2042 NICKERSON, WHITE, LEE, BACHMANN, GEBALLE, AND HULL 3

0B, T, Matthias, T. H. Geballe, K. Andres, E.
Corenzwit, G. W, Hull, and J. P. Maita, Science 159,
530 (1968); T. H. Geballe, B. T. Matthias, K. Andres,

J. P, Maita, A. S. Cooper, and E. Corenzwit, ibid. 160,
1443 (1968).

PHYSICAL REVIEW B VOLUME 3, NUMBER 6 15 MARCH 1971

Localized Defects in PbTe'

Nelson J. Parada®™
Matevials Theovy Group, Depavitment of Electrical Engineeving,

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 20 April 1970)

The electronic energy levels associated with vacancies in PbTe are obtained through the
Green’s-function method of Koster and Slater, the unperturbed Bloch functions being obtained
from a relativistic K+ 7 augmented-plane-wave (APW) energy-band calculation. APW one-
electron energies were obtained at I' and the corresponding eigenfunctions were used to obtain
matrix elements of the relativistic momentum operator ¥ between states at T'. These energies
and matrix elements were used in a K « ¥ secular equation to obtain energies and wave func-
tions at approximately 4300 points in the Brillouin zone. With 11 relativistic bands at I", ex-
cellent results were obtained. Localized Wannier functions were constructed by taking suitable
linear combinations of the unperturbed Bloch functions and these Wannier functions provided
the basis in which the energy levels in the presence of the perturbing impurity potential were
found. We have solved the vacancy problem using Wannier functions from nine bands (five
valence and four conduction) and 13 lattice sites. The results obtained from this calculation
showed that Pb vacancies produce p-type PbTe, whereas Te vacancies produce n-type PbTe,
and in both cases, carriers are present at all temperatures.

I. INTRODUCTION

It is our intention here to present a detailed ac-
count of the previously published calculation of the
energy levels associated with vacancies in PbTe.!
Lead telluride is known to have a NaCl crystal
structure with a lattice constant of 6.452 A (12.193
a.u.)? and to be a semiconductor with a direct gap
of about 0.3 eV at room temperature.® The gap is
located at the L point in the Brillouin zone. The
measured and calculated electronic properties of
the lead salts have been recently reviewed by
Prakash, ? in his work on the measurements of the
optical-absorption edge of these salts and its vari-
ation with temperature and pressure. A very in-
teresting property of the lead chalcogenide group
of semiconductors is that they have ranges of non-
stoichiometry, the lattice incorporating either ex-
cess lead or chalcogen with the corresponding de-
fects. While excess lead produces a n-type semi-
conductor, excess chalcogen gives rise to a p-type
material. Both cases are characterized by high
mobilities at liquid-helium temperatures and it is
not possible to freeze out the carriers at low tem-
peratures.® It has been found that for excess chal-
cogen the principal defect is a singly ionized lead
vacancy while for excess lead, the situation is not
yet clear: For PbSe it seems that the principal de-
fect is a doubly ionized intersticial Pb, 7 while for

PbS, a singly ionized sulfur vacancy appears to be
the primary defect, although an appreciable con-
centration of doubly ionized intersticial Pb also
exists.® On the other hand, a singly ionized tellu-
rium vacancy is probably the most important defect
in PbTe.® The theoretical study of vacancies in
PbTe, therefore, presents the possibility of ex-
plaining the behavior described above:

The defect problem associated with a Pb and a
Te vacancy is solved here in a manner similar to
that used by Callaway and Hughes'® for single and
divacancies in silicon, that is, by applying the
Green’s-function method of Koster and Slater, !
which has also been successfully used in the study
of impurities in metals,!? and in the problem con-
nected with scattering of excitations in solids by
localized imperfections. 13 The effect of the vacancy
is treated as a time-independent localized potential
and the perturbed wave functions are expanded in
terms of Wannier functions of the unperturbed lat-
tice. Because the latter functions are defined as
linear combinations of Bloch functions, the knowl-
edge of those wave functions, on a reasonable mesh
of points in the Brillouin zone, is necessary.

The one-electron energy bands of PbTe were ob-
tained by Conklin, !* through a first-principles rela-
tivistic augmented-plane-wave (APW) calculation,
and by Lin and Kleinman, ** using a pseudopotential
approach. Some experimental results can be very
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well explained by Conklin’s bands, and the effective
masses'® and deformation potentials'? obtained with
these bands are in good agreement with the experi-
mental values. In principle, we can use the APW
method to calculate the eigenfunctions and eigen-
values of the one-electron Hamiltonian at every
point in the Brillouin zone. However for a low-
symmetry point the calculation is prohibitive, due
to the size of the secular equations to be diagonal-
ized and to the computational time. What one does
is to calculate the energy levels and the wave func-
tions only for high-symmetry points and one or two
points in the symmetry axes of the Brillouin zone.
The energy bands are then sketched along these
axes using the compatibility relations between the
groups of the wave vector at these different points.
In Sec. II we show how the eigenfunctions and the
eigenvalues of the one-electron Har_n_iltonian can be
obtained through a first-principles K - 7 interpolation
scheme. In this method, if the energies, wave
functions, and momentum matrix elements between
these functions are known at a particular point in

K space, Eo say, the energies and wave functions
can be obtained at every other point. This method
involves no approximation if all energy bands at Ko
are included in the calculations. For a semicon-
ductor, however, we are mainly interested in the
conduction and valence bands, and we expect that
bands with energy far away from these bands will
give a small contribution in the calculations. Thus,
if a reasonable number of bands around the conduc-
tion and valence bands is used in the K- 7 calcula-
tion, we expect good results near the Fermi level.
The K - 7 method was first used by Cardona and Pol-
lack!® for germanium and silicon. The values for
some of the energy gaps and momentum matrix ele-
ments were obtained from the experimental data on
cyclotron resonance and optical measurements. The
remaining parameters were assigned values sug-
gested by the orthogonalized-plane-wave (OPW)
calculation of Herman'® and pseudopotential calcu-
lation of Brust?® and were adjusted until the cal-
culated energy bands agreed with the ultraviolet
reflection data. Our calculation, however, differs
from that of Cardona and Pollack in that in ours

the relativistic bands at I" and all momentum matrix
elements between these bands were calculated. The
information was used in a K - 7 secular matrix and
the bands were obtained in a mesh of points in the
Brillouin zone. The results were surprivsing; it
was necessary to change only one of the nonrela-
tivistic momentum matrix elements by 2.5% in
order to fit the experimental gap, and at the points
where Conklin performed his calculation, our re-
sults differ little from his. It is interesting to
mention here that one of the main advantages of the
K . 7 method is the saving of computation time. Once
the single-group momentum matrix elements have
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been calculated at K, it takes less than 1 min on the
IBM 360-MIT system, in order to obtain the ener-
gies and wave functions at a general point in the
Brillouin zone, for a K- 7 secular matrix of dimen-
sion 30.

In Sec. III we solve the vacancy problem in PbTe,
using the K.7 APW bands. There we present the
general theory of localized defects in semiconduc-
tors and the method of constructing vacancy poten-
tials and Wannier functions. The theory is applied
to PbTe and the above-mentioned behavior of this
material can be well explained by the results ob-
tained with nine K -7 APW bands and 13 lattice sites.

-
II. K -7 SCHEME
A. Theory

Let us consider the one-electron relativistic
Hamiltonian derived from the Dirac equation by de-
coupling large and small components of the four-
component wave function by means of sucessive ap-
plications of the Foldy-Wouthuysen unitary trans-
formation.? In the absence of a magnetic field, and
for coupling terms between the large and small
components of the order of (v/c)’, where v and ¢
are, respectively, the velocities of the electron
and of light, we obtain

Hy=(2m) p2+V(¥) +(4m%?) [(AVVXD) -0

+21 73T V) - (2m)15Y] . (2.1)
The first two terms are the kinetic and potential
energies; the third is the spin-orbit coupling and
the two last terms are the Darwin and mass-velocity
corrections. The eigenfunctions of H, are Bloch
functions b, ,,a(l_{', r) which transforms like the i
partner of the double-group irreducible representa-
tion I‘ff’ of the group of the wave vector k.

Suppose that at a particular point R'O ink space
the Bloch functions b, 1,3('Eo, r) and energy levels
E,,(EO) are known. We can then construct the Kohn-
Luttinger functions

Xn, i( I-E’ ;):bn,i,ﬁ(ﬁo’ F)eiﬁ.; ) (2' 2)
where K=(k-K;). These functions form a complete
set of orthonormal functions and can be used as a
basis for expanding a Bloch function at k, i.e.,

bn,i,y( E; 1_‘.)=Z‘,,,IZ i Cn,i;m',j

X (K) X, 5 (K, F). (2.3)
Now, if Eq. (2.3) is substituted in Eq. (2.2) and
the resulting equation is multiplied by ¥, ;(K, 1)*
and an integration over the whole crystal is per-
formed, the following secular determinant is ob-
tained for the expansion coefficients C, ;. m; (K) ,
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det|[E,- (Kp) + (2m) (Z K)? - (8m%c?) L K)*

—Ey(K)]6y e 0, ; +m HK Ty e (K)| =0,

(2.4)
where
Foism (K)= [ ATy o(Boy TV Tl (R T),
(2.5)
T=p+(@mwcd) W HTXTV) - (2mic?)?
x [53+(7i§)2§+2'1h§§2+(ﬁﬁ_'ﬁ)ﬁ] . (2.6)

No approximation has been made until this point.
However, the secular matrix (2.4) has infinite di-
mension and for practical purpose has to be trun-
cated at some point. The dimensionality of the
secular equation is choosen by considering the com-
putational complexity vs the expected accuracy of
the calculated energies and wave functions which
depends not only on the number of bands used at Eo,
but also on the accuracy of the calculated energies
and momentum matrix elements at this point.

Before we consider the practical application for
PbTe, let us discuss more carefully the symmetry
properties of the Bloch functions obtained through
the K- 7 scheme. It can be shown® that for a gen-
eral point k

{at, b, 1.4(K, T)=B(ak, T)e'e® | (2.7
where {a[f, } is a space-group operation, B(ak, r)
is a Bloch function with wave vector ak, and v,(K)
is a real function of K. But {a|f, } being a space-
group operation leaves the crystal lattice and the
electron charge density unchanged. Then, {alf,}
will interchange members of the star of K. The

phase factor exp {i)’a(ﬁ)} brought in by the symmetry

operation {alia } has to be specified and also oné
must express the function B(ak, r) on the right-
hand side of Eq. (2.7) in terms of the functions in
the star of K. For a nondegenerate band it is rea-
sonable to define b,(K, @) =b,(ak, T) and in this
case

{a] §,}b,(K, T)=b,(ak, T)e'*F i, (2.8)

Recently, however, Callaway and Hughes® showed
that if only nondegenerate bands are considered, it
is necessary to define

{al Ea}bn( E; ;)=er(a)eiaﬁ-fa bn(aﬁ, -f') (2.9)

in order that the periodic part of the Bloch function
associated with band » vary smoothly in K space.

In Eq. (2.9) xT8( ) is the character of one of the
one-dimensional representations I'; of the point
-group and can only have the values +1. This point
is important in all problems where localized Wan-
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nier functions have to be defined. Later Ca.llayay23
showed that Eq. (2.9) is a consequence of the K- p
perturbation theory near k=0for a nondegenerate
band. If Eq. (2.9) is satisfied at k=0 it will be
satisfied for all k for which the perturbation series
converges. In this case xT8( @) is the character of
the irreducible representation of the band at k=o.
In Appendix A we determine the properties of the
Bloch functions obtained in the K. 7 scheme in the
case where the group of Eo is the point group of the
crystal. We obtain that

{a] T, 10, . 5(K, T)=e'®iap, | (ak, T), (2.10)

which shows that the application of one operation of
the space group to a Bloch function at Kk will produce
a Bloch function in the star, corresponding to the
same band _a»md partner as the original Bloch function
at E The K- 7 method, however, does not produce
Bloch functions whose periodic parts vary smoothly
in the Brillouin zone. We can easily verify this by
considering, for example, the region near Eo Con-
sider a point kK and a band » and assume that at &,
the ¢ partner of this band corresponds to the i’
partner of band z’, i.€., Cp 1y, ;(0)=8p b, ;oo I
we are seeking for a smooth function, then the last
relation must hold approximately at every point K
near kK,. Consider now the Bloch function at ak.
According to Eq. (A5),

Crtsm s (@R) =20, Cp s 1 (K)T FO(0),

= Cn, iym, 4’ ( I-E )r ékg)( a)j, i’ 6m,n' ,
which shows us that the periodic part of the Bloch
function will not vary smoothly near kK,. For the
purpose of obtaining localized Wannier functions we
are interested in generating Bloch functions that
exhibit reasonable continuity near Ko. One way of
doing this is to_»consider, for every @, a new set of
values for the K- 7 expansion coefficients, which we
will call C, ., ;(@K) such that they vary smoothly
near k;. Define

c r’l,l;n’ ,j(al—z) ZZ a {[réﬁo)(a)]-l }j.q Cn,i;n' ,q (O{l_{’) .
(2.11)

In this case

Cr'r,i;n',l(aﬁ)zcn,i;n’,/(ﬁ) . (2.12)

The transformation we have performed is unitary,
because the matrices for the representation at k,
are unitary. If bands » and »’ are one dimensional,
then

C i (@R =xBE0(Q)C, 1.0 (@K)  (2.13)

which is similar to the result obtained by Callaway.?
When K is large, probably other bands besides » '
contribute significantly to band » at k. In this case
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the coefficients corresponding to these bands will
not be continuous with the above transformation.
Further considerations about the proper choice of
the phases of Bloch functions will be made in Sec.,
III in connection with the study of Wannier functions
in PbTe.

Now, if Kisa symmetry point, i.e., there exist
operations @ other than identity such that ak=E&,
Bloch functions at this point have to transform under
a-like partners of the irreducible representations
of the group of K. In this case, by means of suitable
rotations of the basis functions, the K - 7 matrix
can be factored, each block corresponding to a cer-
tain irreducible representations of the group of K.
Only partners of the irreducible representations of
the group of Eo compatible with partners of a certain
irreducible representation of the group of k will
enter the block corresponding to the latter repre-
sentation.

B. Application to PbTe

Let us now apply the preceding theory to PbTe.
Point f{’o is chosen to be the I' point in k space and
in this case the group of Eo is the point group of the
crystal. The Bloch functions and energy eigen-
values at i{’o are obtained through an APW energy-
band calculation,

Figure 1 shows schematically the nonrelativistic
and full relativistic bands obtained at I' through the
APW calculation. In this figure and in the subse-
quent considerations we will represent the energy
bands by the corresponding irreducible representa-
tions. Because this labeling is not unique, an extra
index m is introduced. Thus "T', ; will represent
the ¢ partner of the wth band that transforms like
the irreducible representation I',.

The transformation properties of the partners of
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FIG. 1. Schematic representation of the energy levels
at T for PbTe.
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TABLE I. Transformation properties of the single-group
irreducible representations at T'.

Representation Transformation properties

Ty s

Tis,1 x

Tis,2 y

Tis,3 z

T2, 4 @)% — y?)

Ty, 2 322 — 2

T3 xyz

Tos, 1 yz

Tls, 2 %z

T, 3 xy

the single-group irreducible representations are
shown in Table I, where a system of coordinates
with axes in the [100], [010], and [001] directions
is considered. Table II shows how to write the
partners of the double-group irreducible represen-
tations in terms of the single-group irreducible
representations. In that table, T, ;(T",) represents
the 7 partner of the I', double-group irreducible
representation coming from the T, single-group
irreducible representation at I', and S, and S; are
the common “spin-up” and “spin-down” functions.
It can be observed that the partners of the double-
group representations form Kramers pairs, i.e.,

TABLE II. Relations between partners of the double-
group and single-group irreducible representations at I'.

=TS,

=T Sg

= (3)"'/2[(~iT%5, 1+ D5, 9)Sg—1iT%5, 354
= (3)1/2[(=iT%;, 1 = T5, ))Sq+iThs, 3Sal
= (6)"1/2[(iT5,  + T35, ))Sq + 20T%5, 3Sg)
= (6)"1/2[(=iT%5, 1+ Ths, ))Sg+ 2iT45, 4,1
= (2)'”2(”55,‘1—1"25, 2Sa

%,1(Ty)
5,29
T4, 1(T'%s)
T%, (T35

T}, 4(T'gs)
T'§, 3(I'%5)

3,2(Th) = (2)71/24T% =T45 »)Ss
T, 1Ty5) = (8)"1/2[(=4Ty5, 1 +T 5, 5)Ss—1Ts5, 3S]
T'%,20C15) = B8)71/2[(=ily5, 1 =T5, )Sq+iT 15, 3Sg)
7,104 =T4S,
7,203 =T3Sg

T3, 1(Ty5) = (@)1 3(=iTy5 1+ T g5, 9)S,

r-a, 4Ty = (2)° 1/2(1:1‘15, 1+ r15, 2)Sg
T'3,3(Cs5) = 6)71/2[(Ty5, 1+ T'y5, 9)Sq+ 2T 5, 3Sg]
r'g, 2(1‘15) = (6)-1/2[(— z‘I‘ls, 1+1“15,Z)sﬂ +2ir15,83a]
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T, .=«T,, where k is the time-reversal operator
and for four-dimensional representations, T, ,
=kT, yand Ty p=«T, 3. N
In order to obtain the K- 7 secular matrix elements
it is necessary to calculate the matrix elements of
7 between Bloch functions at T. The calculation of
the matrix elements between the nonrelativistic
bands of the first three terms in Eq. (2.6), which
are K independent, was performed for PbTe. As
it happens at the L point!® the second and third
terms give matrix elements which are 10~ to 10-¢
smaller than the corresponding momentum matrix
elements and can be disregarded. The three other
terms in Eq. (2.6), which are K dependent, and do
not enter the effective-mass calculations, where K
is assumed small, were studied. Results at T’
showed that they are also of the order of 10~° to 1078
compared with any other term, if K is limited to
the first Brillouin zone. These considerations show
us that only the momentum matrix elements them-
selves are important in the calculations. This does
not mean that we are disregarding the relativistic
corrections. What have been disregarded are the
contributions of these terms to the 7 operator. Ob-
serve that the bands at I" contain all relativistic
~.corrections. Table III shows the momentum matrix
elements between single-group representations at
T which are different from zero by symmetry con-
siderations. This can be obtained by noting that 1_5
transforms like T'j; and using the transformation
properties of Table II. The nonzero momentum
matrix elements between double-group representa-
tions can be obtained through Tables II and III, and
observing that for each Kramers pair,

<Fn,i|5l rm,i>=<rn,1|5l I,m,j>*
and
<rn,i{ﬁl rm,f) ='<Pn,j|§] rm,i>* .

The 11 independent momentum matrix elements
were calculated using Conklin’s nonrelativistic
bands at I, Although a good energy convergence
on the number of symmetrized APW (SAPW) was
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TABLE IV. Matrix elements of (%/m)p between
‘basis functions at I'.

Matrix element Value (a.u.)

(2/m) My, 1,15,1 0.969
(7/m) My,1,15,2 0.250
5/ m) My,g,15,1 -0.155
(/m) My, 915, 1.180
(/m) My 3,151 0.437
(5/m) My,3,15,9 -0.225
©'/%n/2m) Miz,1;15,1 0.534
621/ 2m) My, 1515,2 -1.456
(72/m) M5, 12,1 0.949
8121/ 2m) Mys,1;15,4 1.068
(381/%/2m) Mas, ;15,2 0.460

obtained, the same was not true for all momentum
matrix elements. A new APW band calculation was
then performed with 15 SAPW’s for each level. Al-
though the energy levels and the mixing changed
very little, an excellent convergence was now ob-
tained for all momentum matrix elements. The
new values, showed in Table IV, were then used in
the K- 7 secular matrix which was diagonalized for
values of kK along the symmetry axes. The energy
gap at L was found to be equal to 0.0256 Ry (0. 340
eV) which is bigger than the experimental gap. A
quantitative study of the influence of the various
momentum matrix elements in the K- 7 bands, along
the symmetry axes, was then performed. There
are several elements whose variation changes the
gap at L. However, there is one momentum matrix
element, namely, M, 5,152, which, while strongly
changing the gap, also changes the bands at other
symmetry points in such a way that the K- 7 bands
move towards the Conklin’s bands. The variation
of the gap with M, 5,5 » is shown in Fig. 2. Owing
to the symmetries in a fcc unit cell, energies and
wave functions need to be calculated only for points

TABLE III. Nonzero momentum matrix elements between single-group irreducible representations at T".

My, ;15,6 = (‘T1lpel"T15, 1) =(T11pyl T 15, 2) = (“T11p,I1"T 5, 5)
Mz, g315, 5 = (T, 11021 "T'15, 1) ==(“T'13, 11,1 °T'35, 2)
== @) /AT 1y, 91 p4I"T's5, 1) == B) /2Ty, 51 p, 1T 35, 5)
=(312/2)(°T, 210,1°T 15, 3)
Mys, o5 2,5 = (T, 11021 T3 = ("T'hs, 31 py1"T'5) = (*T'hs. 315,1°T3)
My, o; 15,5= (‘Ts, 116y °T'15, 3) = (*T'3s, 1162115, 2)
= (*Tls, 21041°T'15, 1) =("Ts, 2154 PT 15, 3)
= (T, 316y1"T'15,1) =("Tts, 3191 T35, 2)
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louin zone. They were calculated on the 152 point -1.20[ i
regular mesh and the results used to calculate the -1.301

- pA K
optical dielectric constant €(q=0, w) of PbTe. -1.40r - ?
-1.50FT¢

The comparison with the measured value of Cardona

and Greenaway % for the real part of the dielectric () Le
constant showed that the calculated value agrees E(Rv 0.40
very well with the experiment. 0.301 s
0.20F W4
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of ¥(T) and the following secular matrix for the (b) [110]direction, (c) [111]direction.
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coefficients of expansion is obtained:
det| I-GU| =0, (3.2

where I is the identity matrix
Gn'. i ;n,i( Rp - Ra'-’ E)
=N#2; 8y uBiv 4 [E—E,,(E)]‘le“?' (Bp-Ren  (3.3)

is the general element of matrix G, with N; being
the number of allowed k'vectors in the Brillouin
zZone,

Un',i’;n,i(-ﬁq” ﬁq)
=<an‘,i’(F_—R.'q’)|U(;)|aﬂ,i(;_ﬁq)> (3.4)
is the general element of matrix U and
a,, r- ﬁq)= Q2 jgzdi{’b,,, 1.8(K, T )e" 1E-Ra gionte)
(3.5)

is the Wannier function for band »n, partner ¢, and
lattice site R,- Q3 is the volume of the first Bril-

louin zone and €,(k) is a phase factor. These phase.

factors are necessary because if they are chosen
properly, localized Wannier functions are obtained.
The secular matrix in Eq. (3.2) has a general row
or column characterized by the band index #, the
partner index ¢, and the lattice site R e

If the perturbation U(T) and the Wannier functions
are well localized, the matrix U can be well ap-
proximated as having only a finite number of non-
zero elements which can be rearranged to appear
in the upper-left corner of the matrix. Let us de-
note this part by Uyy. Then Eq. (3.2) can be writ-
ten as

dEtl Iyy - GNNUNNI =0, (3.6)

where G yy and Iy are, respectively, the block of
the matrices G and I which correspond to the block
Uyy of Uy. Equation (3.6) can be written as

detl Gy - UNN! =0, (3.7)

where Gjy is the inverse of Gyy. Equation (3.7) is
preferred over Eq. (3.6) because Iyy —GyyUyy is

not Hermitian, even though G, and Uyyare Hermi-
tian. Energy E in Eq. (3.3) is a real number if we
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are limited to states lying in the energy gap of the
host material (bound states). In the case where we
are dealing with states whose energies coincide with
energies in the spectrum of H,;, as in the scattering
problem, E must be allowed to have an infinitesimal
imaginary part,

The definition (3. 5) for the Wannier functions may
present difficulties when the band structure of the
material presents symmetry, accidental or quasi-
degeneracies. Near quasidegeneracies, two dif-
ferent points of view can be taken when defining
Wannier functions. According to the first point of
view, the bands are not allowed to cross and are
defined in their order of increasing energy. In this
case a continuous energy band will be produced and
the G matrix will have the proper asymptotic be-
havior for large values of E. The wave functions,
however, may vary wildly in the zone, making the
definition of localized Wannier functions more dif-
ficult, but not impossible. In this case, under the
operations of the crystal point group, the localized
Wannier functions may not exhibit simple transfor-
mation properties and large matrices may have to
be diagonalized in solving the defect problem. The
second point of view consists of departing from the
above band ordering according to increasing energy
by defining bands with Bloch functions whose peri-
odic part varies slowly in K space. In this case
the points where the quasidegeneracies occur have
to be excluded from the definition of the Wannier
functions and consequently the G matrix does not
have the proper behavior for large values of E.

But localized Wannier functions with simple trans-
formation properties can be obtained and smaller
matrices will have to be solved. In the present
work we will adopt the first point of view because
for PbTe, which is a small gap semiconductor,
quasidegeneracies occur in a large region of K
space, both for the valence and conduction bands.
At a symmetry point S, where some bands may have
degeneracy greater than 2, and band crossing

may occur between bands that transform like differ-
ent irreducible representations, the situation is
more critical. As far as degeneracy is concerned,
two cases are possible: A single band in the region
A of general points corresponds to a single band at
S, or two or more bands in A will join at S, giving
rise to a band with degeneracy greater than 2.

The first case does not present difficulties, nor
does the second case when a partner j of a band w
at S corresponds to a partner ¢ of a particular band
n at all points in A near S. But this is not always
true. For the T'; bands, for example, along the

A axis the first partner of a Ag band corresponds -
to (bT5,4~cT;,5), where b=(2)-/2 and ¢ =(6)~"/%,
while along the ¥ axis the same band has to have a
Z5 symmetry and the first partner of a Z; band
corresponds to I'y 4. In an ambiguous situation such
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as the contribution coming from I is simply ex-
cluded without seriously affecting the integrity of
the Wannier function. On the surface of the Bril-
louin zone, problems also arise at points K where
there exist operations «@ in the point group such
that ak=Kk+K;, with K, being a reciprocal-lattice
vector. One example is the L point in the fcc lat-
tice. Due to the special transformation properties
of the wave functions, discontinuities may occur in
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the K- 7 coefficients. However contributions like
that can also be excluded. Points where accidental
degeneracies occur can be treated in the same way.
It is easy to see that the Wannier functions defined
in this way form a complete orthonormal set because
the Bloch function corresponding to one band con-
tributes to one and only one Wannier function.

In the K- 7 scheme, the general term of the ma-
trix U can be written as

= = = g R £ K 7 £)- 9 (&
U"‘ i ;n,i(Rq' , R'q) =Ni1 Z Z ei(f Ry £ RG)Z Z} Z Z cn’ me g (KI) C"’ i;m,j(K)ei[e" (k) = Oy )]
K ok

m §' om ]

- Lok i .
X[dT by o o Koy 1) ! ®F 1T U(R) D, , 4K, T) .

(3.8)

In Eq. (3.8), kK’ and K can take general values in kK space and even if a reasonable mesh of points is used, th:
number of matrix elements to be calculated would be enormous and the computational time involved prob-
ably prohibitive. However, if U(r) is a localized perturbation we expect that simplifications can be made.

In fact, if U(r) is very localized near the origin, e

#®-£)°F 15 Eq. (3.8) can be expanded in Taylor’s series

near the origin and only a few terms be considered. In the case of vacancies in PbTe, as we will see later,
only the first two terms need to be considered if k and k' are restricted to the first Brillouin zone. Equa-

tion (3. 8) can then be written as

Un’ , 1 ;n,i(_ﬁq',ﬁq) = Z: Z Z Z {Cn‘ ,im 4 (ﬁq')*cn,i;m,j(ﬁq)Tm’ WJimd

m § om j

+ [Cn' Jitm 3 (-ﬁv' )*ﬁn,i ;m,j(ﬁq) - Cn,l;m,j(ﬁq) isn’ WAt § (ﬁa’ )] * ﬁm’ .I’;m,l} ’

where
c"’im'j(ﬁv) :N!flzgcn, z;m,,-(ﬁ)ei[e"(k)'k'ﬁa] ,
(3.10a)
ﬁn,i;m.f(ﬁar)zl\llg1 Efizcn,i,:m,j(f)e”eﬂ(i)' GRS ,
(3.10b)

Tt ir5m5 =N Q@m0 8 (kp, 1| UT)| b, ;8o 7)) ,
(3.10¢c)

Nt yims=iNg o o0 (&, ;)|.;U(;)|bm,j,5(izo, ).
(3.10d)

Suppose an fcc lattice and the case where the
group of Eo contains inversion. The integration in
Kk space need to be performed only over 3 of the
zone if the relations between the coefficients
Cpi;m;(K) and C, ;.. ;(cK) and the phases €,(k) are
known. If relation (A5) is assumed, then

- - ’ -
Cotm3(RQ) = Ng 200 H(R0) ™ 2y 22, Coy1ma(B)
% I"éio’ (a),, ei[en(ai)-al?~§q],

(3.11a)

ﬁn.i;m,/(—ﬁq) =NEIZét(D-IZaZI Cn,l;m,l(f)

(3.9)

X rgﬂw(a),,,(aﬁ)eﬂen(ah-«f-fu , (3.11b)

where the primed sum in K indicates that now K is
restricted to ;'% of the zone. If Kisa general point,
the 48 operations of the point group will give 48
different contributions in the sum on k. However,
if Kis the T point, for example, the 48 operations
will give 48 equal contributions and the total con-
tribution coming from this point has to be divided
by 48. This multiple counting is corrected by the
weighting factor #(&).

Finally, the phases ¢'®n® have to be chosen in
order to produce reasonably localized Wannier
functions. In the case of localized perturbations
the Wannier functions can be considered well local-
ized, if the matrix elements of the perturbation
U(r) between the Wannier functions centered at the
site where the perturbation is concentrated is much
larger than any other matrix elements relating
Wannier functions. In order to decrease the num-
ber of possible choices for the phase factors we will
assume that the phase associated with a point in the
star of K, where K is in 4 of the zone, is obtained
by adding a E-independent constant to the phase as-
sociated with k. It can be easily shown that this is
a good assumption if the important X - 7 coefficients
for a particular band vary in the smoothest possible
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way. This is also important when interpolation is
needed in order to obtain wave functions at points
other than the points in the mesh. The perturbation
U(r) being localized at the origin we can write

Un.i;n,i(ﬁp= 0, ﬁbz 0)

Qz\/mzm’zl Cn.i; ey ,j(ﬁp= ())).(Cn.i;m,j(ﬁp= O)Tm’,m ’

where we have made use of the fact that 7, ;. ,,;
=T, m0p ; and we recall that the representations
corresponding to bands »’ and w have to be the
same. If partner ¢ of band » corresponds to partner
7 of band m at I'Eo it is possible that for a large por-
tion of the & region of k space the leading K+ 7
coefficient of the former band is the one correspond-
ing to the later band. Let us emphasize this point
when calculating U, ;., (R,=0). Assume that for
every K in the 4 region C, j; », ,(K) is the leading
coefficient. If band m transforms like the irre-
ducible representation I'}*?, we obtain

Un,i;n,i(ﬁp =0, -sz O)gAn,i;ms,er (Qj,r)* Q!,r ’

(3.12)
where

An,i; ms,r= {NIEZZ)EZP [t(ﬁ) t(E,)] -1 Cn, i mg,r
n* o
X (K) Cn,i;ms,r(K)}Tms,ms y
QM=Z,I‘,(EO’(a)L,e"e"(“) .

But Eq. (3.12) will be maximum if §; |Q; ,|% is max-
imum. Leta; , and b; , be the real and imaginary
parts of @; ,, respectively. Then, the larger the
numbers la; , | and 1b; !, the larger Eq. (3.12)
will be. For simplicity we will assume that ¢ ‘®’
=+1, One way of obtaining a maximum value for
Un i:ni(R,=0, R,=0) is to choose €,(a) such that
one element, a, , say, is the largest possible. But
there will be some ¢’s that do not contribute to a, ,.
Then, we choose part of the remaining €,(a) such
that another element is the largest possible and
continue in this way until all €,(a) have been chosen.
We can now quickly choose the phase factor of an
improper rotation in terms of the corresponding
proper rotation, in the case where the group of EO
contains inversion. If I'¥0’ has even parity, then
T%0 (Ja)=T %0 (@), where J is the inversion oper-
ator and in this case we have to have ¢/
=e'®®, However, if I'® has odd parity, then

I, %) (Ja)= - I'%0 (a) and we should choose
e!®J@) = _ p1®@)  The Wannier functions obtained
according to the above procedure are not the opti-
mal, i.e., the most localized functions, but for
PbTe, as will be discussed later, the matrix ele-
ment connecting Wannier functions centered at the
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origin was found to be 5-20 times larger than any
other matrix element.

Recentl’y,26 however, it was shown that it is pos-
sible to choose the phase G,,(E ) in order to produce
optimal Wannier functions. This was accomplished
by making the width or mean squared radius

(@, (F = Ro)| (F = F)?| @, (F~Ry)) extremal.
B. Application to PbTe

Let us apply the formalism developed in the pre-
vious sections to the case where the perturbing po-
tential U(T) is due to a neutral Pb or Te vacancy.

In the APW method the periodic potential in the
crystal is assumed to be of the muffin-tin type
which is obtained by placing touching spheres
around the atoms in the lattice. The spherically
symmetric potential (inside the spheres) is made
of the Herman and Skilman’s atomic potential®” at
the site under consideration plus the spherically
averaged contribution of the neighboring atoms.

The constant potential (outside the spheres) is cho-
sen by linearly averaging the spherically symmetric
potential in the region outside the spheres, As-
sume, now, that one atom, Pb say, is missing and
that no lattice deformation or screening occur. The
crystal potential at the sphere corresponding to this
atom is only due to the contribution coming from
the neighboring spheres and the perturbing poten-
tial is given by the negative of the crystal potential
decreased by this contribution. In the neighboring
Te spheres the spherically averaged contribution

of the Pb atom is missing and it represents the
perturbing potential in these spheres. The perturb-

“ing potential can be obtained in the plane-wave

region by performing the same averaging used in
obtaining the constant potential, It is evident that
the perturbing potential constructed in such a way
has the point-group symmetry and is important
practically only in the cell where the vacancy is
located.

First, the matrix elements of the operator N;U(T)
x gt & )'F were calculated between the nonrela-
tivistic APW Bloch functions with ten SAPW, the
cutoff in the sums on the [ parameter of the spher-
ical harmonics being [=10. The convergence of
the matrix elements both in the number of SAPW’s
and [ terms was excellent. Figure 4 shows some
of typical matrix elements in the case where Ak
=k-k'= (n/a)(t, 0,0), abeing the lattice parameter
and ¢ varying from 0. 0 to its maximum value 4. 0.
Two important conclusions were then deduced.
First, if the representations are the same, the ma-
trix elements are reasonably large and decreases
slowly as |Ak| increases; second, for different
representations, the matrix elements are in gen-
eral small: if the representations have different
parities, the matrix elements increase almost lin-



|eo

@u)} @.u)
Csal0*Ns, )b vac, o0l €T [2Tis) pyovac.
40} 0.8
n=exp (isk-HU 0.7t
30 + 0.6
<Al ppvac. 05k Tl @105 V5
ot 17eevac. X
_—
20 <N, 12152 po-vac. 4
F 2 127 Pb-VAC. 0.4 “z;al“"ﬁ;,c)»-uc
(T2 [002) re-vac. 0.3
10 | N 10]2Tis,) re-vac. 0.2~
0.1
(Irl I, ﬂl'ﬂ) 1Te-VAC,, 1 1 Il 1 1
1.0 20 30 t 1.0 20 3.0 t

FIG. 4. Variation of some of the typical matrix ele-
ments of the operator Ny e““A¥*Phetween nonrelativistic
single-group functions. at I as a functions of Ak, in the
case where AKR= (1/a) (,0,0).

early with 1Ak|, and, if the representations have
the same parities, the matrix elements increase
quadratically with |AK|. This behavior of the ma-
trix elements provides the important key in the
solution of the vacancy problem in the K-ﬁ scheme,
because it shows that we can expand e’ *-¥' % jp
Taylor’s series near the origin (the impurity po-
tential is assumed to be localized near the origin),
and, as a very good approximation, considers only
the two first terms. This is equivalent to saying
that the vacancy potential is so localized that in
the Brillouin zone ¢/2¥% plays the role of a slowly
varying function of . In this case we may apply
the formalism deduced in the previous sections.
Table V presents the values obtained for the ma-
trix elements of U(F) and ixU(#) between the non-
relativistic Bloch functions at I'.  These wave
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functions are such that the matrix elements are
real numbers. With these matrix elements we
can construct matrix T and tensor ﬁ, defined by
Egs. (3.10c) and (3.10d), respectively, observing
that the operator rU(r) transforms in the same
way as the momentum operator under the opera-
tions of the crystal point group.

Next step in the calculations consists in obtain-
ing for the important bands of PbTe the expressions
for C, 1;m 4(R,) and -ﬁn',;m,,(_ﬁ,) given by Egs.
(3.10a) and (3. 10b). Let us consider the three va-
lence and three conduction bands which, at I', cor-
responds to 'I';, 'I';, ?T';, and °T; . They will be
referred to as valence band numbers 3, 4, and 5
and conduction band numbers 1, 2, and 3, in the
order of increasing energy. Because these bands

“have, over almost the entire zone, a large contri-

bution coming from the Kohn-Luttinger functions
corresponding tothe above I'y and Tz bands, area-
sonable choice for the phases en(.aﬁ) canbe made.
The phases for the improper rotations are chosen

such that e?®n/*9 = ¢#®n @0 yhere J is the inversion

operator. For the valence bands, the important K-
coefficients vary reasonably slowly over 45 of the
zone, with the exception of a region near the point
in the [100] axis where band crossing and quasi-
degeneracies exist. The contribution coming from
Ir; is the largest for the lowest valence band
(number 3) and although the contribution coming
from the even-parity I" bands is not small near the
L point, a reasonably localized Wannier function
can be obtained, if the 'I'; contribution is optmized.
This optimization consists of defining e?®ne® =1

TABLE V. Matrix elements of U(F¥) and i x U(¥) between nonrelativistic bands at ', for Pb and Te vacancies.

Matrix element of U )

Matrix element of i x U(F)

Pb Te Pb Te

vacancy vacancy vacancy vacancy
Band Band (a.u.) (a.u.) Band Band (a.u.) (a.u.)
Ir, I, 2.397 0.468 Ir, T4 0.007 -0.824
I, r, ~1.474 1.065 Ir, Ty, 0.013 0.345
I, T, -1.239 -1.054 ’r, Ty, -0. 069 0.103
T, T, 0.921 2.466 T, 5 -0.162 -0.039
r, T, 0.751 -2.364 T, P61 -0.113 0.370
Ty Ty 0.648 2.413 Ty 5,1 ~0. 274 -0.152
5,1 Ty, 0.752 4.085 Ty 5,1 -~0.084 0.121
1 5,1 1.768 -1.686 Ty2,1 M5, -0.162 -0.029
Ty 1 51 4.534 0.800 T'95,1 T -0.005 -0.019
Ty, T, 2.305 1.774 T'4s,1 Ty5.4 0. 047 -0.124
I} T} 0.160 0.143 Ths,1 5,1 0.123 0.048
Ths,1 Ts,4 1,575 1.190

A



2052

for all proper rotations. Although throughout a
large part of the 45 region of the Brillouin zone the
valence band numbers 4 and 5 consist primarily of
the Kohn-Luttinger functions coming from the first
and third partners of 'I';, reasonably large contri-
butions also come from the other partners of 'I';,
from the I'; bands and from °I';, besides the con-
tribution from the even-parity I" bands. For both
valence bands, the most localized Wannier functions
were obtained not when the contribution coming
from the first and third partners of 'I'; were opti-
mized, but when all partners of 'I'; were optimized.
This corresponds to the choice ¢®‘®’=+1, accord-
ing to x3(a@) 2 0, where x;z(a) denotes the character
of the matrix representing «a in the I'j-irreducible
‘representation. :But, there are some « for which
Xs(@)=0 and the corresponding phase factors re-
main undefined. The optimization of I'z, which
corresponds to the choice ¢'®‘*’=1 for all o was
the one that produced the best Wannier functions.
The conduction bands are also represented by slow-
ly varying K7 coefficients, except in regions near
the points where accidental and quasidegeneracies
exist, Although the lowest conduction band (num-
ber 1) also has a large contribution coming from
the I' bands, the optimization of the I'y bands
proved to give better results. The other two bands
behaved in the same way as the two upper valence
bands, as far as the choice of the phase factors is
concerned. Besides the three above-mentioned
valence bands, PbTe also has two other valence
bands which are important in the vacancy problem.
These bands will be called valence band numbers 1
and 2, and at T’ they correspond to T and 'Tg,
respectively. Valence band 1 has an averaged con-
tribution of 0. 897 coming from the Kohn-Luttinger
function corresponding to 3rg and valence band
number 2 has an averaged contribution of 0. 731
coming from 11";. This means that very localized
Wannier functions can be constructed for these
bands if ¢*®‘*® =1 for all a. In the determination
of the vacancy energy levels, the conduction band
that at I' corresponds to T’y had to be included in
the calculations, because it has an averaged con-
tribution of 0. 627 coming from ®I'; and the matrix
elements of the impurity potential connecting 21‘;
and °T; and !T'; are very large.

Once the coefficients C, ;;,, ;(R,) and Dy, 1;m Ry
are known, the matrix elements of Ul (T) between
Wannier functions can be obtained, Those matrix
elements were calculated for the five valence bands
and four conduction bands and for the site at the
origin and 12 nearest neighbors of the type ﬁq
=(3a)(1,1,0). We have found that, for all bands,
the matrix elements connecting Wannier functions
centered at the origin were 5 to 20 times larger
than any other matrix element.

On the other hand, matrix G is diagonal in both
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the band and partner indices. Then

Gn,i;n,i(Aﬁq, E)
=N'2. 2, AE - E,(R)]" cos(ak AR,

where Aﬁqz ﬁq - ﬁq: , the sum on k is performed in
#0f the zone and the sum on « includes only the 24
proper rotations of the crystal point group. We
can observe that G, ;;,,i( = ARG,E) =Gy, ;0,1 (8R,, E).
Due to the fact that, for values of E near the top

or bottom of the energy band, the G matrix depends
strongly on the details of the band near these max-
ima, the number and distribution of points in the
energy mesh are very important. We have calcu-
lated the elements of G for some values of E near
and far from the extremum of the bands using both
the regular and Conroy’s® integration methods.

For all bands very good convergence was obtained
for a Conroy’s mesh of 1000 points in zle— of the

zone. As continuous energy bands have been de-
fined in k space,G,,,,;,,'i(A-ﬁq, E) properly approaches
zero for large values of E.

As the vacancy potential has the crystal point-
group symmetry, the wave functions corresponding
to the bound states will have to transform like the
irreducible representations of the crystal point
group. Thus, instead of diagonalizing the total
matrix [Gyy - Uyy] we factor it in block form, each
block containing only states with wave functions
transforming as the same irreducible representa-
tions. This factorization can be accomplished using
projection operators, if the transformation prop- !
erties of the Wannier functions are known. Al-
though providing a proper G matrix, our definition
of Wannier functions do not produce functions with
simple transformation properties. Because of that,
as proved in Appendix B, we can only factor the
total matrix U or G into two smaller matrices, one
for the even-parity representations and other for
the odd-parity representations. These two blocks
cannot be easily factored into smaller blocks con-
taining only one irreducible representation, but
each block is totally diagonalized. In the following
discussion we will call the energy levels obtained
from the even-parity and odd-parity blocks, sym-
metric and antisymmetric levels, respectively.

The symmetric and antisymmetric energy levels
obtained in the single-band approximation for the
five valence bands are shown in Table VI. There
we present the results for one site and 13 sites.

In the first case only one symmetric state is pro-
duced per band, while in the second case, seven
symmetric and six antisymmetric levels exist for
each band. For vacancy potentials in PbTe the
perturbation is not strong enough to pull antisym-
metric states out of the bands, and only symmetric
bound states may occur. For a Pb vacancy one
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TABLE VI. Symmetric and antisymmetric states
‘obtained in the single-band approximation for the valence
bands of PbTe. The zero of energy is taken at the top
of the corresponding band.

Symmetric Anti-
Number Bound symmetric
of In the  states In the
Band  Vacancy sites band (10°Ry) band
Valence 1 Pb 1 0 52.03 0
13 6 94,22 6
Valence 2 Pb 1 (] 631.18 0
13 6 758. 37 6
Valence 3 Pb 1 1 e 0
13 7 s 6
Valence 4 Pb 1 1 0
13 T 6
Valence 5 Pb 1 1 0
13 7 6
Valence 1 Te 1 0 1122.32 0
13 6 1278.27 6
Valence 2 Te 1 0 43.22 0
13 6 75.13 6
Valence 3 Te 1 0 123.81 0
13 6 137.85 6
Valence 4 Te 1 0 38.75 1]
13 6 57.70 6
Valence 5 Te 1 0 16.43 0
13 5 39.01 6
26.52

symmetric bound state is produced both for valence
band 1 and 2. The effect of considering more sites
is to increase the energy of these states. The
perturbation, however, is not strong enough to
produce symmetric bound states for valence bands
3-5. A different picture is produced when a Te
vacancy is present in PbTe. Now, besides valence
bands 1 and 2, symmetric bound states are also
pulled out of the valence bands 3-5. All these bands,
except valence band number 5, present only one
symmetric bound state both for one and 13 sites.
For valence band 5, however, one state exists
when one site is considered, but another one ap-
pears when 13 sites are taken into account. Then,
in the single-band approximation and 13 sites, one
bound state appears above the bottom of the lowest
conduction band for a Pb vacancy and, for a Te
vacancy, the number of bound states is equal to
three.

Finally, all the five valence bands and four con-
duction bands were considered together. For 13
sites the resulting symmetric and antisymmetric
matrices have dimensions of 63 and 54, respec-
tively. But due to the fact that valence band 1 and
2 and conduction band 4 have a large contribution
coming from the T'g levels and the other bands
have a large contribution coming from the T and
T levels, these two groups can be considered
separately. We are allowed to make this separation
not only because the matrixelements (I'; | U(r) | I';or
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T';) are smaller than(I'g| U(T) ITE) or (Tgor T';l U(a

X |T'g or I'z) but also because they enter tensor N
which gives a second-order contribution to the ma-
trix element of U between Wannier functions. When
all bands are considered we can only look for bound
states for values of E outside the bands. This means
that in the first group we look for solutions with
energy between the top of valence band 2 and bottom
of conduction band 4. In the second group, only
energies in the gap can be considered. But, by in-
vestigating the dependence of the eigenvalues of
the matrix [G3y — Uyy] on the energy E we can de-
termine the number of states lying below and above
a given energy E. For the first group only one sym-
metric bound state was found at — 0.4329 Ry, for

a Pb vacancy, and at — 0. 2386Ry, for a Te vacancy.
In both cases, the effect of the interaction between
the bands was to decrease the energy of the bound
state obtained in the single-band approximation,
between the top of the valence band 2 and bottom

of conduction band 4. This level, however, still
lies well above the gap. For the second group, no
bound state was found in the gap either for a Pb or
Te vacancy. Comparing with the unperturbed case,
no extra state appears or disappears above and
below the gap, in the case of a Pb vacancy, but,

for a Te vacancy, three extra states were found
above the gap and, consequently, three states dis-
appear below it. If the results of the two groups
are considered together, we conclude that both for
a Pb and a Te vacancy no bound states are pro-
duced in the gap. For a Te vacancy three states
disappear below the energy gap and appear above
it, while for a Pb vacancy, only one state disap-
pears below the gap and appears above it.

A Pb atom (configuration 6s26p?) contributes
four valence electrons while a Te atom (configura-
tion 5s25p*) contributes six. If a Pb vacancy is
present in the crystal, then the perturbed crystal
has four fewer electrons than the perfect crystal.
But as only one state (which can accomodate two
electrons) has moved from the valence to the con-
duction bands, there is still an empty state in the
valence bands. Therefore two holes are available
in the valence band and we have a p-type semi-
conductor, in which the carriers cannot be frozen
out. On the other hand, if a Te vacancy exists, the
perturbed crystal has six fewer electrons than the
unperturbed crystal. But as four states have moved
from the valence to the conduction bands, then
there is one state filled in the conduction band, i.e.,
two electrons are available there. An n-type semi-
conductor is produced and again the carriers can-
not be frozen out. These results are shown in Fig.
5.

It is interesting to note here that the number of
states pulled out of the bands depends on both the
strength of the perturbation and on the shape of the
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FIG. 5. Schematic representation of the effect of

a Pb and a Te vacancy.

energy bands. ' The first dependence is present

in the U matrix, while the second is present

in the G matrix. Because we have calculated

the G matrix using a Conroy’s mesh of 1000
points, a point corresponding to the top of the band
probably does not occur in this mesh. Now, if we
allow the energy to have values between the tbp of
the band and the highest energy in the mesh, other
bound states may occur, when more than one site
is considered. This indeed happens in PbTe. In
order to decide whether these levels are bound
states or not it is necessary to calculate the G ma-
trix for energies very near the top of the band using
a very large mesh of points. However, we believe
that in PbTe these states are in the band because
the comparison of the present mesh of 1000 points
with the regular meshes of 152 and 916 points,
which do include the top of the band, shows that
the value obtained with Conroy’s mesh is the con-
vergent value. Even if some of these states were
bound states, they are so close to the band that
screening will be very important. But as the di-
electric constant of PbTe is high the effective
perturbative potential will be much smaller than
the potential we have used in the present calcula-
tion and, as a consequence, these states will be
moved further towards the top of the band.
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APPENDIX A

Let us determine the propertles of the Bloch func-
tions obtained in the K 7 scheme in the case where
the group of k0 is the point group of the crystal. If

PARADA 3

{a\i} is a general operation of the space group we
have

{a‘_a.}bn,i.r (E’ -f) =Zm Ej Cn.i;m,j (K) eiak.(ﬁa)

X2, ngo)(a),'j b5 T), (A1)

bm iy Y(aiz7 ;) 22"1 ZJ Cn.i;m,j(aK) eiag.ibm,j,ﬁ(izo: —1:) )

(A2)

where we have made use of Eq. (2.4) and the fact
that aky=k,. In order to relate Egs. (A1) and (A2)
1t is necessary to obtain the relation between

n iym, J(K and Cn ism, j(aK)

The general term in the K- .7 secular matrix at
ok is given by

[Ep (&) + (2m) (TP - (8m*c®)™ (1K)* - B, ()] 5,

X 84,5 +m QK (b, ; 4@y P)| 7| bypr, .50 &gy T)) -

(A3)
As for practical purposes T can be replaced by
only p,

(by, 3,5 (g, ;)’;Ibm’,j,ﬂ' &, T))

=(ab, ; 5k, )| ()| aby, ;40 (&g, T))

and

anl(bn, i,8 kO! ;)1—7;1 bm’,j,B'(EO, ;»
=<a-lbn, i,8 kOr -f)|-7;! a-lbm’,j,B’(Em -f)) )

and the term (A3) becomes

(B (y) + (2m) (TR)? - (8m?c?) (T K)* - E,(0K)] 6, e

X 5i,j +m-1%K'< a-lbn,i,ﬂazoy ;)ITTI a-lbm',j,ﬂ'(ﬁl), -f)) .

(A4)
But (A4) is also the general term of the K- 7 secular

equation at K, the basis being ¢'X'* a'b,, , (&, T),
i.e.,

bn, iy 7(123 —f) :Em El Cn. i;m,l(a-ﬁ) (eiﬁ.i) a—l bm, I,B(EO’ ;)
As

@b, 1,00, T)=2, T i (o) )1, m, 5,6 ®o, T)
we conclude that

Cn,i:m,j(aﬁ)zzl Cn, i;m,t(ﬁ) rgio)(a)j,l ’ (A5)

where we have made use of the unitary nature of
T (a™). Comparison between (A5) and (A1) gives

{al|a}o, ;& T)= (%0, , (ak, T). (A6)
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APPENDIX B

Let us determine the transformation properties
of the Wannier functions for an fcc lattice. If §is
an operation of the crystal point group, then

Ba,, & Ry =2 X, (V) 4 [t @] 2o Iy €y, 1 ()

X l"ﬁ,io’ (Ba)p,z ei[e"(ai)-aﬁoﬁq] bm,p,r(izo, 'I’.) (B1)
If spin is not present, 6=« is one of the 48 opera-
tions contained in the sum on @. Then

Ba, \& = Ry) =2 20y V) D [H )] 25 21 Co m, 1 )

- . “l . . -
% I-\:'ko) (8),,; eiten® uk)-dkoﬁﬁq]bm'p,l &, T), (B2)
and if for a given k the same phase factor corre-

sponds to all operations §, we obtain
ga, @ -R,)=a,,F - 6R,) . (B3)

In the present calculation we are dealing with dou-
ble-group representations and 6 = fa is not neces-
sarily one of the 48 operations contained in the

sum on @. Besides that, in order to produce local-
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ized Wannier functions the above choice of the phase
factors is not always possible. For the inversion
operator J, however, 6= Ba is always one of the

48 operations and Ja, ;¥ -R,) =t a, ;T +R,) if we
choose ¢#®n'700 4 giSn(6D) which is consistent with

the present choices for the phase factors. Then
(ay, "R»)l U(f)lan, i(;"ﬁq»
=(a,, ,F+R,)] U@)|a, ,+R)),

depending upon whether band 7 and » have the same
or different choices for ¢'®nt/od

We may construct for each band the symmetric
and antisymmetric linear combinations

‘I’:,c({‘, -ﬁp)= (2)-1/2[an,i(;_ﬁﬁ)+an.i(f+§ﬁ)] ,

\1’:‘,’{(;7 -ﬁp)= (2)-1/2 [an,i(f_ﬁb)_ an.i(f+-ﬁb)] )
and obtain

(%5,,@, R,)|U@)|¥e G -R,) =0

If R, =0, we have only the symmetric function

»i@ 0)=a,,F-0).
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