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Relativistic Band Structure and Electronic Properties of SnTe, GeTe, and PbTef
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The electronic energy band structures of SnTe, GeTe, and PbTe are calculated including spin-orbit inter-
actions. The resulting band structures are used to discuss some of the electronic properties of these crystals
and to calculate the intervalley deformation potential for electron-phonon scattering in SnTe. The value
obtained for the deformation potential is consistent with the value used to explain the superconducting
properties of SnTe.

E have calculated the electronic energy band

~ ~

structure of SnTe, GeTe and PbTe using the
empirical pseudopotential method (KPM). Spin-orbit
interactions are included and the resulting energy bands
are in good agreement with the results of experimental
investigations of the electronic structure of these com-
pounds as will be discussed. In addition we have calcu-
lated the intervalley electron-phonon deformation
potential $ for SnTe based on the band-structure results.
Because of our model, the results for & are approximate;
the value obtained is consistent with the value of $
which was used to fit' the carrier concentration de-
pendence of the superconducting transition temperature
of SnTe.

The IV-VI compounds have been extensively studied
experimentally. Measurements of the de Haas —Shub-
nikov effect, ' tunneling spectroscopy, ' optical spectros-
copy, ' and various transport coefficients have been
made. These experiments have raised several interesting
questions about the electronic structure near the band
edge (L point of the fcc Brillouin zone) and away from
the band edge. In particular, it has been suggested'
that the ordering of the energy levels at the top of the
valence band reverses as one goes from SnTe to PbTe.
A previous pseudopotential band structure' was ob-
tained for SnTe to analyze the experimental optical
data; however, spin-orbit effects were not included in
that calculation and the ordering of the levels near the
gap was therefore not determined accurately. Here we
incorporate spin-orbit e6ects into the calculation and
analyze the electronic structure close to the band edge
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and away from the band edge. We chose a band struc-
ture consistent with the band inversion scheme for
PbTe and SnTe, and illustrate that the changes in

going from SnTe to PbTe both through the kinetic
energy and the potential energy terms gives a model
consistent with the inversion picture. Our model also
gives the same ordering at I.for GeTe as in SnTe.

Both SnTe and PbTe have fcc crystal structures while
GeTe is face-centered rhombic; however, the distortion
from fcc is small, and we have assumed the fcc crystal
structure for all three materials. The lattice constants
were taken to be 6.313 A, 5.996 A, and 6.454 A for
SnTe, GeTe, and PbTe, respectively. The description
of the application of the EPM without spin-orbit inter-
actions for the rocksalt structure has been given'; we
therefore proceed immediately to the addition of spin-
orbit eBects using the model introduced by Keisz" for
white tin and modified by Bloom and Bergstresser"
for grey Sn and InSb. The total pseudo-Hamiltonian
matrix element in the plane-wave representation then
becomes

Xg.. .g, ——(p'/2ns)ba. ab, ,+S(k—k')

XLV(~k'-k~)8". —s)t (k'X~). o. ,), (1)

where 5 is the structure factor, V is the usual pseudo-
potential, and e represents the Pauli spin matrices.
The last term is the spin-orbit contribution to the
Hamiltonian arising from the p-core electrons. In this
calculation we retain only the core-core contribution
since this is several orders of magnitude larger than the
core-planewave and planewave-planewave contribu-
tions. For this case, X~ is essentially a product of two
orthogonal integrals 8 t(k) and 8 t(k') multiplied by
an adjustable numerical parameter. Tabulated Hartree-
Fock-Slater orbitals" are used for the radial wave func-
tions of the core in order to evaluate these integrals. To
extend Weisz's model to binary compounds, it is con-
venient to decompose X~ into a symmetric part X8 and
an antisymmetric part X~ in the same fashion as one
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ELECTRON I C P ROPERTI ES OF Sn Te, Ge Te, AND PbTe
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FIG. 2. Electronic energy band structure of GeTe.

The values for the form factors are Vs(4) = —0.241 Ry,
Vs(8) = —0.0352, Vs(12) =0.017, V'(3) =0.052, and
V'(11)=0.021. This shift from the scaled values is
consistent with the differences between the Pb and Sn
potentials as calculated by Animalu and Heine. "Their
calculated Pb potential is more negative for small 6's
than the Sn potential. We conclude, therefore, that the
band inversion at L results both from the lattice con-
stant change and from the di8erence in the Sn and Pb
crystal potentials.

The band structures of SnTe, GeTe, and PbTe are
given in Figs. 1—3. The results are similar to those
obtained by Lin and Kleinman for the lead salts."All
three crystals have the valence maximum and conduc-
tion minimum near L. The L gap for SnTe and PbTe is
given above; for GeTe, L6+—L6 =0.23 eV, which is
consistent with the tunneling value of 0.2 eV.' Both
SnTe and PbTe have a second valence maximum along
the Z axis (although Fig. 2 seems to indicate the same
for GeTe, we are guided by a critical-point analysis
which gives only a saddle point along 2 rather than an
absolute maximum for GeTe). There is experimental
evidence for the existence of a second valence maximum
in these two crystals, ' ' "and the Z axis is a possible
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choice' for this maximum. The second-band maximum
is 0.15 and 0.3 eV below the L valence maximum in
SnTe and PbTe, respectively. In our calculation we
implicitly assume zero temperature values for the
fundamental gaps for all three crystals. This gap has a,

negative temperature codticient for SnTe" and a posi-
tive coeS.cient for PbTe. ' We therefore expect that at
room temperature the L6+ maximum will move closer to
the second maximum in PbTe than the L6 maximum
in SnTe will move to its second maximum.

The imaginary part of the frequency-dependent
dielectric function es(&v) for all three band structures has
been computed in order to analyze the optical properties
of these crystals, and fairly good agreement with
experiment' is found. The results are similar to that
given in Ref. 8.

Both SnTe and GeTe are superconductors and a
recent calculation' of the superconducting transition
temperature as a function of carrier concentration has
been Inade. This calculation involves one adjustable
parameter $, the deformation potential which measures
the strength of electron-phonon coupling when elect-
rons are scattered from one Fermi-surface pocket
near L to another by exchanging a short wave-
length phonon. The inversion symmetry of the rocksalt
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FIG. 3. Electronic energy band structure of PbTe.

+ e-ph Q l,avl, a(r r),a ) 'r)R), a y (3)

where V), (r —r), ') is the pseudopotential about the
atom core in its equilibrium position with lattice index
l, and basis index cr, r)R), is the displacement of the core.
The displacement 5R&, may be expanded in phonon
operators and the matrix elements between the pseudo-
wave functions of the electron states are evaluated.
Our calculation gives typical values of between 1—3 eV
for random k points in the vicinity of the I.points. The

structure forbids nonzero electron-phonon matrix
elements connecting electrons from one 1. point to
another in the Brillouin zone. We have therefore
investigated the matrix elements between electronic
states in the I. valleys near the 1. point. We take our
band-structure pseudopotential and a rigid ion model
for the electron-phonon interaction

high-wave-vector tail of the pseudopotential con-
tributes in a positive way to the value of &; however, this
high-wave-vector part is not necessary for the band-
structure calculation, and the potentials are cut off
around 6'= 12 in computing the energy bands. Since we
use the same potential in both calculations, the value of
$ should be considered to be approximate and to be at
least a lower bound. The values obtained /=1—3 eV
are consistent with the value (=2.35-2.63 eV obtained'
from the superconducting properties of SnTe.
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