band appearing above the gap at
—0.548 Ry, only 0.002 Ry above the conduction-band
minimum at the (111) edge. A level separates from the
L,*,Ls* Te p valence band but at —0.582 Ry which is
below the gap. Finally, two levels split away from the
highest Te p valence band, both appearing across the
gap at —0.546 and —0.534 Ry.

approximately four electrons per Pb site. Simi-
larly, some of the Te p charge density appears
in the conduction bands. Although the Te s and
Te p bands do contribute to the charge about a
Pb site, the matrix components of the Pb-~vacan-
cy potential for these bands are not large enough
to split off a state.

A Pb vacancy strongly perturbs the Pb s band
driving one doubly degenerate level out of that
band through the upper Te p band, across the gap
between the valence and conduction bands, and in-
to the conduction-band system. Since the Green’s
function Gy, ,(E) [Eq. (5)] is only defined for en-
ergies outside of those lying in the nth band, it is
not possible to locate the energy of the Pb vacan-
cy level if it lies within any of the interacting
bands. To a first approximation, we can consid-
er only the Pb s band. Doing this and consider-
ing contributions to the U,mii'(Rp, R4) matrix
from Wannier functions located at the site of the
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vacancy and at sites in the 12 surrounding unit
cells, the Pb vacancy level was found to lie 0.758
Ry above the top of the Pb s band or about 0.24
Ry above the bottom of the conduction band.
This doubly degenerate level will, of course, be
empty and we can say it is removed from the 10N
levels in the valence-band complex. A level is
driven out of the lowest Te s valence band, but
only 0.094 Ry above the top of this band. This
level will be filled and regarded as still belong-
ing to the valence-band levels. A Pb vacancy is
not strong enough to drive any levels out of the
Te p valence bands. Therefore, the valence
bands contain 10N -2 levels if there is a single
Pb vacancy. However, a vacancy removes four
electrons from the valence band since the miss-
ing Pb atom has a configuration 6s26p%. Conse-
quently there are 10N-4 electrons in a band sys-
tem with 10N -2 levels, and hence two holes
must be present. They will appear at the top of
the valence-band complex which is the Te p band.
Of special note is the fact that these holes cannot
be frozen out even at 0°K. This metal-like be-
havior is in accord with experiment.®

As shown in Fig. 2, a Te vacancy strongly per-
turbs the lowest Te s band driving one doubly
degenerate level 1.278 Ry above the top of that
band which is far above the bottom of the conduc-
tion band. This doubly degenerate level is,
therefore, removed from the valence-band com-
plex. Again, this is a single-band result using
contributions to the U matrix from the Wannier
functions at the vacancy site and from the near-
est 12 unit cells. The Te vacancy does push a
level 0.075 Ry above the Pb s band and this will
always be filled and not considered as removed
from the valence bands. Next a level is driven
above the lowest Te p band by 0.139 Ry, which
places it 0.012 Ry above the bottom of the con-
duction band. This doubly degenerate level will
be lost from the valence bands. The Te vacancy
does not push a level from the middle Te p band
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across the gap but to an energy 0.058 Ry above
the top of that band. This overlaps the highest
Te p valence band so that this level will be nor-
mally occupied. Finally, two levels each doubly
degenerate are pushed from the highest Te p
band by 0.039 and 0.027 Ry, which places them
above the bottom of the conduction band, which
lies 0.023 Ry above the top of the valence band.

We see that a Te vacancy leaves the valence
band with 10N -8 levels. Each Te vacancy re-
moved takes six electrons with it since neutral
Te has the configuration 5s%5p%. Therefore, two
electrons will appear at the bottom of the conduc-
tion band for each Te vacancy. Again, there is
no possibility of these electrons becoming bound
even at 0°K. This metallic character is also in
accord with experiment.

There are many interesting implications of this
new type of impurity level. Assuming vacancies
are the principal source of electrons or holes,
p- or n-type PbTe can be thought of as a dilute
metal. One can obtain carrier densities over a
wide range and perhaps at some appropriate con-
centration the electrons or holes will form a lat-
tice as suggested by the Wigner model of a low-
density electron gas.® The ground state may be
antiferromagnetic or ferromagnetic.

A detailed account of this work will be pub-
lished.
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