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'Electronic Charge Densities in PbSe ahd PbTe

M.'Schlii’cer‘,Jr G. Martinez' and Marvin L. Cohen
Department of Physics, University of Calffdfnia
. and

Inorganic Materials Research Division,

Lawrence Berkeley Laboratory, Berkeley, California 94720

Abstract‘

The electronic charge densities fer PbSe
and PbTe_are derived frem recent pseudopotentiel_
band structure calculafiohe. _The‘results.are n
displayed_as contour plots for individual bands
‘and-for the total valence charge{e'Frectional -
amounts of charge3in3ide'touching‘spheree around
each atom are ealcuiated for diffefeﬁt Q-Qalues._
by an anéular momentum pfojectioh method. Rough
estimates of the charge transfers in PbSe and PbTe,
are made. The charge densities for the states S
forming the gap at the point L of.the Brillouin:
zone arebpresenfed and related tobpressure ahd

_'tempereture coefficients of the fundamental gap.

I.. Introduction

The calcuiatioh ef.eleetrepie‘cﬁarge densifieseandv
their display ae‘e.funcfion_Of position in real space has.
been used for solide with great suecess.l In thisvpaper.we

present new electronic charge densities for PbSe and PbTe.



The. calculations are based on recent pseudopOtential baﬁd
structure models2 which give results coﬁsistent with aslarger
number of optical and electronic experimentalldata.« Tﬁe. |
| calculations presented here are not the first attemsts to
.evaluate charge'densities for the lead salts', Conklin,
Johnson and Pratt3 have calculated PbTe charge den51ty para;“"'
_meters for varlous energy levels at hlgh symmetry p01nts
using the APW method. Thelr results wereydecompcsed 1nto o
2 = 0,1,2;3 angular momentum compchents{'"Later:Tsang and
Cohenu derived total charge densities andmcharge densities
associated with states at the smallest.gap‘atrL forleTe.
Their calculations were similar tc the present calculatioﬁs
based on pseudopotential band.structures.,.Therhev pseudo- -
potentials used in our calculations; however; differ.signi-'
»flcantly from these earlier potentlals leadlng to several
calculated 9
changes in theﬁeptlcal and electronlc propertles,v‘and this
‘is the motlvatlcn_for a new 1nvest1gatlon_of PbTe. = In
addition_we present calculatioﬁs for PbSe allowingycomparisons_'
- of the_two salts in terms of charge transfer'and trends.in
. relative ionicity. vFinally we calculate the charge proflles
for states at the smallest gap at L forhbcth salts These
~results are very.usefulvin qnderstanding:and visuallzlng
the behavior of the gap at L as a fﬁncticnuof hydrostatic

pressure and of temperature.



II. Calculations and results

- The charge density for ‘one band can be written as

Pn(z) = e I LGN A ¢ O
with
n _ n iG'r - . -
wk (r) = é éﬁ (G)e™= ~ | » (2)

the density becomes

- Bz o ont, n ). iGr
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-'n T~ X k "<~
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glgr kK = Tk
BZ lG I : '
=eI Iop (e (3
k G - o . .

-The sum over k in Eq.'(3)vwhich ekteﬁdé over:thé eﬁtire:n
Brillouin zoné can be reduced to a sum err»thétifréducible o
part of the Brillouin zone (1/48 forrthe lead salts) prévided
the Dk (G) are properly symmetrized. In thé case'oftrocksaltt
‘crystals. the symmetry group Oh5 is symmorphic and the
symmetrization is'trivial: ~all pk (G) w1th G-vectors |
belonging to the same "star" have to be equal The remalnlng
sum over k states in the 1rredu01ble part of the Brlllouln
zone can be significantly reduced u51ng the "spec1al" 5— |
point scheme as developed by.Chadi ana Cohén.5 The totalrl
:valence charge is obtained from

plr) =
- .

pn(g)

it M O,

1

In considering the charge densities for states at the



fundamental gap,rthe sum ovef E degenerates to.one_term with‘
k = (0.5,0.5,0.5). | |
The various sets of eigenspinors {akn(g)} in Eq. (2).
were obtained from pseudopotential calculationsz'which
included non-local as well as spin-orbit effects{v To-.
visualize the charge den51t1es we flrst compute p_ (r) for
a grid of 2500 points in a (100) plane and then dlsplay the
~contours of constant density. The charge den81t1es~for PbTe
computed 1nd1v1dually for each of the flve valence bands
are given in Figs. la and 1b. The values are 1nd1cated in
units of e~ per unit cell volume Q = a /u , In addltlon web"
have calculated the fractlonal charge decomposed 1nto angular :
}components inside touchlng spheres around each atom (Table 1).
The computatlonal procedure for this is dlscussed in Ref 2{__
The numbers llsted in Table 1 represent fractlonal amounts :
of charge inside the spheres around each atom*and thus differ
from prev1ously publlshed7 values of fractional angular~ .
character of charge which have been obtained by scaling the,.
different charges with the»reSPectlve sphere volumes.%dlhe_'
sphere.radii were. chosen consistentdwith the total chargep‘
distribution'- to be rcéti'o;‘ = 1.29 A, v, s = 1.94 & for

) o T
PbTe and rcatlon = 1.22 A T ion - 1.83 A for PbSe.p These:

-volumes agree within 10% with the quoteds»ionic radiipfopl
Pb'" and Se”"/Te””. All values are normalized to 100% i.e.
it has been implied that all chafge is totally concentrated

‘within the spheres around each atom. This assumption is
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of course not exactly true; it is however a reasonable
apprbximation (within 10-20%) for ibnié compounds crystaliizing
in the rocksalt structure.
| The relafionShip_between the numbefé_in Tablevi and

the charge contours in Figs.»la’ahdblb ié'élearly récognizable} 
The ldwest.valence band accommodates almost exclusively anion 
séelectrons.‘ The next higher 5and contains»mainly cation |
s-states with some contributions'ffom aﬁioh's- and p-states.
The relative amount of the calculated s- or p?cﬁaracter_of -
the anion states'dépends somewhat on the_sphere radius'ranién‘
used in the calculations. Some of the mdfe spread-out charge -
‘around the qation is interpreted as anion p-like charge if
Panion is increaséd. The bands 3 to 5 (Fig. 1b) fepresent
mainly the anion p-states with varying admixtures of cation‘
s- and p-character. As seen from Table i, all valence bands.‘
 exhibit only very little d{charaétér. An interpretation of -
the valencé bands in_PbSe and PbTe'on the basis of bniy S—
and p-states therefdfe seems to be well justifiéd.A Mqreo§er,
the differences between PbSe and PbTe are relatively'sﬁall;
so the individual band charge densities of»only_PbTe need to
- be‘diséussed.v |

In Fig. 2 the'zgzgl valence charge distributions for-
‘both PbSe and PbTe are presénted; Thé charge around'the
cation sites is mainly of s—charécter whereas around the
dnion sites it cleariy exhibits'contributiohs from bofh s-

and p-states. In PbTe there is less charge transfer from



cation to anion than in PbSe. The relative amounts of total -
charge within the touching spheres are indicated in Table 1.
They do not differ much from the simple "totally ionic" model,

in which 2 electrons of the cation are transferred to the

anion. The calculated effectlve charges of cation and anion
(in units of electron charge) o
are 2.1 and 7.9 for PbSe and 2. 5 ,and 7.5 for

PbTe. Though these numbers are very approx1mate the ratlos ;
between the PbSe and PbTe values bear phy31cal 31gn1f1cance i
in the‘discu881on of the pressure' and_temperature |
‘dependence of the gap at L the_symmetry of the differentbv
states involved plays an important role.7"As a,general rule -
one can state that with regardvtorpressure s—like”states'risev
faster in energy than do p- or d- like states and that w1th |
regard to temperature (constant volume Debye Waller eFfect)
vp- and d-like states rise faster in energy than do s—llke
states. These results were obtained from a”detailed“analysisbv
of pressure coeff1c1ents and Debye -Waller type temperature.
coeff1c1ents in terms of charge Fourler components Ok (g).
In an actual case cancellation effects can occur, therefore
theveXact pressure and temperaturev (DebyeAWaller)fcoeffiE:
cients canvonly.be obtained by direct calculation. gNeveL?
theless the general rules stated aboVe may.be used.ﬁithd_,
‘caution to insnect charge density plots'of.individual states"
and this helps to 1nterpret and 1llustrate the phySlcal
orLans of the various effects. wp thus present in - Fl ’.H3§bj
' charge den31ty plots of the two states L(5) and L(O) formlng

the gap at L for PbSe and PbTe.



:ﬁ §J.€J.E) 4 2 U Y Y. 7 7

The top of the valence bands hava6+tsymmétry driginating

in both compounds from an Llfvorbital in the‘abéence of

spin- orblt coupllng Group thebry allows this state to be-
s- and d- llke around the cation and p-like around the anion,
which is also reflected-in Table 1. The bottom of the |
conduction 5ands has L

6 2

orbital in PbSe and from a LS; orbital in PbTe.t In both

cases the states are p-like around the cation and s~ and

~ symmetry originating from a L.~

d-like around the anion. However, the details, the individual '
amounts of charge and the symmetry of the catioh p-like
orbitals are different. It is this difference whigh‘for'r”'
example accounts for the very different éffective mass
anisotropics in the two c’ompounda2 and for the diffefentA
'.Debye-Walierveffects;7 The~different.symmetriés of the - L
cation p-like orbltals can be recognized from Flgs. 3ab. Whilé .
in PbSe the p-lobes point along the four equlvalent (111)
directlons (a (lOO)écut shows the charge maxima along (llO));
in PbTe the charge maxima appear along the aix equivalenta:'
‘(100)‘diPeCtions. These patterns can be understood as
originatihg'from the»LZ- and L3_-states respectively, keeping
in mind that fof states.at L the axis of quantiiation points
aldng‘(lll) and that the displayed charges are combinations
symmetrized over all four'inequivalént L—points, »The

~ inclusion of spin-orbit coupllng mixes the L2 and L3 states

and washes out the difference 1n the symmetry of the orbltals

In both compounds ‘the valence stateés E(S)_contaln con81derably



5vmofe‘s—likevcharge thaﬁ fhe conduction states L(S)vwhich
in turn results in negative pressure coefficients fof}the'
gap.. To understand the Debye-Waller temﬁerature’effect we
focus on the amount of p-like éharge in valence- and
conduction bands. There the situation is not so cleaf,r
'sinqebﬁoth bands in both compounds contaih COhsiderable'
pélike'charge.' Moreover these peiike charges-haVe to bé
‘weighted by different mean squared‘displaééments.df*the.
different vibrating atoms to give a'mQQSufe for thétDebye—
Waller temperature shift. Calculations’ ShQﬁ fhatbthe
valence bands shift upwards in.eﬁérgy With tempefatﬁr¢rwith,i
comparable rates. Moreover, the different‘améunfquf.p—like
.chafge on the cations in PbSe and PbTe shift the conduction
bands upwards with sufficiently différénp réteS‘éo.és.fo
Ovércompensate for the valencé'band sﬁift in PbTe but not
"in PbSé.,,Added to aipositive laftice ailation coefficient,7
the differenf_shifts thus prodﬁce'a positive (Debyefwaller)
temperature.coefficient»for the gap“in”PbTe whiéh is in
agreement with experiment, but result.in'a nég%tive coeffi4 _
cient for the gap‘ih PbSe - in contradiétién to expebiment;vf:
It has bgen_suggested in Ref. 7'that”fﬁebiﬁglﬁsibh_of
incoherent electron-phonon scatteringv@ight remove fhis
inconsistenéy. | | o o o
III.‘ Cdnclusioh

 Ele¢tronicvchafgé densities are calculated for individuél_ﬁ

' bands for PbSe and PbTe. The calculations are baséd‘on'récént";
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pseudopotential band structure hodels.z"The charge-densifies
arevdisplayed as a function of position in realvspece;"In :
addition the amount of.charge within spheres eround'each
atom is compufed and decomposed into & =n05l,2 angular
.components. Tne results exhibit the etrong'ionic enaracter
.of both compounds An approx1mate charge transfer of 1. 9 :
-(in units of electron charge)
and 1.5 - Acan be estimated for PbSe and PbTe respectlvely.
Individual charge den81t1esifor~states.form1ng the'smallesf
gap at L illustrate (based on the amount of s-like charge)
thevnegative pressure coefficient of the gap in both
oompounds An analy81s in terms of p- -like charge helﬁs in
1,analy21ng the dlfferent Debye -Waller contrlbutlons‘tzﬁiempera—
ture dependence of ‘the gap in PbSe and PbTe.

’_.A part of this work was done under the ausplces of the o

U.S. Atomic Energy Comm1851on;
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| Table Capfion
Table 1. Calculated fractional charges (in percént) inéide
| touchinglsphereS'ardund anions and cations in térms-bf‘v
L = O,I,Z‘atdmic angular funcfions. »The va1ues are
' giQen for each vélence band indiVidﬁaily and for the
" total valence charge. Also indicated'are‘valués for
vthe states L

6 6

¥ (L(5)) and L.~ (L(6)) forming the smallest
-~ gap at the point L of the Brillouin zone. '
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Figuré Captions
Figure la. Charge density‘cohtours in_a (100) biané_for.
vPbTé,for the lowest two s-like valénce bandép The
~values are givén_in unifs of electronsvpéb.uniﬁvceil
Volgme. | | |
Figure 1b. - Charge density contours for fhe_third,'fbufth
= aﬁd fifth valence band of PbTe. | | o |
Figure 2. Total valence charge density_fdfinSé‘and PbTe.
Figure 3a. .Chargé density contours for PbSe andszTe for -
the VAlence StateAL(S); »
- Figure 3b. Charge densify contours for PbSe and PbTe fbrw

the conduction state L(G).
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 PbSe L(5) valence band
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that its use would not infringe privately owned rights.
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