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Abstract 

Two possible conduction band orderings, I L~(L2,), L~(I_.3 ,), L~ 5(L3 ,) 

and II L~ (L3,), L~5(L3 ,), L~ (L2,) ·are considered for PbTe using th~ 

Empirical Pseudopotential method. Various properties (i.e. optical reflec-

tivity temperature and pressure dependence of the band gap and effective 

masses) are considered for the two possible orderings. 
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Bs:-L 'd: and Klelnman1 reGently calculated the energy bands of PbSe, 

PbS and PbTe by the Lin-Kleinman2 pseudopotential scheme. They chose 

pseudopotential parameters to fit the fundamental gaps and some experi

mental eff~:~tive masses3. They did not, however, fit the optical gaps. 

Their results were consistent with the experimentally measured effective 

masses. Such good agreement, however, appears to require that the 

ordering of the conduction states L~~ and L~~ be reversed in PbTe 
. . 

from the ordering in PbS and PbSe. That is, whereas the bottom conduc-

tion state L~ originates from the L
2

, state (with the removal of spin-orbit 

interaction from the Hamiltonian) in PbS and PbSe, it originates from the 

L
3

, state in Pb'I'e. This ordering is different than that obtained by previous 

band calculation for PbTe using the APW, 4 ' 5 oPwE>and EPtvt methods. 

These all give the same ordering in PbTe as in PbS and PbSe. The APW 

method, in addition, gives effective masses 5 in agreement with 

experiment. 

Previous calculations done by the authors, used the Empirical Pseudopotentic; 

method (EPM), concentrating on energy gaps at high energy. · These 

calculations yielded optical properties, 7 fundamental gap temperature 

8 9 
dependence and pressure dependence fcr PbTe in agreement with experi-

ment. However, we were unable to obtain a large mass anisotropy ratio 

in PbTe; the EJ?M predictsaa small anisotropy ratio for PbTe. Experimentally 

* * determined anisotropy ratios (K = m £/mt) are 14, 2. 0, 1. 4 for PbTe, 

PbSe and PbS respectively. 

This work is an attempt to test the results of Bernick and Kleinman, and to 

compare their results with the results obtained by the EPM calculations. To do sc 
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we first oblain the Bernick-Kleinman band ordering at L for PbTe using the EPM, 

then the optical properties, mass anisotropy ratio, temperature de pen-

dence ·and pressure dependence of the fundamental gap derived from th(~ 

resultant band structure are investigated. 

The form factors of the former EPM band structure calculation 7 

(hereafter referred to as I) are varied to reverse the ordering of the con

duction bands L~~ and I.~~ while keeping the value of the fundamental 

gap at 0. 19 eV. In Fig. 1,· the two sets of pseudopotential form factors 

which give rise to the two different orderings near the gap are shown. 

The set which gives the Bernick-Kleinman ordering (hereafter called II) 

is less attractive. The general shape of the band structure throughout the 

Brillouin Zone derived from both sets of form factors turned out to be 

similar. The less attractive potential II does raise the two lowest valence 

bands closer to the gap. Since the interesting structure in the optical 

spectrum data involves direct transitions mainly within 8 eV of the funda

mental gap, the lowest valence bands are too far removed in energy from 

the gap to contribute to the spectrum. As a result, the irmginary part of 

the frequency dependent dielectric function, E
2

(w), calculated from the 

band structure (II) does not differ significantly from the one derived from 
7 . 

set I.· · In Table I, the energy levels at L near the fundamental gap cal-

culated from set I and set II of the form factors are tabulated together with 

. tre Bernick:-Kleimnan results and those obtained from APW4, and OPW6 

• 

• 
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calculations. We note that .Dr the Bernick-Kleinman ord'2ring, the two 

lowest conduction bands (L~~, L~~-) are spin-orbit split, the large 

spin-orbit coupling forces the second conduction band to be very close to 

the third conduction band L~~- In the other ordering of conduction states, 

the spin-orbit splitting occurs betwe~n the second and third conduction 

bands and the above near degeneracy of higher conduction bands does not 

result. 

To determine the effective masses, one may use the ~·1L sum rule, 

where 

2 
+-I:' 

m 5 

n. w 
JL=~+ 2zx. 

4mc ,_ 

( 1) 

( 2) 

P ts the momentum operator, cr the Pauli matrices, V the crystal potential, - ""' 
and 'Y is the band index.for the band of interest. The matrix elements 

were taken between pseudowavefunctions. Two facts should be commented 

on for this calculation: 

(-1) The matrix elements < 5I'ITJ.li'Y) ;::: (51 PJ.lj'Y) are not constant for 

different bands 5, as was assumed by Dalven
10 

in his k· P calculation. 

(2) The matrix elements (5j'IT j'Y) is large between the top valence 
J.1 

band 'Y and higher conduction bancts. Therefore, in spite of the ene.rgy 

difference in the denominator of Eq. (1) and the small fundamental 
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gap, the contribution (m *)' from the higher conduction bands 
m J.lV 

may not be neglected. 

With the EPM, the convergence of the dipole matrix element between 

pseudowavefunctions is; unfortunately, poor. To determine band energies, 

a matrix size of about seventy plane waves (j.ncltiding spin) is sufficient 

to give convergence to 0. 1 eV; whe~eas for the matrix elements, it is 

necessary to diagonalize an impractically large Hamiltonian matr i.x to 

obtain a reliable answer. For this reason, instead of summing the matrix 

elements in Eq. (1), the Hamiltonian matrix is diagonalized for a few 

points ink space both II and 1 to the A axis very near L; the mass 

anisotropy ratio is then obtained by curve fittirig. An anisotropy ratio 

* * K = m ..,elmt of the order of 12. 5 is obtained for a carrier concentration 

of approximately 1020 em - 3; K increases for lower carrier concentration. 

Set I form factors gave K z 1. 5. 

Another area of investigation relates to the temperature dependence 

of the direct gap at L. A recent finite temperature calculation 8 based on 

the EPM allowed us to obtain both the correct positive sign and the mag

nitude of the temperature coefficient of the direct gap at L for PbTe. 

Furthermore, when the form factors ·r of PbTe were scaled to the lattice 

+ -constant ofSnTe, L0 and L
6 

levels at the gap mOJ e toward each other and 

eventually assume a reversed ordering in SnTe. The temperature coeffi-

cient of the resultant L gap in SnTe has the correct negative sign. In 

• 

<.·· 
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this work, a positive gap temperature coefficient is also obtained for PbTe 

with the form factors II. Fig. 2 presents the E (T) curves for PbTe . . g 

derived from: (a) experiment;
2 

(b) our former EPM band structure 

calculation with form factors I; (c) the present EPM band structure with 

the Bernick-Kleinman ordering. As can be seen from Fig. 2, the results 

are consistent with either ordering.· This is not too surprising since both 

. have an L~, L~ ordering and the mechanism used to explain positive 

shift in Ref. 8 will be the same in both cases. However, for EPM (II), 

if the form factors are scaled to the SnTe lattice constant, the valence 

+ -band (L
6
) and the conduction band (L6) at the gap move away from each 

other to give a gap of 0. 59 eV.. The L~ (valence), L~ (conduction) ordering 

is retained, contrary to the expected 0. 3 eV gap with the opposite ordering: 

- + 11 L
6

(valence), L
6 

(conduction) for SnTe. 

aE 
__g_ 
aP 

Lastly, the pressure dependence of the fundamental energy gap 

is calculated for both sets of form factors. The energy gap at L 
T 

is determined for two lattice constants (in this case, they correspond to 

T = 100 °K and 300 °K). Putting in the experimentally determined com

pressibility13, one easily obtains the pressure dependence. From form. 

-6. -1 . ' factor set I, a value of - 7. 46 X 10 eV(bar) is der1ved .. This agrees 

well with the experimentally determined value - 7. 4 ± 0. 2 x 10- 6 eV(barf 1. 

Form factor set II with the Bernick-Kleinman ordering gives only 

. -6 -1 
- 3. 8 x 10 eV(bar) . 
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In sumr11ary, this work is motivated by the Bernick-Kleinman 

calculation of the band structure of PbTe, which gives a gap orderin<J that 

differs from ·an other calculations. An ?-ttempt was made to 'test" the 

validity of the two different orderings. The criterion of the test is the agreement \.r 

with experimental measurements of properties that can be extracted from the 

band structure. The EPM is the basic tool. Our results, however, turn 

out to be essentially inconclusive. The Bernick-Kleinman ordering gives 

better masses (non-renormalized for electron-electron or electron-phonon 

effects), but the "standard" ordering gives a pressure coefficient. of the gap 

which is consistent with experiment, whereas the Bernick-Kleinman 

ordering does not. We hope this work will encourage new measurements 

to help determine the correct ordering. 
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Table Caption 
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Table I. Energy levels at L near the fundamental gap given by OPW, P.i·'VJ, 

EPM (I), EPM (II) and Bernick-Kleinman pseudo potential schemE:. 

Figure Captions 

Figu:::'e 1 Pseudo potential for PbTe~full CLirve from EPM (I), 

dashed curve from EPM (II). 

Figure 2 Temperature dependence o£ fundamental gap in Pb'I'e 

derived from experiment, EPM (I) and EPM (II) .. (The experimental 

data were from Ref. 13). 

'.) 
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Table I 

Conventional ordering of conduction bands 

Energy Level Energy (eV) by Energy ( e V) by Energy ( e V) by 
Symmetry 

OPVv method6 4 APW method EPM (I) 
7 

L~5 (L3,) 1. 95 1. 66 -2. 11 

L~ (L3,) 1.45 1.06 1. 49 

L~ (L2,) 0.25 0.12 0.19 

GAP 

L~(L 1 ) 0 0 0 

+ -
L45 (L3) -0.95 -0.91 -0.98 

+ 
L6 (LS) -1.53 -1.54 -1.97 

-;:,_ s: 

Bernick-Xlemman ordering of conducUon 
bands 

Energy level Energy((eV) by Energy (eV) 
! Symmetry EPTvi(Il) by- 1 

£-5Prnick- 1 

Kleinman 

L~ (L2,) 1. 06 1. 33 

L45(L3,) 0.98 1. G3 

L~\L3 ,) 0.19 
C• 

0.19 

i 

+ . 
L6 (Ll) 0 0 

+ 
L45(L3) -0.92 -0. 7S· 

+ 
L6 (L3) -1.54 -1.33 

I 
\0 
I 

c: 
0 
:X. 
t-< 
I 

1\) 
0 
w 
\() 
0'\ 
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