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The'Electronic Structure of PbSe and PbTe* -

)

I. Band Structures, Densities of States and Effective Massesj

G. Martinez+, M. Schlijtert and Marvin L Cohen ;
Department of Phy31cs, Unlver81ty of Callfornla and
' Inorganlc Materlals Research D1v151on,

Lawrence Berkeley Laboratory, Berkeley, California 9u720

Abstract
We present new 1mproved pseudopotentlal .

R calculations fqr PbSe and PbTe using several
non#loeal correétiens in addition to the:locallar
empirical pseudopotential._ We discuss resultsl.
foreffectlve masses, Knight shift measurements
~and recent photoemission measurements. In addltlon to 7
'the optical prOperties'in'an-energy range from '

0 to 20 eV (which will be discussed in a subsequent
vpaper% alirzbove experlmental results can for the

first time be explalned consistently u31ng

one band structure model.

Introduction
Allarge number of band-StructureS of the lead chalco-

genides have already been calculated, using various methods.

The OPW method has been employed by F. Hermann et al.,l'

the APW method by several authorsz’3’u and the KKR method

H. -
by Overhof and V. Rassler.5 Two different VLPSlonu ol the

. pseudopotential method have also been publlshed; one Qi
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them 1nclud1ng a strong non local s~ llke potentlal6 T
of the Lln-Klelnman form and one belng purely local -- the
emplrlcal pseudopotentlal method (EPM). None of these
_vcalculatlons was able to glve an overall coherent picture
of the phy31ca1 propertles of PbSe and PbTe. In partlcular,.

7 - were able to reproduce the effectlve

only Bernlck and Klelnman
tmasses, whereas only the EPM8 results ylelded optlcal results
in agreement with experiment. Eurthermoreg the appearance

of recent.XPS and UPS measurement‘sg"10

revealed general
vdlsagreements with all’ publlshed band ‘structures. We have:m
thus reopened this problem in an attempt to obtain acceptable
agreement w1th all known exper1mental measurements.‘ |
a To~perform-the calculatlons we have chosen the EPMJ!
'whlch uses a local emplrlcal pseudopotentlal. This local !
potentlal had to be modified by addlng an effective mass
.to the kinetic energy operator and by adding a full non?
local»d-potentlal. A detailed descrlptlon of this procedure
is given'inISection-I.- The resulting band structures are
presented in Section II together'with a.justification of
the form of the potential used and a discussion of the |
parameters involved. In Sectlon III we compare the phy31ca1 :
properties near the fundamental absorptlon edge to experi-
'mental results. Section IV is devoted to the,calculatlon
of the density of states of the valence bands and to-a
comparison of these results with ekperimental photoemission

data. The study of the optical properties in an energy



range from 0 to 20 eV will be presentéd in a subseqﬁent,

11
paper.

I. Band Structure Célcﬁlafioné

Thé band structure calculations were‘done ﬁsing’ |
 the empirical pseudopotentiai.method (EPM);‘ Tﬁis appfoaéh
is well established-and discussed>eitensiv¢1y in thévlitera-':
ture-12 Briefly tﬁe method.involVés the solﬁfiéﬁVOfia 
ﬁseudbpotential Hamiltonianvv | L o

H= -+ V (r) + Vg, (r)   .'iA | _.tff;)
whose local pseudopotential V. (r) is‘expandéd in'the reci~
pbocal lattice | |

v@etr o @

where G is a reciprocal lattice vector,._Fof the case of
crystals with rocksalt structure V(G) can be divided into |

symmetric and antisymmetric contributions -
V(§)v= VS(IQI)“ SS(Q) + VA(IQI)-TSA(Q)FQli’i(S)

where VS and’VA; the symmetric and antisymmetric'form factors

are treated as empirical parameters. They aré_related to
the atomic form factors V_ and v, of cation and anion by

. VC+Va ' Véava _ -
Vg = —5— and V, = . - ()

Se and SA denote the corresponding symmetric and anti-.
W . . . . ) .
Symmelpice stracture factors.  The non=local potent ial V“l(r)
. I * B :

i bg. (1Y contains two different contribul ions:
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a) a non-local and (generallyrenergy dependent) correction

W to the local atomic pseudopotential V

13 and

L as derived.e.g.
from the usual OPW formallsm B o |
b) a relat1v1st1c correction R which descrlbes the spin-
_rorblt 1nteract10n._ Only the!spln-orblt 1nteract;on part
of the relat1v1st1c correction.is added'explicitly for'
"fthiSuinteraction breaks the symmetry'of'the'non-relatiVistic
- Hamiltonian. Other relativistic terms have’fuli symmetry |
"and can be con31dered to be absorbed into the non-relat1v1st1c
vemplrlcal pseudopotentlal. | | | |
-In the usual plane wave representatlon, the non-local

'energy dependent pseudopotential becomes fornally W (k+G, _Vﬁ
k+G', E). It is believed that the first order influence |

on the band structure of W can be .accounted for by retalnlng
' only;maln-dlagonal terms i.e. terms with G = G’._ Moreover,
it hes been shown12 that in this case nonlocallty and energy

dependence can be simulated by the 1ntroductlon_of an'

. effective mass m* = mK~mE.' In terms of W(K,K,E) my and Mp

can be expressed as

mel =10 by 3
K 5 ok
mp = 1 - E  (5)

where the derivatives are usually taken at the Fermi level.
In an actual band structure calculation m* can either be
treated as an empirical parameter or it can be calculated -

from non—local atomic model potentials.lu‘ In the latter



case the value of m* entering thé'crystal Hamiltonian has
to be computed according to the linear additive behavior
of W for diffebent atoms. Even though this effective mass

treatment appears to be a very crude approximation to the

"true" non-locality it nevertheless simulates-s;p néﬁ=locality o

to some extent. Since l/m* scales the klnetlc energy51t
1nfluences the energy separatlon of the low—lylng (s=like) -
Astates dlfferently_frpm the hlgher lying {mostly p~ and
d-like) states. It follows from the diffefeﬁf.iocalization.,: 
of non-Iocal potentials ih'K-Space (Qé shall discuss this
p01nt in Section III) that retaining only malnndlagonal
terms of W is a better approx1matlon.fars-p non locallty _'
than it is for d-non- local;l.ty° It seems therefore de81rab;e;;'
to 1nclude d-non locallty 1n a more exp11c1t way, e.g. by
retalnlng off~ d1agona1 terms of W as well.

A typlcal form for the d- llke non- local potentlal can_

'be obtained from the original OPW Hamlltonlan -
- d vy - 1
<E+§!wi_'§+§ >_= Ai<§lti><ti|§ }_1 if“-_,§6)

where K .= k+G and where !t > should 1nclude“all d-like core:
states of atoms of type i. In practice, thessi?E% like
Astafss of the last filled csre'shell have to be'sonsidered_
since the overlap matrix elements in (6) éecrease by
about one orden;of'magnitude with each core shell. ;Thé

simulation of d-like non-local potentials using qu'(S)

- introduces one additional parameter fqrveach kind of atom.



. The integrals.in-Eq. (6) can be evaluated by taklng atomlc

. . 15
core wavefunctions R

nQ‘(r*); Eq. (6) then becomes

k6w, Y kers = a, HmL2EHL)
IRl Rt N DA 4

2, Pz(cosa)
K ' (G- . = S
Bn£(|~|) B C(IK'[) s.(c ,9? . 2-,_ (7)
vwhere Qo'denotesvthe unit cell volume, Pg a Legendre poly- 'H~e

~nomial, and a the angle between ka and k+G' : S (G'-G)
'represents the usual structure factor for atoms of type 1"

~and B JCIK]D) = IO (IKlr)r dr is a slowly varylng

232
function of IKI, dependlng on atomic radlal functlons R nt -

- and on spherical Bessel functions 32
The non- local relativistic correctlon R can be derlved ‘

from a spin-orbit Hamiltonian of the form .

Hyy = —b— [W() xplg 8
4m-c o :

where V(r) is the real crystal potential, p is the momentum;
operator, and o is the Pauli spin operator.b Follow1ng a

procedure described by Weisz16 we can derlve the follow1ng

matrix element appearing in the pseudopotentlal Hamlltonlan:

' 1. =) = . 1 iy ...' o
R(K',s';K,s) i 951, (AP *hy )_,Si(g K") _-,_(9) B
where S. are atomic structure factors and cé, s <s'|ols>
' . . ~ ’ . . -~

are matrix elements in spin space. The non-local potentials

oot

i T i, 1K' x K -
A, = 12w s Bn’l(lgl) Bn,l(l§ DI e % ..(10),
. o -ixil . ’ T 1. Y-Twer."
N 4 , I xx] K -k1
A = bUn -—————-—bn (|K|) Bn 2(“\ [y

¢ Y k|’ |x«1



repreeentfthe core spin-orbit interaction prciected ou‘the o
‘valence pseudo wavefunctiono"Ncn-locality entefs Eq'v(10)~ »
‘via the vector product [KVxK] for the p- 11ke contrlbutlon and
via [K'XK] [K' K] for the d- llke contrlbutlon. This reflects
the dlfferent angular behav1or of p- and d- functlons.v_The
functions anz(lgl) are the redlal integrals mhlch appeered»f
- in Eq. (7). e | R |

 As menticned in the discussionvof Bq;J(Sis only’the-f
outermost core shell has to be con31dered in the calculatlon'
. of the overlap 1ntegrals The empirical’ parameters AP ,-Adi.
determine the strength of the,spinéorbit'coupling in the

- crystal.  With the assumption that the ratic'cf‘these'para-’f

meters for different atoms i in the crystal is the same as @ "

for the free atoms we end up with two parameters Apvand Ad4vf. X

describing the spin-orbit- interaction in the,cryetal,

II.  Results for the Band Structures and Discussion of
Important Parameters
The parameters used in our band structure calculatlons{‘fl

are presented in table 1. The resultlng E(k) curves are -
: in

shown in Fig. 1 for PbSe and4Fig. 2 for_PbTe,i

The lattice'parameter a has been taken from x-ray -

17

‘measurements at 4°K for PbTe and has been computed from

the experlmental dilation coeff1c1ent as a. functlon of
temperature18 together w1th the room temperature value of

the lattice constant for PbSe,17
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For reaeons of computation the local pseudopoteotials
’have to be cut off at some flnlte IGI value. It is generally
believed that the effect of this truncatlon can be absorbed

by the remaining pseudopotential form factors._ This  argument .
can be accepted if, in first order, the influence of‘the o
' hlgher IGI form factors on: the different electronic levels

is either small or at most of the same order of magnltude

as the influence of the lower [9! form factors. We therefore
have computed the derivatives of the most importantvgape
with.respect'to‘|§| form factofs until G2 = 27, for some‘zl
seleeted E'points. - Though the_oonvergence; up to this.value,v
beoomes relatively poor (“O 2 eV) we find that tﬁe assumptions ;
made above are acceptable for the valence bands, but become ‘
generally poorer for the conductlon bands and are espe01ally
‘bad for the d levels within the conduction bands. For

| example, if we are.looking at the relative energyvseparation

AE between the lowest X ¥ level, which is of pure d-characteri'

7
and the top for the valence band, and if wevrestrict'oureelves
| to a constant value of the fundamental gap, we find the

 following derivatives with respect to'differeht formbfactors:

9AE AE 82E . . |
~ =35 — ~ =10 H _ ~ =1.6 .
3V2,4 | ,, BVL,. ) () 8 -

In view of these results, we can believe that outtihg.off the
local pseudopotential at some Igl2 < 24, affects the band
étructure like a non-local d-like potentiall It debends Solely
on the remaining looal form factoré Qhether this eourious l

non-local potential. is attractive or repulsive.



For our calculatlon we choose a. cut=off at 62 é.lG

Wthh leads to an energy convergence of better than 0.025 eV.
The lead potentlals used in both salts are very 51m11ar
v wh;ch is consistent with the fact that we»do»not expect a
.1arge difference‘in the screening between PbSe and,PbTe,‘
Comparing our cation and anion potentiais,btheir”difference“h
-in_electronegativity is generally smallef than:that feported f:'
in earlier pnblications.,8 This resultszn a decrease of the -
gap between the two low lylng valence s=bands whlch 1s,‘as 1"
we shall see in Sectlon vV, in accordance w1th recent XPS :
and UPS data. | |

The effective mass pafaneters have been'choSen7enpiricaily:.
However,'since theSe values should not depend on the‘parti{fi;+*'
v-cnlar screening, we expect them to be close to theﬂtaluesh
‘calculated from atomic model potentials; 'Appapillai and .
Heinelg have recently‘calculatedloptimized model'potentiaisi
- and effective masses for a number of atoms inCluding.Pb' Se Uvﬂ

and Teol They flnd the following masses: fob Pb mk'= 0.917,

0.963= for.Se,, m = 1.0002, mE '
mk 1 02, mp = 0.969. The correspondlng effectlve masses
for the compounds can be computed accordlng to Eq (5).

- mg = 0. 975 and for Te,jﬂ'

1"

- Thus in the case of PbTe for‘example we'flnd:' -

mkl(PbTe).= 1+ (m l(Pb) 1) + (m (Te) l) and

mg(PbTe) = 1 + (mg (Pb)-1) + (mg(Te)-1)

From:that we obtain the following values:



'
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0.870

1
n
-

m, (PbTe) = 0.934 ; m (PbTe) = 0.932 ; m#(PbTe)

m, (PbSe) = 0.917 ; m;(PbSe) = 0.944 ; m#(PbSe) = 0.866

Considering the uncertainty involvedﬁiﬁ this kind of
..calculations which.is essentially given by thé iﬁacéurate
. determination of the energy slbpe of the model péteﬁtial
parameters, we can say that these values aﬁe:in.good'agree- o
ment with our empirical finaings (see Tablell);

We shall now discuss in more detail the ihfiuehce of
the use of effective masseshén.the-band_§tructure reSults. 
The concept of ihtrodUcing effeétivevmasses is to reproduce
non—lbcalify ét 6 = 0, which is equivalent to conéider only o
main—diagonal_matrix'elementé Qf’the_non-ldcal poteﬁtiai.
Thévvalidity df this approach, however; demands that the =
off diagonal terms héve to be small compared.to the diagonal ;
terms. In other words one has tdvassume that in Eq. (6), .
|<§|f>|2 is'smaller than <K|t><t|K+G'> for most of the G'-
vectors (we.have set k+G = K). This turns out'tp be a
.réasonable assumption for s and p states.but'it‘becomes 7
questiqnable for d states.  This results from the ektensioﬁ
in K sﬁéce of thé matrix elemént <§|t?. _Fof a mean value

2 = 8), <K|t> is still an increasing function -

of |K| (such as K
of !El for d-states and in some cases the off-diagonal terms
are even bigger than the diagonal terms. The effective mass
‘approach thefeforé does not seem to be a sufficiently' | ~

accurate treatment for d non-locality.lg'
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' This fact, togéther’with the fgmarksv¢oncéfningvthe
cut off of.the local pseudgpotential,bjustifies the inclﬁéion
of a complete nbhelocai %i;ﬁiential intO'the,calcdlafioﬁ of
the band structures. However, the repulsive or attractive
character of this pbtential caﬁ‘oniy havé a relative meaning
with pespect to thé.local, émpirical potentiéls.which'we ,'
used. Fof this reasbnvwe'shall:nqt try-to'éftributé any
physicél‘méaning_to’the factvthat we ﬁsed'aﬁigttraetive 1
potential for lead (for PbTe) and a'fepalsivé éné'for," 
‘selenium (for PbSe). »In‘Table 1 we give the values Ai '
according *to.E'q_° (7) for the non_local'ﬁseudopofenfials 
used in'our‘caléulationée These values might at first15>
éight a?pearAtb_be very large. However, to.cbmpare them
with the local form factérs, they have_to.be cbrrected by
several factors afiéing.ffom the functions.ﬁig in Eq. (7)
and fro@ the Vqlume Qg The c0mparéb1e Vaiues are thus
- =-0.0044 rjd for PbTe ahd'+0,0019 ryd for PbSe.i Compared 3
to the loéal pseudopotenfiai,_these values aré-quite small
as they:should‘be;if they»are to remain § smai1 correction
to the basic local scheme. The influence Onufhe band © -
structure of these'connections ié essential.dniy fo.rebfo-
‘duce the optical ﬁroperties of thesertwo COmpounds above
6 eV. This will be qiséussed in detail in a sﬁbsequent
paper.,11 Wé should add  on this pabticuiar péiht, that all
the arguments given here to support the introduction ofja

non local d-like potential are quite genépaljgnﬁ should be
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valid for most semiconductors. -Although-fcr some caSes,
thevintroduction of anveffectiQe massris not jnstified;'

e.g. Si where thecretically m* = 0,999 l; there still remains
" the cut off of the 1ocal pseudopotentlazﬂgiguld.by 1tself '

justify the use of a hon local d 11ke potentlal

Though Si calculatlcns;13
performed without a‘non local d- like potentlal have succeeded
to reproduce the optical properties for energles‘up to_S eV,
“the d—like potential might be necessary to beproducehthe
optlcal propertles at higher energies. Fufthermore onn»
arguments do not exclude a case in which the cut—off of the
‘hlgherlglform factors can acc1dentally be absorbed by the _
remaining form factors. | 2 |

- The spin-orbit paraneters have‘also been chosen'_
empirically in such a way that the splitting of rs‘-ra‘
of the upper vaience bands correspond to that found by the
.OPW method.t As inferred from atomic values the d contri-
'bution to the spin-orbit splitting is quite negligible and

can be left;ouf to simplify the calculations.

'III} Effectlve masses

The lead salts exhlblt a small direct gap at the p01nt
L of the Br1110u1n~zone. It is known that the properties
connected w1th this gap can only be . explalned by taklng 1nto
account the maso' anisotropy and the strong non- parab011c1ty .

of the bands around the gap energy. In the following we



.'for PbSe and PbTe°
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shall discuss only.the effect of anisotropy 'For this
. dlscu351on it is essentlal to know the values of the effectlve .&
masses at L. The experlmental values are given 1n Table 2
20 The most strlklng feature seems to rb
;be the large dlfference 1n the anlsotropy of the masses:

for longltudlnal (parallel to PL) and transverse (perpen—:fn
‘dicular to the TIL) dlrectlon between the two salts.»vIt 1s-71

21,22 that a k p theory around L, anludlng only 51x _

known
bands can reproduce qulte well the band structure and the féfl
“associated physics in this energy range._ On the bas;s of ~
this theory we expect, owingvto the large differencevin thej};Ll”
nass anisotropy between PbSe and PbTe, a.noticeable change:f5
Pln the bands around the L p01nto Bernick andTKleinman7

were the flrst to propose an inversion of the two L6 levels
form;ng the first two conductlon bands going ‘from PbSe toflblv
PbTe. The reason for this can be'understood-in the7§;p':ifth;"

framework, if we write down the expression for thefeffective_f

~ masses and look at the orlgln of the six bands in a scheme-","‘:_>.,fv',>.-7_'7‘i o

without spln—orblt Lnteractlon (Flg 3). Wlthout sp1n orblt_j?ﬂ'”

‘interaction there remaln only four bands and the'p-matrlx‘
elements which. couple these bands have well deflned polarl-f::

zatlons (L and Il) as shown in Fig. 3. It turns out from (

actual calculatlons that Pfé or Péi are larger than Pyl by

about a factor of 3. Thus, if the lowest L6 rlevel originateSipr5"

from bz we expect, owing to the dlfference between the

relative energies, a compensatlon for the dlfference in the



values of the matrix elements for the twoupolarizations
and consequently a relatlvely weak mass anlsotropy. This
should clearly be the PbSe case. On the other hand, if |

the lowest L 'level orlglnates from an L.~ level, we expect

3
an- accumulatlve effect and longltudlnal masses much larger |
than the transverse ones. This is the case for PbTe.

We found in this framework'that this»bandrordering
'represents the only solutlon which can explaln the very
different experlmentally observed anlsotroples and that thls
solutlon does not brlng about any contradlctlon 1n‘any of'i_'
the observed properties of these compounds{ In particularA;i.

S we shall show in a later publlcatlon23

that with this
vpartlcular orderlng the pressure dependence of the gap can

" be well understood. The calculated effective masses at L -
are given for comparison in'Table 2. They haQe been.calcu—"
. lated by fittiﬁgta parabola very.ciose to the L point(in':in
thevlohgitudinal and‘in'the,transverse directicw in the

band structure. This procedure appears to be necessary toziﬂ
obtain accurate masses because the Values.ofvthe matrix
elements:are known.only within an error of»about 10%. Due
to the particular structure'of the expression for the |
éffecti&e maeses'in the k?p theory, any errOr in the matrix
elements connectlng the two levels at the gap- is con81derab1y
' Stx'ong] y

enhanced’ by the small value of this gap, thua,affect1ng the

valnes of the effective masses-.
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IV, Knlght Shlft Experlments |
Knight shlft measurements on Pb207 inPbSe and PbTe have  fi

'been reported25 recently. Thelr 1nterpretatlon prov1des a

- very useful quantity, namely the relative charge density at
 the lead site lw(O)lz for the upper valenééibénd_Af L (the

;experiments»were done with p-type material). Due.f§ithé
relatlvely large uncertalntles involved in the determlnatlon
of the g-factors, the values deduced for jw(O)[ are known
only within ild%. 'Within this uncertainty, tﬁe ratlo_of i
:|w(0)] at the lead atom,'normalized to the.volumé of fhe. .. 7
prlmltlve cell, isvfound to be'equal for both salts and

'about 0.67.

V]¢(O)I2 cobreSpondé essentiélly‘to fﬁe s-iiké pébt of .k:
the wavéfunétidn'abound the leéd atoms at the top»6f the
valence bando To evaluate this quantity weﬁhave éxpanded
the plane wave solutions of our EPM calculat;ons in spherlcal

harmonlcs. Then

{1 o I

Y(r) =
. ~ 2

0
The sum in Eq (11) was restricted to L = 2 and all functlons f;ffj
are normallzed neglectlng higher angular momenta. " Then the

" & character, cz = <w2 iwl , of the wavefunctlon can be

characterized by

A sur oz  (2041)P (cosa)

G,G" § e

<[5l o3 detronfar 0 an



- where P
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) is the‘Legendre_polynomial, a is the angle between

K = G+k and K" :'gvfk, and jz(x) the spherica1 Bessel‘functioﬁ

of order 2.  The coefficients ag are the eigensblutions of

the EPM calculation.: Rz_is thefradius df a sphere around the
atomAunder chsiderétion in whiéh we évaluate the charge

| dénsity‘ The'integration'in (ll) can be carried out analy;v,
tically for ail-z° Here we are intérested in the 2=0 case

(s character) only. In this case we obtain

¢’ = 4wz o a.*a
1 sin(|K|R)cos(|K"|R)  sin(|K"|R)cos(|K|R)} -
x = . - d i
2 2 , A : :
|X|“- 1K' | x| . N
for |KI £ I1X'1 S ay
x Ill3 (|K|R - sin(|K|R)cos(|K|R))  for |K| = |K'|
- 2 K ,“'v v ~ ) -~ ~ .. v~

~ Clearly this quantityvdepénds on the value cﬁdSen for R.

It turns out that cQ normalized to R03 passes through a 4'

minimum as a function of R at R = 1.20 R'forvPbSe and

R = 1.25 A for PbTe. Theée VAIués correspond well fo,the '

.charge contours deducéd froﬁ charge density pléts of thei | .

two salts which will be discussed in.a later,publicétion;z61
With these values of'R thevprbperly normalized values

of ¢¥ are found to be c¥(PbTe) = 0.61 and c®(Pbse) = 0.73

afound'thellead atom for the top most valence band af L. 

Owing to the aforementioned uncertainties in thevexperimehtal

results, and to the fact that the calculations were done on
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the basis of pseudo wavéfunctions, the agfecment ncfween :
'theofy and experiment is very good,‘ | |
| Another interesting piece of informaticn provided by -
‘Knight Shiftdexperiments concerns n-type lead salts. ’Thc'
1nterpretat10n of these experlments reveal that the wave- =
function of the first conductlon band at L must havc pl/zv o
rcharacter around lead for ‘both compounds.:-- |
ThlS is not in contradiction with the faot 1hat the

conductlon bands . have dlfferent orlglns for the two saltsic’f
This result is conflrmed by our calculatlons,: Thevc
..1nformatlon ccncernlng the character of{the lQWest'ccnddction;fc}
bands will be.very useful in’detérminingvthe tﬁrcshold. |
 energy fcb reflectivity measurements.in,thé far-ﬁvvinVOlving.;ﬂéla
transitions from the lead d?cOre levels into fha ccndnctiond‘
bands;f Details of these experiments wili be:presented»in;

a subsequent paper;ll

V. X—ray (XPS) and Ultraviolet'(UPS).PhofoemissionvExperiménfa
: XPS and UPS experlments are believed to afford direct -
1nformatlon about the den31ty of states of the valence banda..ﬁf“
To calculate the densities of states from our EPM band |
structures we have used the method of Glllat and Dolllng
K—space 1ntegratlon was done on the basis of 207 calculated
‘points in the irreducible part (1/48) of the Brillouin zonc.
Transition matrix elements and energy gradients Were.calcu— -

lated using k-p techniques.

o7
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The resulting densities of states are presented in.tne
figures 1 and 2. First we notice that the denSity of states
foriionductlon bands is very unlform in both salts and thus.
seems to 1ndlcate the free electron llke behav1or of these
bands . This 1mp11catlon, however, proves to bellncorrect
xrbas is'shownll when analyzing the spectra of core- to :

conduction band transitions where it is found that the conduction
band states retain a significant amount of atomic character. As a

further overall feature we find the valence bands to be
‘considerably broader dn PbSe than in PbTe. We shall now
compare our calculations with,recentlyvreported xps? and
UPS10 measurements (Figs. 4 and 5). In these figures wesn
have broadened the'differentvgroups of valenee'bands-in thef
vCalculated eurves with different broadening functiqns in
brder.td faciiitate the comparison with experiment.. Tne,’
. three upper valence bands (p bands) have been.broadened
‘with a characteristic energy of 0.25 eV,vthe.iead s-band
with an energy of 0.7 eV and thedlowestValence band (anion
s band) with an energy of 1 eV. In addition'we give in
Table 3 a quantitati?e'comparisonvbetween'our results and
the experimental data by assigning the'various structures
to critical points in k-space. One of the difficulties
encountered'invthe XPS or UPS measurements is to determine
reference energies (i.e. the top of the valence bands).

The reference energy is in general known only w1th1n

+0.4 eV for XPS measurements and +0 1 eV for UPS measurements.

In the Flgures 4 ~and 5 we have therefore trled to align
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the peak.energies of the s-~lead bands (an valence band)‘>
which tends to give better agreement betweenvthe peak

energies of the p bands of the two experimentalvcﬁr;eS'

than the quoted energy zeros. This, howeVer, also shcws

that the given reference-energy for the XPSAmeasureﬁents _
of“PbSe is prcbabiy tooblarge'by 0.3 evo Oh the other’handt.A
the two lower peaks in the experlmental curves are obtalned :;?
after subtractlon of a large background and therefore could |
be affected by a possible error exceeding thevtolerance

5: *0.1 eV given in Ref. (9)°v-Furthermore allbresults are ﬂd‘
obtained with an experimental resolution of about O.S eV
which has to be_taken‘into account in comparing our calcu-
latiohs to experiment;l In view of these possibie errors,

the agreement between theory and both experiments is_excellent.

: CcncIusion

We hare presentedbcalcuiations on the electrcﬁic‘
structure of the lead chalcogenldes PbSe and PbTe whlch for -
the first time are in excellent agreement w1th ex1st1ng
experlmental results. The dlfferent anlsotroples of the de
effective masses at the band gap dt the p01nt L can be
reproduced very accurately and be explained by dlfferent
band ordering effects. Knlght shift data g1v1ng 1nformatlon
about the'character of the wavefunctions at.both valence—
and conduction band edges can bevwell‘understood by_aﬁalyzing‘
' the‘pseudo-plane waves in terms of angular-mcmentum eigen- ¥

functions. Finally, the calculated density of states for
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.valence bands is compared with recent XPSVand UPSlmeasQrements.i
The agreemeht is excellent and deviations fall within the |
experimentally'given toierance. The.reproductidneof'all'

" these ekperiments ae,well ae of opticel measureﬁents in

an energy range from 0 to 20 eV, which w1ll be dlscussed

in a subsequent paper, was achieved u31ng emplrlcal local
pseudopotentials combined w1th an effective mass parameter,
simulating s-p nonmlecality:and With'a fﬁllTnonmlocai d-like
potentlal. The latter potentlal only had to be 1ncluded |

to obtain correct reflect1v1ty data for energles above 6 eV.
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Table Captions |
Table l;' Parameters used in the calculatlon of the band |
structures of PbSe and PbTe. The local pseudopotentlals'
symmetrlc -VS and antlsymmetrlc—VA as well as the non-
local parameters A; entering Eqs. (3) and (7) are glven
1-1n Rydbergs. For a comparlson ‘of local and non- local
potentials, the latter have to bepscaled_by various
factors (see text), which decrease‘them tosnoooouu rydd
:(for PbTe) and to 0.0019 ryd (for PbSe).
:,‘ Table_2.b Calculated and experlmen_tal20 effectlve masses for -
| PbSe and PbTebgiven in units,cf'free electron masses.:
Table 3. Comparison of strncture< in the xPs’ anddUPslo- H
" data w1th the calculated den81ty of valence states and
a381gnment to spec1flc points in k space. " The k-p01nt P';
has the coordinates (0.71, 0.u46, 0). All energles are'~»
A-given in eV and counted from the top of the valence _
'-bands The XPS data on PbSe have been shifted by 0.3 eV -
vtowards lower energles to compensatizZn error in the B
location of the Fermi level (see text). ‘The theoretical
energies in parenthesis are those obtained after the

broadening (see text).



Table 1

a(d) VA(3)  vS(s)  VS(8)  VA(Il) VS(12) VS(16) m#/m; A_ A
4OK R : . _ R . - : A v ro) A

PbSe - 6.095 0.059 - -0.2064 -0,0129 ~-0.010 0.040 0.0688 0.85 0 +12.0
'PbTe * 6.454 0.0358 -0.238 =0.0168 =0,0112, 0.0548 0,0668 0.85 -1. O

Table 2 .

©  PbTe -

"~ PbSe '_
Experiment Calculation - Biperiment o Calculatidn

m, ; 0.068

0.015  0.083 | 0.31 % 0.05 - 0,265

T

0.034

I+

0.007 . 0.030 | 0.022 £+ 0,003  0.0232

+

m,® | 0.070 £ 0.015 . 0.077 | 0.24 % 0.05 0,219

L

0.040 + 0,008 0,032 - 0,024 % 0,003 ~ 0,0225

—Sz-n
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‘Tabie-a "
!Structures - Structures | Structures 1>Assignment'
|in XPS (Ref. 9) |in UPS (Ref. 10) in EPM |
_imeasurements measurements calculations. .
| -o0.85 ~0.4(-0.6) | A(5),A(5)
i ‘ : - | | - o L
5 S =1.1 . | =0.9(-1.1) i T(4,5)
T e R I R Y I
C 0 =2.3 1 ~2.4 < =20y | :
H - Lo L =2.2 U A(3),X(5)
PbTe | - =3.05(-2.9) ' X()
] . .
! ~11.7 L -12.5  } '=11.3(-11.6); X(1),K(1) |
% -0.9 oy 0.8 1 -1.0(-0. 85) © P(5)
o . o : . v
? | ([=2.0(-1.90) | T(4,5),A(4)
: _l 90 . ! _2 2 i‘\ .-; | + .
| - ; (-2.4(-2. 30) ¢ T(3)
| | R (-2.8(-2.80) | A(3)
PbSe - E P , S o :
| | ' —3.8¢-4.0) X8
-8.3 ; -8.3 § ~8.u(-8. 3) ? P(2),2(2)
s - » -
-12.6 | -13.4 : -13. 2( 13. 5) X(l),x(l)-,
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| _ F’igure Caft ions
.:Figube l,. EPM band structure of PbSe along some.highv
symmetry lines in the Br;llouln zone The symmetr§
notatlons are. those of Ref (8). Thejcalculated’
den51ty of states is also glven. | o
Figure 2. EPM band structure of PbTe together w1th the
calculated den31ty of statesﬁ -The same symmetry :
. notatlon 1s used as for Flg.vl.
Figure 3. Bandvconflguratlons with and withoutsspin_ofbit
."vinteraction around the fundamental abscrpfion'edge forv_
bee and'PbTe.‘ The non-zero matrix elements of.fhe :
‘crystal momentum in the absence of Spln=0rblt coupllng‘
_are shown schematlcally for the longltudlnal (‘], .e.
. parallel to T'L) and -the transverse dlrectlon (L, i. e.““:
»vperpendlcular to TL). . The notatlon is that of Mitchell

and Wallis.zu

Figure 4. XPS9
emission spectra of the valence band structure of
PbTe. _ R - Calculated densities of states'
arevsﬁperimposed,_'The'calculated.curves are con&oluted

v_bj an energy-dependent:broadening functioh (seevteXt);
The peak energies.of the lead s-le?els at about =8 eV

have been aligned to compare the different spectra°

Figure 5. XPS and UPS for PbSe; see caption of Figufe N,

(dotted 11ne) and upsi® (dashed llne) photo- S
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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