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" Electronic Charge Density iri PbTe* .
Y. W, Tsang and Marvin L. Cohen
Department of Physics, University of California
and
Inorganic Matéria_ls Research Division, Lavvrence Berkeley Laboratory

University‘of Califorriia, Rerkeley, California 94720

Abstract
The electronic char"gev density for PbTe is'computed

as é'funétion of position in the unit cell on ‘twov different

plah_es. A rough estimate of the charge about each atom is

‘ma'de.. The charge de'hsity for the top valence and bottom
. conduction bands are given fbr the L point of the Brillouin
Zone. The influence of the Ll.-point> charge distribution on
’th.e temperature dependence of the".fundament_al gap is

discussed,

In‘ thi_é note we present a calculation of the electrénié charge density
o, as a func_tio'_nvo,f position in the unit-cell for PbTe, which is a i\{-VI semi-
A .co'ﬁduCtor. with the ’rocksalt structurev. It ié known that ionic compoundvs
favor the rockSa,lt structure Whereas the more covalent semiconductor
compounds u.sually crystallize in the four—fqld coordinated crystal structures

like the zincblende structure. The charge density of the zincblende structure

has been examined by Walter and Cohen1 and the covalent nature of these



compounds was d1splayed Here we present the flI‘St calculatlon for. the
electromc charge density for a s1x—fold coordmated dlatomlc compound

The charge dens_lty_ |
o) = ERVL@YLD

is _computed band by band for all t‘he valencevbands and the'first 'conduction
band ‘I‘he summatlon is over all ava1lable statesv k in the Brillouin Zone
for each band n, e is the electromc charge and £ is the pr1m1t1ve cell |
volume. The Wavefunctlon used in Eq. (1) is derived ,fr_om the same set of
psendopotential for-m factors used2 in previous band structure calculations
using-the Empirical Pseudopotentiall\/_lethod. 3 Spin-orbit interactions are not B
taken into accolunt in this calculation, Following Walter and Cvohen_] we compute
the charge density at about 1600 and 2400 _po_ints respectively 1n two different
planes :describ_e:d below. The '.firStvplane. is a '(JIO) pla_n,e which Vis”the same as
reference 1':. This plane cont.alns. Pb at" (0, O O")a' and.Te at ("l‘,%,%)a Where a is
the lattice conStant The second plane is a (100) plane Wthh contams Pb at’
(0,0,0)a and Te at (2,0 O)

We have investig’ated contonrs ot»constant P ( ) in both planes for each band

These contours mdlcate that 1n the first valence band the electromc charge
-

'
«

' den31ty is spher1cal (s-llke) and it p1les up almost excluswely around Te;.
presumably the two s electrons crowd around the Te atom to balance the
p031t_1ve Te c_ore. In the second valence band the roles of Pb and Te are
interchanged;_ th,e charge d.1str1but10n_1s nearly sphe_rlcal and prlmarlly a_rouhd

the Pb atom. The charge density contours of the three upper valence bands
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all show p-character around both Pb and Te; however, ‘because of the heavier
concentration ﬁear the Te atom, only a few contours appea'r. around Pb. We
also note that there is very little build-up of electronic charge between neigh-

boring atoms.

A crude attempt was ‘ma.de to evaluate the charge about each atom. To
do this, th_é_ pn(r) is integrated to the outéfmost closed contour around each
atom, given an estimate of the»vtotal &:harcj'e arouhd‘eéch type of atom. In
mtegratmg, -We‘ u}se a Spherical approxirﬂatiori, i.e. the radius of any giveri
contour is tak_eh to be the weighted average of radii along the three symmetry
direction: [100], [110], and [111]. The charge density is then linearly
inte;"polated between neighboring contours. The spherical approximation
usea above is reasonable since the contours are very .n’éarly circular about
each atom. Fvor the five valence bands, the corriplllvted‘charg'e around Pb and
Te are respécti_Vely 1.93¢ and 6.43e. These numbers are only ap‘proxi’.ma.te
for the following reasons. F_irétly, we use the pseudbwavefunctioﬁ ) r]k(r)
in computing the charge density; these wavefunctions are of course more
suited to deScribe the properties of the crystal away:"from the core,

c.g. in.the -bd_nd as in refere}lce 1. ‘I.[n this WOr_k the integration s:.(:héme
includes thé:léss reliable core regioﬁ. In addition, ‘our integration scheﬁe
underestimates the amount of charge outside the cbre fegion around each atom.
This_arié:és fr_om.the fact that the values for contours of coristant pn(r) in the |
draw ings are chosen to be qual‘ly spaced, and all the pn'(r)'s away from t,he
cores that have va.luéé smaller than the minimum c‘."onto_ur chosen will not b‘é

-



included in our integration. Taking'the above into con'si'derat'ion we still
conclude that our results unmlstakably dlsplay the ionic nature of the six-

fold coordmated PbTe |
Apart from the bas1c 1nterest in correlatmg 1on1c1ty of a compound | <",t
to tts crystal structure,‘ we are als_o m_terested in the_ r.ole of the charge
distribution of PbTe in the temperature depend_e_nce4 ot 'the fundamentat gap.
In working with the temperature de/p'ende_nc’e'_of the L gap in PbT e, we found -
that the symmetry of the energy lvevbeis at L plays an intere'"stingtrole in the |
temperature coetficient ot the gap. For the temperatur_e coefficient ar'isingr
from the thermal motion of the io'ns’:, or the so-ca_lled D.eby_e-Waller eftect,
every en'_ergy level‘ moves up in energy With incr'easingvtemperature. One
.expects th'e. p—l_ike"v.vavefunction to be sensitive to the thermal motion' since
the jigglin(j of Ithe ion core brings_ it tnto contact With the charge density away
from the orlgln | | |

. The top valence band in PbTe has the L symmetry (L in the absence

6

of spin orb1t mteractlon) The_ bottom conduction band has the L6 Symmetry”

(L, in the absence of the spin-orbit interaction). Group theory5‘ i_ndicates

2

that Ll' is s-like about Pb p-like about'Te ‘while 12’ is p—like about Pb and

s-like about'Te. In PbTe, the Pb ion- has a blgger mean squared dlsplace— .
ment than the Te ion; .6 th1s together Wlth the expected sen31t1v1ty of the p- llke v
wavefunction appears to explam the pos1t1ve gap temperature in PbTe. 4 / ) v

. Because of the above remark, it would be interesting to see whethzr :

the pseudo-wavefunctions in real space indeed correspond to what iz assumed
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~inthe discu‘ssion of temperature calculation. We therefore compute

pr(r) = S PE() Y (1) (2)
where L refers to the L(%,%,%) point of the Rrillouin zone. Eqg. (2) can be
calculat.ed for the top valence ba.ﬁd_ aﬁd the bottom conduction band at the L

point of the Rrillouin zone. Fig. 1 displayé contours of constant pL(r) in

~ the (110) plane. 'Fig. la gives con-

. symmetry). Fig. 1b gives contours for

the bottom conduction band (L’Z.symmétry). It is‘ c_lveai" that the charge

tours for the top valence band (L

density is 'irid_éed s-like ébout Pb, p—like about Té in the top valence band

and vice-versa in .the bottom conductioh Band. Thé angular variation of the
p- like pL(r:) é¢counts4 for the sensitivity of each level to the thermal motion.
If the Kleiﬁ_rﬁan ordering7 is assumed, the.resul'ts are essentially unchanged
sincé the pa;;'.'ent levels‘ for the Lg and Lé states would still have the s and p

character de__sbribed here. However, the details of the charge distribution-

would be different.
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Figure Captions

Contours of constant charge density in the [110] plane for states
in the top valence band at the L point of the Brillouin “one.

Contours of constant charge density in the []EO] plane for states in

the bottom conduction band at the L point bf the Erillouin Zone.
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