
Lawrence Berkeley National Laboratory
LBL Publications

Title
THE ELECTRONIC STRUCTURE OF FbSe AND PbTe I. BAND STRUCTURES, DENSITIES OF 
STATES AMD EFFECTIVE MASSES

Permalink
https://escholarship.org/uc/item/3bf4s9nd

Authors
Martinez, G.
Schluter, M.
Cohen, Marvin L.

Publication Date
1974-11-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3bf4s9nd
https://escholarship.org
http://www.cdlib.org/


Submitted to Physical Review LBL-3536 
Preprint c · I 

THE ELECTRONIC STRUCTURE. OF PbSe AND PbTe 
I. BAND STRUCTURES, DENSITIES OF STATES AND 

EFFECTIVE MASSES 

G. Martinez, M. Schluter, and Marvin L. Cohen 

November, 1974 

Prepared for the U. S. Atomic Energy Com1nission 
under Contract W-7405-ENG-48 

For Reference 

Not to be taken from this room 

~ -

~ 
tt1 
~ 
I 
(.N 

1..11 

""' 0" 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal 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. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



( ,. 
: ~ 

, .. ,. 

•· -1- LBL-3536 

The Electronic Structure of PbSe and PbTe* 

I. Band Structures, Densities of States and Effective Masses 

· t .. :f: d . Ch G. Mart1nez , M. Schluter an Marv1n L. o en ; 

Department of Physics, University. of California and 

Inorganic Materials Research Division, 
' ' 

Lawrence Berkeley Laboratory, Berkeley, California 94720 

Abstract 

We present new improved pseudopotential 

calculations for PbSe and PbTe using several 

non-local corrections in addition to the local 

empirical pseudopotential. We discuss results 

foreffect~ve masses, Knight shift measurements 

. and recent photoemission measurements. In addition to .· 

the optical properties in an energy range from 

0 to 20 eV (which will be discussed in a subsequent 
the 

. paper), al~ above experimental results can for the . 

first time be explained consistently using 

one band structure model. 

Introduction 

A large number of band structures of the lead chalco-

genides have already been calculated, using various methods. 

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

the APW method by several authors 2 ' 3 ' 4 and the KKR method 
H. 

by11 over•hof and V. Rossle1•. 5 Two different versions ol the 

pseudopotential method have also been published; one of 
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them inciuding a strong non local s-like potential6 ' 7 

of the Lin-Kleinman form and one being purely local -- the 

empirical pseudopotential method (EPM). 8 None of these 

calculations was able to give an overall coherent picture 

of the physical properties of PbSe and PbTe. In particular, 

only Bernick and Kleinman~·were able to reproduce the effective 

masses, whereas only the EPM8 results yielded optical results 

in agreement with experiment. Furthermore~ the appearance 

of recent XPS and UPS measurements 9 ' 10 revealed general 

disagreements with all published band structures. We have 

thus reopened this problem in an attempt to obtain acceptable 

agreement with all known experimental measurements. 

To perform the calculations we have chosen the EPM 

which uses a local empirica,l. pseudopotential. This local 

potential had to be modified by adding an effective mass 

to the kinetic energy operator and by adding a full non

local d-potential. A detailed description of this procedure 

is given in Section 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 Section III we compare the physical 

properties near the fundamental absorption edge to experi

mental results. Section IV is devoted to the calculation 

of the density of states of the valence bands and to a 

comparison of these results with experimental photoemission 

data. The study of the optical properties in an energy 
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range from 0 to 20 eV will be presented in a subsequent 

11 paper. 

I. Band Structure Calculations 

The band structure calculations were done using 

the empirical pseudopotential method (EPM). This approach 

is well established and discussed extensively in the litera-
, . . . 

12 ture. Briefly the method involves the solution of a 

pseudopotential Hamiltonian 

(1) 

•~hose local pseudopotential VL(~) is expanded in the reci

procal lattice 

. iG·r VL(r) = E V(G)e - -
- G -

(2) 

where G is a reciprocal lattice vector. For the case of 

crystals with rocksalt structure vq~) can be divided into 

symmetric and antisymmetric contributions . 

·. ( 3) 

where v8 and VA' the symmetric and antisymmetric form factors 

are treated as empirical parameters. They are related to 

the atomic fo~m factors Vc and Va of cation and anion by 

v = s 
V +V 

c a 
2 

and 
v ~v 

c a 
2 

( 4) 

SS .tnd SA denote the corresponding symmetr>ic and ,mti

:;yumte•l r·ii' f;tr•tt··lllt'(' , .. wlnC'S. The non-llli'dl pt)lt•fll idl vN,,<•_·) 

ita l:q. (I) ··•>~tl.t itt:: lw•• different cottlt·il~ttl i··n~:: 

.· .·"' 

'-
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a) a non-local and (generally energy dependent) correction 

W to the local atomic pseudopotential v
1 

as derived e.g. 

from the usual OPW formalism13 and 

b) a relativistic correction R which describes the spin

orbit interaction. Only the spin-orbit interaction part 

of the relativistic correction is added explicitly for 

this interaction breaks the symmetry of the non-relativistic 

Hamiltonian. Other relativistic terms have full . symin.etry 

and can be considered to be absorbed into the non-relativistic 

empirical pseudopotential. 

In the usual plane wave representation, the non-local, 

energy dependent pseudopotential becomes formally W (~+~, 

~+~',E). It is believed that the first order influence 

on the band structure of W can be accounted for by retaining 

only main-diagonal terms i.e. terms with~=~'· Moreover, 

it has been shown12 that in this case nonlocality and energy 

dependence can be simulated by the ·introduction of an 

effective mass m* = 

can be expressed as 

-1 
1 + 1 aw 

mK = PSI ak 

mE = 1 - aw (5) 
aE 

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 

14 from non-local atomic model potentials. In the latter 
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case the value of m* entering the crystal Hamiltonian has 

to be computed according to the linear additive behavior 

of W for different atoms. Even though this effective mass 

treatment appears to be a very crude approximation to the 

"true" non-locality it.nevertheless simulates s-p non-locality 

to some extent. Since 1/m* scales the kinetic energ~ it 

influences the energy separation of the low-lying (s-like) 

states differently £rom the higher lying (mostly p~ and 

d-like) states. It follows from th~ different.localization 

of non-local potenti"als in K-space (we shall discuss this 

point in Section III) that retaining only main-diagonal 

terms of W is a better approximation fo_r s-p non-locality 

than it is for d-non-locality. It seems therefore desirable 

to include d-non-locality in a more explicit way, e.g. by 

retaining off-diagonal terms of Was well. 

A typical. form for the d-like non-local potenti~l can 

be obtained from the original OPW Hamiltonian· 

<k+GjW.djk+G'> ~ A.<Kjt.><t.jK'> 
- ~ 1 ~ - . 1 - 1 1 -

(6) 

where K .= k+G and where !t.>"should include all d"'"like core 1 . 
only 

states of atoms of type i. In practice, however,Ad~like 

states of the last filled core shell have to be considered 

since the overlap matrix elements in (6) decrease by 

about one order of magnitude with each core shell. The 

simulation of d-like non-iocal potentials using Eq. (6) 

introduces one additional parameter for each kind of atom. 

·'-' .... 

,.·· 
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The integrals in Eq. (6) can be evaluated by taking atomic 

f . t. lS R ( ) E ( 6) th b core wave unc 1ons n~ r ; q. en ecomes 

S.(G'-G) 
1 -

~ = 2 . ( 7) 

where n0 denotes the unit cell volume, P~ a Legendre poly

nomial, and a the angle between k+G and k+G'. S.(G'-G) 
~ - - - 1 ~ ~ 

represents the usual structure factor for atoms of type i 

and s!~<l~l) = f~ R!~j~<l~lr>r 2dr is a slowly varying 

function bf ~~~~ depending on atomic radial functions R!1 
and on spherical Bessel functions j~. 

The non-local relativistic correction R can be derived 

from a spin-orbit Hamiltonian of the form 

(8) 

where V(r) is the real crystal potential, ~ is the momentum 

operator, and cr is the· Pauli spin operator. Following a 

procedure described by Weisz16 we can derive the following 

matr·ix element appearing in the pseudopotential Hamiltonian: 

R(K_',s_';K_,s_) = 1: cr, 
i -s ,s 

S.(K-K') . 1 
(9) 

where s. are atomic structure factors and cr, = <s'lcr_ls> 
1 -s ,s 

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

A .t = 
p 

II 1. 
nd ;;.. bU11 

127T 
[K'xK] 

1~T 18'1. 
r t<' xKl · r 15' · 151 

1~1 2 1~'1 2 

(10) 
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represent the core spin-orbit interaction projected on the 

valence pseudo wavefunction. Non-locality enters Eq. (10) · 

via the vector product [~'x~] for the p-like contribution and 

via [K'xK]·[K'·K] for the d-like contribution. This reflects 

the different angular behavior of p- and d-functions. The 

functions Bi .,<IKI> are the radial integrals which appeared 
n,.~~~ .. 

in Eq. ( 7). 

As mentioned in the discussion of Eq.· (6)~ only the 

outermost core shell has to be considered in the calculation 

>t i 
d 

of the overlap integrals. The empirical parameters ).pi' 

determine the strength of the spin-orbit co~pling in the 

crystal. With the assumption that the ratio of .these para-

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

for the free atoms we end up with two parameters ).p and ).d 

describing the spin-orbitinteraction in thecrystal. 

II. Results for the Band Structures and Discussion of 

Important Parameters 

The parameters used in our band structure calculations. 

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

shown in Fig. 1 for PbSe and/1 Fig. 2 for PbTe. 

The lattice parameter a has been taken from x-ray 

measurements at 4°K for PbTe17 and has been computed from 

the experimental dilation coefficient as a function of 

temperature18 together with the room temperature value of 

th~ lattice constant for PbSe. 17 
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For reasons of computation the local pseudopotentials 

have to be cut off at some finite 1~1 value. It is generally 

believed that the effect of this truncation can be absorbed 

by the remaining pseudopotential form facto~s. This argument 

can be accepted if, in first order, the influence of the 
. ,• . ' . 

higher 1~1 form-factors on the different electronic levels 

is either small or at most of the same order of magnitude · 

as the influence of the lower 1~1 form factors. We therefore 

have computed the derivatives of the most important gaps 

with respect to 1~1 form factors until G2 = 27, for some 

selected ~ points .. Though the convergence, up to this value, 

becomes relatively poor ("'0.2 eV) we find that the assumptions 

made above are acceptable for the valence bands, but become 

generally poorer for the conduction bands and are especially 

bad for the d levels within the conductionbands. For 

example, if we are looking at the relative energy separation 

+ 6E between the.lowest x7 level, which is of pure d-character, 

and the top forthe valence band, and if we restrict ourselves 

to a constant value of the fundamental gap, we find the 

following derivatives with respect to different form factors: 

36E __ 
35 

. 
av 24 ' 

. 
' 

36E av:- ... -1.6 • 
8 

In view of these results, we can believe that cutting off the 

local pseudopotential at some 1~1 2 
< 2'+, affects the band 

structure like a non-locAl d-like potential. It depends solely 

un tht! l.'emaining lu<...!ctl foPm factors whether this spurious 

non-local potential is attractive or repulsive. 
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For our calculation we choose a cut~off at G2 : 16 

which leads to an energy convergence of better than 0.025 eV. 

The lead potentials used in both salts are very similar 

which is consistent with the fact that we do not expect a 

large difference in the screening between PbSe and PbTe. 

Comparing our cation and anion potentials, their difference' 

in electronegativity is generally, smaller than that reported 

in earlier publications" 8 This results i.n a, decrease of the 

.gap between the two low lying valence s=bands which is, as 

we shall see in Section V, in accordance with recent XPS 

and UPS data. 

The effective mass parameters have been chosen empirl.cally. 

However, since these values should not depend on the parti-. 

cular screening~ we expect them to be close to the values 

calculated from atomic model potentials~ Appapillai and 

Heine14 have recently.calculated optimized model potentials 

and effective masses for a number of atoms including Pb, Se 

and Te. They find the following masses: for Pb mk,= 0.917, 

mE= 0.963; for Se, mk: 1.0002, mE= Oo975; and forTe, 

mk = 1.02~ mE = 0.969. The corresponding effective masses 

for the compounds can be computed according to Eq~ (5). 

Thus in the case of PbTe for example we find: 

-1 . 1 1 
mk ePbTe) = 1 + em; (Pb)-1) + em; (Te)-1) and 

mEePbTe) = 1 + emEePb)-1) + (mEeTe)-1) 

From that we obtain the following values: 

··:-:: 

. . ~ .. 



,. 

o q) od Oo. t:l:s ,(,~2 ~.b. u, /;.:; ~J. ~; ;;; 
-10-

mk(PbTe) = 0.934, mE(PbTe) = 0.932; mi;(PbTe) = 0.870 

mk(PbSe) = 0.917 mE(PbSe) = 0.944 m*(PbSe) = 0.866 

Considering the uncertainty involved in this kind of 

calculations which is essentially given by the inaccurate 

determination of the energy slope of the model potential 

parameters, we can say that these values are in good agree-

ment with our empirical findings (see Table 1). 

We shall now discuss in more detail the influence of 

the use of effective masses on the band structure results. 

The concept of introducing effective masses is to reproduce 

non~locality at ~ = 0, which is equivalent to consider only 

main-diagonal matrix elements of the non-local potential. 

The validity of this approach, however, demands that the 

off diagonal terms have to be small compared to the diagonal 

terms. In other words one has to assume that in Eq. (6), 

l<~lt>l 2 
is smaller than <~lt><tl~+~'> for most of the ~·

vectors (we have set k+G = K). This turns out to be a 

reasonable assumption for s and p states but it becomes 

questionable for d states. This results from the extension 

in ~ space of the matrix element <~It>. For a mean value 

of 1~1 (such as ~2 = 8), ~~It> is still an increasing function 

of 1~1 for d-states and in some cases the off-diagonal terms 

are even bigger than the diagonal terms. The effective mass 

approach therefore does not seem to be a sufficiently 

accurate treatment for d non-locality. 19 
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This fact, together with the remarks.concerning the 

cut oif of the local pseudopotential, justifies the inclusion 
-like · 

of a complete non-local ~potential into the calculation of 

the band structures. However, the repulsive or attractive 

character of this potential can only have a relative meaning 

with respect to the local, empirical potentials which we 

used. For this reason we shall not try to attribute any 

physical meaning to.the fact that we used an attractive 

potential for lead (for PbTe) and a repulsive one for 

selenium (for PbSe). In Table 1 we give the values Ai 

according to Eq. (7) for the non local pseudopotentials 

used in our calculations. These values might at first 

sight appear to be very large.· However, to com~are them 

with the local form factors, they have to be corrected by 

several factors arising from the functions ~! in Eq. (7) 

and from the volume n0 • The comparable values are thus 

-0.0044 ryd for PbTe and +0. 0019 ryd for PbSe. • Compared 

to the local pseudopotential, these values are quite small 

as they should be. if they. are to remain a small correction 

to the basic local scheme. The influence on the band 

structure of these connections is essential only to repro-

duce the optical properties of these two compounds above 

6 eV. This will be discussed in detail in a subsequent 

paper. 11 We should add on this particular point, that all 

the arguments given here. to support the introduction of a 

non local d-like potential are quite general and should be 
' ·. '~ .. ~ 
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valid for most semiconductors. Although for some cases, 

the introduction of an effective mass is not justified, 

e.g. Si where theoretically m* = 0.999, 14 there still remains 
which 

the cut off of the local pseudopotentiall\ should by itself 

justify the use of a non local d-like potential. 

Though Si calculations, 13 

performed without a non local d-like potential, have succeeded 

to reproduce the optical properties for energies up to 6 eV, 

the d-like potential might be necessary ~o reproduce .the 

optical properties at higher energies. Furthermore our 

arguments do not exclude a case in which the cut-off of the 

higher l§lform factors can accidentally be absorbed by the 

remaining form factors. 

The spin-orbit parameters have also been chosen 

empirically in such a way that the splitting of r 6--r8-

of the upper valence bands correspond to that found by the 

OPW method. 1 As inferred from atomic values the d contri-

bution to the spin-orbit splitting is quite negligible and 

can be left out to simplify the calculations. 

III. Effective masses 

The lead salts exhibit a small direct gap at the point 

L of the Brillouin zone. It is known that the properties 

connected with this gap can only be explained by taking into 

account the mase anisotropy and the strong non-parabolicity 

of the bands around the gap energy. In the following we 
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shall discuss only the ~ffect of anisotropy. For this 

discussion it is essential to know the values of the effective 

masses at L. The experimental values are given in Table 2 

·for PbSe and PbTe. 20 The most striking feature to seems 

be the large difference in the anisotropy of.the masses 

for longitudinal (parallel to TL) and transverse (p~rpen-.. -~ . 

dicular to the rL) direction between the two salts.· It is· 

21 22 known ~ · that a ~e~ .theory around L, including only six. 
. . . . . 

bands can reproduce quite well the band structure and the 

associated physics in this energy range. Ori the basis of 

this theory we expect, owing to the large difference in the 

mass anisotropy between PbSe and PbTe~ a noticeable change 

in the bands around the L point. Bernick and.Kleirunan7 
. '. ~:. ~,..(. 

were the first to propose an inver•sion of the two L~ levels 

forming the first two conduction bands going from PbSe to. 

PbTe. The reason for this can be under'Stood in the k•p ...... 
framework, if we writ.e down the expression for the effective 

masses and look at the origin of the six bands in a scheme 

without spin-orbit interaction (Fig. 3). Without spin-orbit 

interaction there remain only four bands and the p-matrix 
. ... .. _ .. 

elements which couple these bands have well defined polari

zations ( l and H) as shown in Fig. 3. It turns out from 

l l u actual calculat~ons that P13 or P31 are larger than P11 by 

about a factor of 3. Thus, if the lowest 1 6- level originates 

from 1 2- we expect, owing to the difference between the 

relative energies, a compensation for the difference in the 

'· ~ . 
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values of the matrix elements for the two po~arizations 

and consequently a relatively weak mass anisotropy. This 

should clearly be the PbSe case. On the other hand, if 

the lowest L6 ·level originates from an L3 level, we expect 

an accumulative effect and longitudinal masses much larger 

than the transverse ones. This is the case for-PbTe. 

We found in this framework that this band ordering 

represents the only solution which can explain the very 

different experimentally observed anisotropies and that this 

solution does not bring about any contradiction in any of 

the observed properties of these compounds. In particular 

we shall show in a later publication23 that with this 

particular ordering the pressure dependence of the gap can 

be well understood. The calculated effective masses at L 

are given for comparison in Table 2. They have been calcu-

lated by fitting a parabola very close to the L point lin 

the longitudinal and in the transverse directio~ in the 

band structure. This procedure appears to be necessary to 

obtain accurate masses because the values of the matrix 

elements are known only within an error of about 10%. Due 

to the particular structure of the expression for the 

effective masses in the ~·~ theory, any error in the matrix 

elements connecting the two levels at the gap-i~ considerably 
strongly . 

enhunced by the small value of this gap, thu~,affecting the 

vctltt<"S of the effective masses. 
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IV. Knight Shift Experiments 

Knight shift measurements on Pb207 inPbSe and PbTe have 

25 been reported recently. Their interpretation provides a 

very useful quantity, namely the relative charge density at 

the lead site I~<O>I 2 for the upper valence band at L (the 

experiments were done with p-type material). Due to the 

relatively large uncertainties involved in the determination 
. 2 

of the g-factors~ the values deduced for l$(0)[. are known 

only within ±10%. Within this uncertainty, the ratio of 
2 . 

j$(0)j at the lead atom, normalized to the volume of the 

primitive cell, is found to be equal for both salts and 

about 0.67. 

j$(0>1 2 corresponds essentially to the s-like part of 

the wavefunction around the lead atoms at the top of.the 

valence band. To evaluate this quantity we have expanded 

the plane wave solutions of our EPM calculations in spherical 

harmonics. Then 

. (11) 

The sum in Eq. (11) was restricted to L = 2 and all functions 

are normalized neglecting higher angular momenta. Then the 

1 character, cR. = <$R. l$ 1 >, of the wavefunction can be 

characterized by 

R, 
47T r aG*aG,(21+l)P1 Ccosa) c = 

G,G' 
.... -

RR. 
r ) j 1 ( I ~ ' + ~ I r h' 

2 
d r • ( 1?) X I j q, c 10+ k.l 

II 

. ·. 

._ .. , 
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where P
1 

is the Legendre polynomial, a is the angle between 

~ = G+k and K' = §'+~, and j 1 (x) the spherical Bessel function 

of order i. The coefficients aG are the eigensolutions of 

the EPM calculation.· R1 is the radius of a sphere around the 

atom under consideration in which we evaluate the charge 

density. The integration in (11) can be carried out analy

tically for all 1. Here we are interested in the 1=0 case 

(s character) only. In this case we obtain 

_ sin<I~~IR>cos<l~IR>] · 

. I K' I . 
. - ' 

sinC]KIR>cos<IKIR>> - - for I~ I = I~' I 

Clearly this quantity depends on the value chosen for R. 

It turns out that c~ normalized to R
0

3 passes through a 
0 

minimum as a function of R ~t R = 1.20 A for PbSe and 
0 

R = 1.25 A for PbT~. These values correspond well to the 

charge contours deduced from charge density plots of the 

(13) 

. . . d . 1 bl. . 2 6 
two salts wh1ch w1ll be d1scusse 1n a ater pu 1cat1on. · 

With these values of R the properly normalized values 

of c 0 are found to be c 0(PbTe) = 0.61 and c 0 (PbSe) = 0.73 

around the lead atom fqr the top most valence band at L. 

Owing to the aforementioned uncertainties in the experimental 

results, and to the fact that the calculations were done on 
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the basis of pseudo wavefunctions, the agreement between 

·theory and experiment is very good. 

Another interesting piece of information provided by 

Knight Shift experiments concerns n-type lead salts. The 

interpretatio~ of these experiments reveal that the wave-

function of the first conduction band at L must have pl/2 

character around lead for both compounds. 

This i$ not in contradiction with the fa.ct t:hat the 

conduction bands have different origins for the two ·salts. 

This result is confirmed by our calculations. The 

. information concerning the character of the lowest conduction 

bands will be ve:ry useful in determining the threshold . 

energy for reflectivity measurements in the far .uv involving 

tran~itions from the lead d-core levels into the conduction 

bands •. Details of these experiments will be presented in 

11 a subsequent paper. 

V. X-ray (XPS) and Ultraviolet (UPS) Photoemission E~periments 

XPS and UPS experim~nts a~e believed to afford direct 
.. 

information about the density of states of the valence bands.· 

To calculate the densities of states from our EPM band 
. 27 

structures we have used the method of Gillat and Dolling. 

~-space integration was done ·on the basis of 207 calculated 

points in the irreducible part (1/48) of the Brillouin zone. 

Transition matrix elements and energy gradients were calcu-

lated using ~-~ techniques. 
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The resulting densities of states are presented in the · 

figures 1 and 2. First we notice that the density of states 
the 

forl\conduction bands is very uniform in both salts and thus 

see~s to indicate the free electron-like behavior of these 

bands. This implication, however, proves to be incorrect 

as is shown11 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 in PbSe than in PbTe. We shall now 

compare our calculations with recently reported XPS 9 and 

UPS10 measurements (Figs. 4 and 5). In these figures we 

have broadened the different· groups of valence bands in the· 

calculated curves with different broadening functions in 

order to facilitate the comparison with experiment. The 

three upper valence bands (p bands) have been broadened 

with a characteristic energy of 0.25 eV, the lead s-band 

with an energy of 0.7 eV and the lowestvalence band (anion 

s band) with an energy of 1 eV. In addition we give in 

Table 3 a quantitative comparison between our results and 

the experimental data by assigning the various structures 

to critical points in ~-space. One of the difficulties 

encountered in the 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 within 

±0.4 eV for XPS measurements and ±0.1 eV for UPS measurements. 

In the figu-res '' ancl !! we have therefore tl•ied to align 
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the peak energies of .the s-lead bands (2nd valence band)· 

which tends to give better agreement between the peak 

energies of the p bands of the two experimental curves 

than the quoted energy zeros. This, however, also shows 

that the given reference energy for the XPS measurements 

of PbSe is probably too large by 0.3 eV. On the other· hand 

the two lower peaks in the experimental curves are obtained 

after subtraction of a large background and therefore·could 

be affected by a possible error exceeding the tolerance 

of ±0.1 eV given in Ref. (9). Furthermore all results are 

obtained with an experimental resolution of about 0.5 eV 

which has to be taken into account in comparing our calcu

lations to experiment~ In view of these possible errors, 

the agreement between theory and both experiments is excellent. 

Conclusion 

We have presented calculations on the electronic 

structure of the lead chalcogenides PbSe and PbTe which for 

the first time are in excellent agreement with ~xisting 

experimental results. The different anisotropies of the 

effective ma~ses at the.b~nd gap ~t the point L can be 

reproduced very accurately and be explained by different 

band ordering effects. Knight shift data giving information 

about the character of the wavefunctions at both valence-

and conduction band edges can be well understood byanalyzing 

the pseudo-plane ~aves in terms of angular momentum eigen

functions. Finally, the calculated density of states for 

.. . ~· 
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valence bands is compared with recent XPS and UPS ~eas~rements. 

The agreement lS excellent and deviations fall within the 

experimentally given tolerance. The reproduction of all 

these experiments as.well as of optical measurements in 

an energy range from 0 to 20 eV, whi9h will be discussed 

in a subsequent paper, was achieved using empirical, local 

pseudopotentials combined with an effective mass parameter, 

simulating s-p non-locality and with a full non-local d-like 

potential. The latter potential only had to be included 

to obtain correct reflectivity daia for energies above 6 eV. 
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Table Captions 

Table 1. Parameters used in the calculation of the band 

structures of PbSe and PbTe. The local pseudopotentials 

symmetric-VS and antisymmetric-VA as well as the non-

local parameters A. entering Eqs. (3) and (7) are given 
~ 

in Rydbergs. For a comparison of local and non-local 

potentials, the latter have to be scaled by various 

factors (see text), which decrease them to -OoOOI.J.I.J. ryd 

(for PbTe) and to 0.0019 ryd (for PbSe). 

T bl 2 C 1 1 d d . . t 1 2 0 ff . f a e . a cu ate an exper~men a e ect~ve masses or 

PbSe and PbTe given in units. of free electron masses. 

Table 3. Comparison of structure in the XPS 9 and UPs10 

data with the calculated density of valence states and 

assignment to specific points in ~-space. The ~-point P' 

has the coordinates (0.71, 0.46, 0). All energies are 

given in eV and counted from the top of the valence 

bands. The XfS data on PbSe have been shifted by 0.3 eV 
for 

towards lower energies to compensateAan error in the 

location of the Fermi level (see text). The theoretical 

energies in parenthesis are those obtained after the 

broadening (see text). 



Table 1 
0 

a(A) · VA(3) VS(4) VS(8) VA(ll) VS(l2) VS(l6) m;': lm A. AA 
4°K 
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PbSe · 6.095 0.059 -0~2064 -0.0129 -0.010 0.040 0.0688 0.85 0 +12.0 

· PbTe · 6 . 4 54 0.0358 .-0.238 -0.0168 .... 0.0112_. 0.0548 0.0668 0.85 -1. 0 

Table 2 

PbSe I 
.... . . . .. ,.. . . --~-----.- .: 

PbTe 

· Experiment Calculation - ! Experiment ·_ Calculation 
... - .. ------------.. -. ··---------------------------------------.. ·--~.l-:----................ _____________ .. ______________________ ............... ·- ....... . 
- v , · I 
m1 • 0.068 ± 0.015 0.083 1 0.31 ± 0.05 0.265 

v 
mt 

c 
mi 

c 
mt 

0.034 ± 0.007 

0.070 ± 0.015 

0. 0_40 ± 0. 008 
... 

" 

0.030 

0.077 

0.032 

,.\ 

; 

0.022 ± 0.003 0.0232 

0.24 ± 0.05 0.219 

'i 0.024 ± 0.003 0.0225 

'' 

;.;_ 

, ... _ .. ,, 

I 
"-> 
(11 
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Table 3 

Structures Structures ! Structures Assignment · 
in XPS (Ref. 9) in UPS (Ref. 10} in EPM 
measurements measurements 

I 
calculations I 

I 
I 

-0.65 l -0.4(-0.6) 6(5),A(5) 
I 

-1.1 
I 

-0.9(-1.1) f(4,5) 
I· 

( 

I 
-1.8\ A(3) 

-2 .. 3 I -2.4 ' J<-2.) 
-2.2 6(3),X(5) 

i 
I 
I 

-3. 05(-2 ~g.) X(4) PbTe I I 
-8.20 I -8.3 

I 
-8e25(-8.0) I:(2),L(2) 

' I 
I 

i 
·11.7 -12.5 -11.3(-11.6): X(l),K(1) 

'' ; ' 

; ! 
-0.9 I. -0.8 -l.oc-o·.a5> P'(5) 

' I 

! r -2. 0 ( -1. 9 0) f(4,5)~A(4) 
) ) ' 

-1.90 .-2.2 ; -, 
L-2.4(-2.30) i f(3) 

; 

(-2.8(-2.80) I A(3) 
PbSe \ 

-3.35 ) -3.3(-3.4) A(4),I:(3) 

' l -3 . 8 ( -4 • 0) X(5) 

-8.3 -8.3 ..;8.4(-8.3) P'( 2), I: ( 2) 

-12.6 ! -13.4 -13.2(-13.5) X(l) ,K(l) 
--. --·. -·---'--- . - l. 
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F"igure Capt ions 

·Figure 1. EPM band structure of PbSe along some high 

symmetry lines in the Brillouin zone. The symmetry 

notations are those of Ref. (8). The palculated 

density of states is also given. 

Figure 2. EPM band structure of PbTe together with the 

calculated density of states. ··The same symmetry 

notation is used as for Fig. 1.· 

Figure 3. Band configurations with and without spin.orbit 

interaction around the fundamental absorption edge for 

PbSe and PbTe. The non-zero matrix elements of the 

crystal momentum in the absence of ~pin-orbit coupling 

are shown schematically for the longitudinal ( !/, i.e. 

parallel to rL) and the transverse direction CL , i.e. 

perpendicular to rL>.. The notation is that of Mitchell 

and Wallis. 24 

Figure 4. XPS 9 (dotted line) and UPS10 (dashed line) photo-

emission spectra of the valence band structure of 

PbTe. Calculated densities of states 

are superimposed. ·The calculated curves are convoluted 

by an energy-dependent.broadening function (see text)., 

The peak energies of the lead s-levels at about ~8 eV 

have been aligned to compare the different spectra. 

Figure 5. XPS and UPS for PbSe; see caption of Figure 4. 
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