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The Electronic Structure of PbSe and PbTe*

II. 'Optical Properties

G Mart1nez+, M. Schlﬁter* and Marv1n L Cohen:
Department of Phy51cs, Un1vers1ty of Callfornla and

Inorganlc Materlals Research D1v151on,‘

Lawrence Berkeley Laboratory, Berkeley, Callfornia 9u720

Abstract
We present calculations related to the optical ““t'~
properties of PbSe and PbTe in an energy range‘from‘ '
0 to 26 eV based on reoently developed bande “
structure models. The results are compared to.e
measurements of the low energy real part of the o 5e
refractive indek, to modulated reflectivity measure-

' ments for energies up to 6 eV, to energy loss |
experiments for energies up to 20 erandbtovsynchro-
tron radlatlon reflect1v1ty measurements 1nvolv1ng
transition from core d-levels. The: agreement between }

: the_experimental data and theory can in some cases
.be.improved by‘using OPW functions in calculating
transition matrix elements. Differences between - .
synchrotrOn radiation reflectivity‘meaSurements and

photoemission data are analyzed and discussed.

i, Introduction
In a previous paperl we have presented models for the

band structures of PbSe and PbTe based on the empirioal
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pseudopotential method (EPM). As showﬁ.in thislﬁaper,'the
EPM scheme had to be improvéd by thé introduétion of an-
effectiVe‘mass and a fully non-local d—liké potential.  We
have also shown that the band structures'obtained in this
way reproduce quife well the band edge effeétivé rvné.ssesA,
the Knight shift experiments and the UPS and XPS photo- 
emissions results for both cbmpouﬁdé;.viﬁ.fhis paper we
shall éompare'the resuifs of'optical éxperiments to calcu5 
- lations 6f the optical coﬁstants. ”The ekperimentalzdatas.
reflectivity and modulated feflectivity are now'avaiiable_f
over a range of about 28 eV. Thus comparing our modeié
 t6 thésé_measureménts over this rangé'of‘énergy can,bé
conéidered as a very good_teét of'the vélidity of our band.
-‘StruCtures.' | | |

In Section:I we presehf the procedure to_célculate the
imaginary part of the fréquenéy dependent:dielectric fuhctiéﬁ:#ﬁ
ez(w), as well as the real part el(w) forinormél EPM calcu-'”“
lations and for a model in which the diﬁole'matrix elements
are evaluéted'using ﬁavé functions which ére orthdgonalized
to fhercore wave fﬁnctionsc In section IIT we compafé our .
results to wavelength modulated refleétivity between 2 ahd |
6.eV° Section IV will contain a discussioﬁ‘of all the
optical spectra for valenge— to conduction band transitionélf“
‘in the range from 0 to 18 eV. In section V we'cbmpare newv
optical reflectivity‘measurements for tfansitiohé_from lead
d core levels intovconductionstéfesw%:#the results of our:

calculations.
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II. Derivation of the'dielectric function*f
The 1mag1nary part of the transverse dlelectrlc functlon

for q = 0 is glven by

el 2
ep(w) = 2SR
" 3m"w” c,v BZ (27)

2.3, |
5 S(wc’v(g)-w)IMl d E (l).

"where ¢,v are the band 1nd1ces for conductlon- and valence
' bands, |M| is the absolute squared dlpole_matrlx elementv_

-between these bands, andihwc v is thedenergy'separation

b

between them.' Onee eé(w)-is known, el(m),'the‘real bsrt"t
bf the dielectric functien, can be calculated by means»dfd f
avKramers—Kronig transformation, assnming a reasonable.: |
analyticalrteil function for ez(w) at very high frequencies.

Knowing él(Q) and €2(w)_optical data such as reflectivity

and its derivative can easily be calculated. To evaluate

Eq. (1) we need to know the band structure and the transi—d

tion matrix elements at a large number of k-points in the .

o 1rreduc1b1e part of the Brlllouln zone. The k-space inte-

gration has been done using the scheme developed by Gllat '
andDolllng,2 which consists of d1v1d1ng the 1rreduc1b1e

part of the Brilluoin zone (1/48) into a mesh of small cubes. -

In each cube, we calculate w, , for all ¢ and v, the

1

eorresponding IMI2 and the gradient of the energies mc vb
with respect to k Wthh is necessary for an interpolation
procedure between each cube.' All matrlx-elements and energy

gradients are calculated in a k*p scheme. The use of pseudo-

wavefunctions instead of orthogonalized wavefunctions 1is



believed to cause.only small errors in;thefintegration‘scneme.
'However, the process of orthogonaliiation can have remarkable v
. effects on the transition matrix elements:. .This has already |
been encountered in calculatlng core- to conductlon band
trans:LtJ_ons3 - for valence- to. conductlon band tran51tlons.
Thls effect is smaller 1n the usual optlcal constant calcu-
-latlons but 1t can Stlll be 1mportant, e g.-for reproduc1ng'
the exact absolute value of the 1ndex oftrefractlon (or
/Pz?ﬁj) at zero frequency. It 1s therefore 1nterest1ng to |
'calculate‘the optical constants in both ways with and w1thoutr
orthogonallzed wavefunctlons and to demonstrate the effect |
';jof orthogonallzatlonf The orthogonallzed wavefunctlon wk(r)
canvbe expressed in terms of pseudo wavefunctlons ¢k(r)iand.
core wavefunctions bta as: E |

[ > = 6,05 - 1 %o @nlb @

K~ K™~ t,a k- . RS

Here lbta>nis any core (t) wavefunction\corfesponding to_,ﬁ

- any atom aj; it can be written as:

lbta> = L 5 K (RV+TG a; (rmRv-T ) "_'» (3)
/I—\f V,0 S S
where a, stands for a core orbital,vRvuls a translation

vector and Ta'describes the position of atom o in the
primitive cell. N is the number of cells in the_crystal.
We first require that the new wavefunctlon be normallzed

whlch leads to the follow1ng

<wk<g>|wk<gj> =1 - % ‘|gbt“|¢k<g)>|? ) -;_;af[
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Furthermore, the optical dipole matrixvelement between

~a valence band v and a conduction band ¢ is-given by:

<V |plv®> = <¢Vlgl¢°> - & <¢V|p “><bt“|g!¢°>

- I <¢ |p|b ><bt |¢ > |
| Ct,a o
' ' : o @) 130" ot .C ey
T < Ibt_><bt Iglbt,><btv|¢'> IR DA
t,t' 0,0 o o : f
where the first term on the right hand(side is the usual
pseudo matrix element for the optioal.traneition;' Assuming
negligible overlapplng between the core wavefunctions
centered at dlfferent atoms, we_can‘rewrlte_Eq. (5) as:
‘ 1 .C o ‘c
<y Iplw > = <¢V|pl¢%> - I [<¢ lb *><b, Igl¢ >
o - t,o o .
+ <¢ |p|b ><bt |¢ > - I <¢ lb ><b alp'b ><b [¢ >]
» Tt c
' ' (6)
The pseudo wavefunction is expanded in plane waves,vv

agd (e L = raJdaolk (1)

.y
¢, I(r)> = = &
ko~ Mae 2

'@

-~

.where K’= k+G and @ is the'volume of'the crystal.heTo
evaluate expre351on (4) and (5) we need to calculate the
overlapplng integrals <bt |§> " These 1ntegrals are of
the same kind as thoee needed in paper I to express the
spin- orblt interaction or the non- local potentlal in the
.Hamlltonlan “As we showed in that paper, it is reasonablei'
to con51der only those contrlbutlons t comlng from the' -

outermost core shell of each atom. Furthermore we shall



assume that the core wavefunctions are well represented

by atomic orbitals” and that a, (r) in Eq. (3) can be wrltten B
as: ‘ LT .
- t o n m T
ag(e) = I Cp R ()Y, _(Q,¢) W@

m
where t descrlbes the set of quantum numbers (n,j,j ) and

the coefflclents C are splnors. We flnd

m
%K = ;§§<2z+1)izsacs)[2c§ wy ™ (K)][ dr r2R (r)]z(K vy
- Q : T m 0

@
and similarly | .

L

‘+ - N ". . ,‘ T . - . N . .
<b %[p|K> = 7%<2z+1)§s“(§>[£ct # <R)J[0 dr %R, (r)]z(K r)»n;‘

: _ _ (10)
where Q, is the volume of the unlt cell, jz(K r) the spherlcal;d
Bessel function of order % and S% (G) the structure factor |
for the atom a. Finally it is necessary to calculate thel .
-matrix elements <b, [plbt, > in (5). ThlS was done by

use of the standard selection rules of atomlc dlpole tran31—?iﬂ
tions and by use of atomic wavefunctions glven by Hermann 7
Sklllmann g The result is that the. orthogonallzatlon procedurel
leads to a general increase of the momentum matrlx elements.* B
This increase 1is about 10 to 20% for the square of the matrlx :
'elements at low energy (between 0 and 5 eV) and smaller for'ﬁ
higher energles. The effect of this on the optlcal propertles
will be dlscussed below. We shall also need to 1nterpret ;'”
_reflect1v1ty measurements including tran51tlons from 5d- level

core states to conduction bands (see sectlon V) Thlsvf
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involves calculatlng matrlx elements of the form <b5dl|p,w >

whlch can in the same fashion as in (5) be wrltten as
,<b5d3[glw >_-_<b5d3|g|¢ > - §<b5d3|2|bt><bt!¢v}> - awn

Where‘fne sUmmation over t is.restrictedydue ro seiection '

_ rulesgto S5p lead core levels. eIn.this ease thenSQuare of
the matrix elements using orfhogonalized wavefunctions is _
an order of‘magnitude larger than'those'computed.With pseudo
’ wavefunetione,3 which demonstrates the neceseify:for fhe_

- orthogonalization correction in this case.

HIII, Modulated reflect1v1ty

In this energy range a large number of experlments.
1ike room’temperature reflectivity measurements5 are avaliaﬁle.
.More‘recently modulated reflectivity measurementss_haVe been AA
,performed in this energy range. Because of‘the precision
~and because they have been obtalned at. hellum temperatures
the modulated spectrgzsseful for comparlson w1th the calcu—'
- lated spectra. This comparlson is shown in Flg. 1 for PbTe
,and.PbSe. ‘The Quantitative comparison is made in Tabie I
where we also assigned the different structures to transitions
at.eritical points in k-space. To facilitate the discussion .
of these assignments, we have reproduced in Fig. 2 the band:-
strncfure of PbTe as derived.in paper I; 'This band struefure.
(in the present context) can be assuned'te be typical for_r>
both lead salts. The position of the peaks in €, or in the

reflectivity do not depend on the kind of matrix elements --



with or without orthogonalization -- we ﬁsed.for the calcu-
- lation. The assignments show that the two main peaks inJ
'82, located at 2.2 eV for PbTe and at 3.2 eV for PbTe, are
:due to several tran51tlons. Among them the most 1mportant
transitions come from a reglon in k-space around the point p
with the coordinates (0.625, 0.46, 0). ,Thls "volumeveffect"‘}

" has already been found for the E, peak?of-germaniumlp

and it .-
s probably a general feature for most of the semiconductors.
"It is worth noting that this poinf P is not far away from

11

the "Baldereschi" point™™ k = (0.6223,0.2953,0) for face -

~

centered c¢ubic crystals.

IV, .Optlcal properties for energles 1ower than 18 eV

| All transitions described in the previous chapterifall
~in this energy range. In addltlon, after 6 eV we enter a
range in which transitions 1nto d—conduotlon bands occur.

- The onset of these transitions corresponds to the tran51tlon
at X(5-6) at 5.9 eV for PbTe and at 6.3 eV for PbSe. We
see in Table I that all the high:energy tfansitionS'invoivell

extended regions in k-space which follows from the fact that *

the oscillator strength.for different transitions is decreasing =

" rapidly and becoming approximately'eqaal for large areas ine 
k-space above an energy of thevorder of 6 to 7 év., We:also- 
see from Table I that the main structures in this range are’ - 
generally reproduoed correctly | B ‘ |

In Flgure 3 (PbTe) and in Flgure 4 (PbSe) we show the “

1mag1nary part of the dlelectrlc function s (w) calculated
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using pseudovmatrix elements.and using OPW métrixleiements,'
As already mentioned, the use of OPW matrlx elements
81gn1f1cantly increases the imaginary part of the dielectric
function in the low energy_range (< 6eV).. We have also

: nresented in‘these figures the reflectivityesPectrs»calcu—

. lated with'the.OPW mstrix elements; these are compared in
‘the range of 2 to 6 eV to experimental data.sgeFor'this
quantity‘the correspcnding curve obtained with the use of .
'pseudo matrix elements is only a little lower for the whole
blenergy range and has not been reproduced here.t A problem
‘arises when we try to compare. the absolute values of the.
reflect1v1ty w1th those found experlmentally at hlgh energles.v

5 that at 12 eV the reflect1v1ty (at

Typically it is found
300°K) should have a magnitude between_0.12 and 0.16. We
 there calculated a reflectivity of at least 0.25 whereas at
lower energies the agreeﬁent'between theory:and eXperinent
is Qery good. Ihis‘discrepancy is'quite_difficult to explainf 3
UAs.far as_tempefature effects afe-concerned-it would be |
difficult to understand.why the temperature‘wouid influence
the feflectivity at high energies andvnot'at low energies.
On the other hand we might think about the“influence of
local field effects on the dielectric function. A 31mple

- approximate way to 1nclude them would be to use a classical
Lorentz—Lorenz relatlcn as 1t has been done by Bergstresser;

12

and Rubloff. This procedure is claimed to lead to a

decrease of the reflectivity at higher energies, provided
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at least one of the levels involved in the transition is

fairly localized. This however seems not to be juétified

in our case, as seen from Table I since oniy the lower two
‘s-bands are fairly localized states. .The‘approach made

by the authors in Refe}lZ'is thusbconceptualiy not valid

in our case. That does not neceesarily mean thet’a more

sophlstlcated theory of local field effects ln the dlelectrlcn k

function would not be’approprlate 1n thls range of energy andi.';

would not improve the agreement between theoretlcal and
experimental-results. Some doubt also remains concerning
the absolute value of the‘reflectivity meaéurements'et high_f7
energies in general. At these energies fne.difquion onftheii:w
surface mighf be important. An indication>of'this_effectﬁ;:':
is available when'comparing the energy of the'blesmon energy '
derived from reflectivity meaéurenients,5 to the energy found :
directly13 from electron loss experlments, the plasmon
'energy derlved from reflect1v1ty is aboute3 eV lower thani,f_i'
the'energy'found by electfon loss expenimente; ¥Thié éeems‘
to indicate that.the experimental reflecfivitybfalls'offvnn
too fast for higher energies. | | |

Whereas the introduction of OPW matrix eiemenfs‘did
not ehange tne energies of the peaks in eé(m) and in the.
reflectivity; this is no longer the case for the'peaks inv
the imaginary part of l/e° It has been ehownlgjthat eiecfron
loss experlments directly measure Im(l/e) _ Theﬁpeaks”in

the Im(1/¢€) correspond to excitation of 1ong1tud1nal
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collective excitations of electrons of a given'kihd'and _
occur when the sum rule involving the optical matrix EIementsil‘

is quasi exhausted’®

7 (or g (w) is gbing through Q with a: |
positive siope). As shown in Figureé 5 and 6 for PbSe and
PbTe we find a shift of thevpéak energies in the Im(l/e)";Al
v :toward higher energies when ﬁsing the OPW mafrix elements

- instead of pseudo maffix elementsq _In'these figures‘we__b
have.also included the'energy rénge'(lB eV to 30 eV) -
correspohding to tranéitibné from 5d lead core-levels which ._
shall.be.discusséd in section V. The quantitative coﬁparisdn
with experimeﬁtAis‘given in Table II. 'We‘see~that'thé'uéél“-
of OPW méfrix'elements’improves the agreement between fheory-v*'
- and experimeht.'-Thevappéaraﬁcé of the first peak in Imfl{ez
at ~6 eV béfore the main piasmon peék at ~15 eV is typical  '
fof'ionic'compounds. This peak originates from thé ekistenée
inithe bandvstruéture of a "quasi—optical gap" due to fofbidden
transitions rather than due to a zero'joiht density'of.states.’°
.Détailé of'fhis questioﬁ will be discussed in a 1ater ,

16 A second peak at about 9.7 eV for PbTe and

publicafion.
11 eV for'PbSe is not clearly resolved by our band structure
calculation. It should originate from the exhaustion'of":
‘transitions starting from the'lead:s valence leve1.  This
‘ peak is also chéracteristic for ionic compounds. The position
of the maih plasmon péak at about 15.5 eV is someWhaf‘séhsitive

to'fhe cut off of eé(w) we used in . our calculatibﬁs.- The

curves'presehted here are obtained by cutting the valence
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' to'conduction‘band transitions at 17 eV and replacing them
by a tail function which varies like the imaginary partvdf
‘the di#lectric function for a plasmon (~l/w3).- | |
‘A critical measure for the quality_of the présent band
structures is obtained by_comparing the ekperiméntall7’l8
and calculated low energy ihdequf féffaétidn, This is done
in Figure 7 for PbSe and PbTe. The discrepancies:betweenr
: the-ehefgies at_Which the peaks occur;aré due to temperature
effects on the gap and (or) to Bursteﬁqshifté'arising from v
the doping of the thin layers used in the.experiménts..
Theréfdre only.the absolute vélues ofvthe index of refraction
are interesting'for comparison, It follows from fhe figure
thaf it is important to use the OPW matrix elements for a
fairly accuréte reproduction of the'e#perimenfai:results"
for the:absolute value of the index 6f refréction, Other
"interesting information can'be déduced from Figure 7. The
'qup of the index of refraction betwéehvzéro energy and gap
énergy is about 0.6 for PbTe and 0.3 for PbSe; this is very
' wéil reproduced by our calculations. This jump is to first
'ordgr ?roportional to the square of the matrix7eleﬁents |
involvéd in franéitionSfat the'fundaméntal gap. vits diffefence
by a factor of two indicates that fhé transition matrix
elements at the gap are twice as impoftanf_for PbTe than for
V.PbSe. This is an indirect confirmation of the different

band ordering we have chosen for the conduction bands of

PbTe and PbSe (see paper I) since the band inversion is
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the:only possible way to explaih such a difference in the

magnitude of matrix elements.

‘V. 'Opticalfproperties in the energybrange.from 18 to 26 eVﬁ

Recent experiments3’lg using synchrotron radiation gave»
for the first tlme detalled 1nformatlon on tran51t10ns with

fengrgles over'18 eV. In thls range we expect_to see-prlmarlly}

- transitions from the eatioh coﬁe-d_le?els into:conduction"r
states. Since the core_levels retain their'atomic;like
cﬁaracter in the_solid, ie. they are essentially dispersiOn-v
less,.theseItransitiOns'add new impoftant'informatien'about
thevneture of conduction band states. ‘Depending upen.thevJ
angular momentum character'of the core level, the eore-
conduction_band'transitions "filter out" specifie angular .7’i
memehtum stetes of.the conduction“bsnds.'-In perticuier,_if'
the initial state is a d-like core state and if the £-
eharactervof the conduction band is small'or non~e2istent"
then we obtaln from reflect1v1ty measurements the den51ty ‘
of p- states in the conductlon bands weighted by tran31tlon; :
.matrlx,elements.

‘To perform the calculations of €,(w) involving.transifions»
from core d-states we used OPW matrix elements, as_defivedv
in Eq. 3. As already mentioned in section II, the traﬁsition 
matrix elements caiculdfed this way exceed the “pSeudo"-
matrix elements by a factof of 3 to U and»the coﬁtributiod
tovez(w) arising from such tfensitions is an‘of&er.df: :.

magnitude larger than that arising from valence-band to
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conduction-bands transitions. ‘We can'therefore.safely
-assume that all structures appearing in,thisvenergynrange are:f:'
doe to transitions from d core lead levels into conduction- :
:bands.. The total value of €, (w) is then obtalned by addlng
to thls contrlbutlon a background decrea81ng llke 1/w3 whose.
absolute value and slope are matched to the small 1nterband
e (w) at 18 ev. e (w) 1s obtalned by a'Kramers-Kronlg.

‘ analy31s of €, (w) over the full range of energles (O to

40 eV). 1In flgures 8 and 9 we compare the calculated
reflectiv1ty with the experimental spectra taken on PbSeh
and PbTe; The theoretlcal and experlmental spectra are'
aligned at the tran81tlon threshold energles.b The follow1ng o
discussion of the spectra holds qualltatlvely for both lead
salts. We saw in paper I, that in agreement w1th Knlght"
shift20 experiments in both compounds  the conductlon band
at L is dominated by Pb states hav1ng 6pu? character.

_Tran31tlons from the hlghest core d levels (5d5/2

) are
4therefore forbldden at this band edge. The-flrst‘transitionsnl

.f which we expect to be allowed appear at sllghtly hlgher A

energy for transitions into conductlon states near Z _ ThlS

| shlfts the onset of core 5d5/2

band to higher energies by about 0.8 eV. (for PbTe) and

1.0 eV(for PbSe) at 300°K with respect to the minimum energy

‘at L. The first prominant peak at 20 eV for PbSe and 19.6

eV for PbTe originates from tran81t10ns from the 5d5/2 level ~

into several closely spaced energy bands above the critical

trans1tlons to the conductlonu-
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point at I. The individual transitions can be identified
- with structure in the measured second derivativevfeflectivity

spectrum as summarized in Table 3.

, Tran51tlons from the lower core d levels (5d3/2) start C
at about 20.6 eV for PbTe and 20.8 eV for PbSe. Unlike'the'

5/2 case these tran31tlons 1nvolve states at the conductlon

:'band edge at L. Thus for trans1t10ns from the core 5d3/2

,level the onset coincides w1th the band edge. Taklng the
 spin orblt spllttlng for the lead core d- states to be 2.65 eV
:as determlned by XPS and UPS measurements?l and con51der1ng_f

‘the shifts of 0.8 eV (PbTe) and 1 eV (PbSe) respectively -
5/2 traﬁsitions, we obtain an ‘energy

- for the Onsets of the'Sd
| 5/2v,

separatlon of the two thresholds for tran81tlons from 5d

3/2

and 5d levels of about 1.85 eV and l 65 eV respectlvely -

in very good agreement w1th the reflect1v1ty data.: This

result conflrms the assumptlon, which is based on_selection_

5/2

rules that the 5d btransitions'start at the 2(6) band

3/2 levels 1nto the 6p3/2

edge.‘,Transitions from the 5d

conduetion states are also allowed. They give rise tO“the
shoulder or peak in the refleetivitv at 22.8veVlforvPhSe

}and 22.6 eV for PhTe. These struetures however; are also.{‘

5/2

due to transitions from 5d ~to higher conduction bands

" around Pg
The relative heights of the two maln peaks 1n the
_ reflect1v1ty can be explalned by the different number of

allowed trans1tlons from the spin orbit split core d-levels: v
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there exist 12 transitions from 5d into 6p3/2 and 16 -

_tranSitions from 5d3/? into 6p3/2 and 6pl/2. This'relative

5/2

strength is not reproduced in our calculation which is
non-relat1v1st1c
probably due to the approx1matlon made in u81ng,at0mlc radial -
wavefunctlons.,q We finally note that the total den81ty of o
conduction states is nearly constantl thus 1nd1cat1ng that o
the observed peak structures are domlnated by matrlx elements
‘effects, i.e. the structure represents the strongly varying blhi
atomic character of conduction states;» » :
Very interesting problems arise when'attempting torgﬁh
- locate the core d-levels on an absoiute energyvscale usingnf_“
X-ray (XPS) or ultraviolet (UPS) photoemission spectroscopy:i'
results.21 The reference energy in thesedmeasurements isjf_;
either taken to be the Fermi level orJSOme significant E
structure in the valence bands. The comblnatlon of these.
_data w1th low energy optical measurements allows 1ndependent .

determlnatlon (compared to synchrotron radlatlon measurements)

of the energy separatlon between core—levels and known

structure in the conduction bands.' In particular we can‘use ;,_"

the I(5) to Z(6) tran51t10n which has been observed at 300°K

in the near 1nfrared region at 1.24 eV for PbTe and 1.54 eV

5

for PbSe. The energy at 300°K of the Z(5) crltlcal p01nt

falls at most 50 meV fcr PbTe22 and 200 meV for PbSe_23 below

5/2

the valence band edge. The lead 5d levels have been found‘?«

“from recent hlgh resolution UPS measurements or prev1ous

21

XPS measurements at 18.25 ¢+ 0.1 eV below the valence band
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edge for both lead salts. We thus obtain for the 5d5/2 +

£(6) threshold energies:

AE (PbTe) = 18.25 + 1.24 - 0.05 = 19.45 (:0.1)eV

AE (PbSe) = 18.25 + 1.54 = 0.20 = 19.70 (£0.1)eV

'Comparing these energies to the threshold enefgies (AE(PBTe) =

5 18.65 eV and AE(PbSe) = 18;9 eV) measured:in our-experimentvf
we find a characteristic shift inthevreflectivity-data of
about}O,B eV toward lower energiese | _

This shift is too large to be attributed to finite
-fesolution effects or eXperimental_effcrs, It therefore
must arise from the difference in the nature. cf'synchrotrcn :

radiation reflect1v1ty measurements and photoemlsSLOn

vspectroscopy - One p0531ble explanation mlght 1nvoke exc1ton1c )

effects. Electron-hole 1nteractlon may play a role in

synchrotron radiation reflect1v1ty measurements but not in

photoemission measurements. ‘Excitonic effects w1th character-

istic energiesvof the order of the observed shift (0.8 eV)
‘would necessarily'iavolve_a large numbef of conduction.bands,'
sc that individual assignments to critical'points and an
interpretation in terms of classical excitons, chld’not_ t
‘be juStified; Moreover, the comparison of the experimental
and thevcalculated‘reflectivity seems to indicate:that the =~
velectron-hole interaction results in a rather uniform shift

_ bf all structures with some deformation but.without tﬁe
appearance of new exc1ton -like peaks at lower -energy. This
deformatlon can be notlced e.g. for the main peak in the

reflect1v1ty whlch deviates from the calculated peak by
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aboutFOOQ eV while the transition onsets;are exactly aligned.
The correctness of the conduction band strnctnre in this35
' range can be confirmed hy'inspeeting the refleetivity measure—“
{iments at low energies (see section III);” | | S

We now return to the results of the‘energytloss experienv
ment13 and compare these spectra with ourlcalculated Im(l/e)
spectra (see.Figs.vsland 6 and Table 2)5h1Again7as‘in the
comparison with the reflectlv1ty data, the p031t10n in energyv,;s
_of the d- states has to be fit to experlment,: In ‘the reflec—zw£
tivity case a fit compatible with photoem1s51on data could i
not ‘be obtained. However in analy21ng the energy loss L
experlments we find consistent results between the photo- _';hv
-em1ss1on data and electron energy loss data._ In other words
the calculated Im(1l/€) using the eneng POSlthnS of the l;fﬁﬁﬁ
d-levels based on photoemission results:glves good agreementff‘h
p with electron energy loss data. h v o - o
| We do not encounter the dlfflcultles 1n calculatlng L
the p051t10n of the d-state plasmon peaks 1n Im(l/t) that{ﬁi;‘°
we had in determlnlng the energy p031tlon of the main Im(l/e)
peak around 15 eV. In the latter case problems arose from «hf
the tail functlon used to extrapolate eé to hlgh energy :
~Since the peak around 6 eV (caused by p-l;ke trans1tlons)_
is also unaffected by the eé extrapolation; we expect the:7
energy separatlons between this peak and the d-peaks to be"
free from computational errors. We therefore have used

these energy separations to analyze the electron energy
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_ loes data. As stated above we did not observe (Table 2)
_the 0.9 eV shift found between the photoemission andxﬁ
reflect1v1ty dataol | |

The above assertion depends on the resolutlon of the .
structure 1n the electron energy loss experlment. The data -
, presented in reference 13 do not 1nclude estlmates of the-
errors lnvolvedtln ch0081ng the energy po81tlons ofvthe peaks.f
It is not unlikely that theée errors‘can'exceed.the 0.9 eV -
shift'diseuesed above. If, hoWever; thevobserVed difference
between_reflectivity_and electron'energy loss measurements‘f
is real, then the common practicenof using the same dielectric |
functlon to analyze reflect1v1ty and electron energy lOSS:;
' data is suspect. Further work, i.e. high resolutlon experl-"
ments and theoretlcal studies are necessary to clarlfy the .

51tuatlono

VI. Conclusions
We have presented.in this paper oaleulations related.ton
several opticél measurements of PbSe and PbTe which are

based on band structure models developed in paper I.dfFirst

othe calculated spectra-are compared to modulated'reflectiVity_dff'

measurements for energies up to 6 eV Most of the'empirical
'parameters in the band structure calculatlons were adjusted
to fit these data.w1th high pre01s1on; »

' The real part of the.refractive index-ﬁhicn has:been
caiculated with and without the use_of orthogonaiiZed'nave ~ﬁ

functions was compared to experiment for low energies.
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The good agreement between theory and ékpefiﬁent for the_
index is considered to be a strong’indidationvof the quality
of the caiculatéd wavefunctions. - ‘Several peaks in the )
calculaféd'imaginary part of 1/e¢ are atffibutedvto observed
plasma oscillations of different "groups"—of e1ectrons.

Finally optical properties in the enéfgy range from 18
to 26 eV arising from transitions frdmvthe cation core_d-ieve;s
into conduction states are investigatéd‘thebretically and
compared to recentvsynchrotron radiafion féflectivity |
meaSurements,'fo energy loss experiments and to XPS and UPS

photoemission data.
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Table'Capfions'n
Table 1. Comparison betweenvcalculated“stfuoture in the
reflectivity (R) and its first derivafive (R") and
experimental reflectivity and absorofion fA)'and emission
(E) measurements for PbTe (a) and Pst (b)§ The calcu-
: lations'are'done for 0°K; the témﬁefaques for the B
various expériments are.indicated'*iThe importaht
- tran81tlons glVlng rise to structure are 1dent3f1ed
“and their locations in k-space are glven.v The p01nt P"f'
has the coordlnates (0 625,0.46, 0) Théstable corres-s.
ponds to Flgs._l, 3 and 4. 7- |
Table 2. Comparison between experimenfsl'eﬁsrgy loss dafaiﬂ‘
and calculated stfucture in the imagiﬁsry part.of 1/5.4 .f
The calculatlons are done with and without OPW matrlx
" element corrections. The orlglns of the varlous peakss
are also indicated. The table corresponds to Flgs. 5;f
and 6. | | = ) |
Table 3°A A881gnment of minima in the experlmental second‘
derivative of the reflect1v1ty to 1nd1v1dua1 coresvx"
conductlon band trans1tlons. vThe energy zeros sre'ﬂs‘
taken st the reSpective_reflectivify thfesholds atsVTf-*" 
£(6) correspondiﬁg to 18.65 eV for _Pbié and 18.8 eV
for PbSe. £ A' and A" stsnd_for:fegions in K-space
around I and A respectively. P is the critical point
with the cooﬁdinates (0,625;0.u6;0)-which also givesTo:'

rise to the highest peak in 62_(see_Tab1e 1).



Table 1

(a) PbTe
Type of Experiment, Experimental Theoretical Critical Transition
reference and energies ' energies point . -
temperature _ o - ' ~ symmetry
a7 yox 0.190 0.189 My L(5-6)
R$%) 3000k 1.4 1.20 M 5£(5-6)
Rt (8) Loy ' 2.16 2.10 M, L(4-6)
L 2.25 2.21 volume P(5-6)
" 2.36 2.46 M =My 2(5-7),A(5-6)
" 2.56 2.70 ~ volume  around P(5-6)
" _ o 3.47 _ 3.40 : My | Z(4-7)
" 4.83 4.90 - . volume - around A(3-8) _%
" 5.90 ' 6.00 : My - X(5-8) !
R 3000k 7.3 7.3 My (Eig-2d) |
R(3) 3000k 7.8 8.05 volume  [h Rear T(3-10)
R g00ex 0 1.2 1ras M, E(5-12)
3 R(S) 300°K . 12.5 °  ° 12.5%¢0.2 - volume £ near K(3-11)
| (b) PbSe
A7) oy 0.0 - 0.157 R L(5-6)
8 ey ~ 0.as0” R - o
R(5) 3000k 1,54-1.59 148 M £(5-6)



300°K

300°K
300°K
300°K
300°K
300°K

1.97
2.20
- 2.65
2.84
3.12
4,47
5.52

6.3
7.1
7.7
8.8,
]
9.1

- 12.5

2.0

2.75
3.00
3.27

4,35

5.4y
[si63

6.50

7.3
7.83

1 8.90
12.3%0.3

volume

“volume

My =My

- volume

M.
"vol&me

My

volume -
volume
volume

-volume

volume

around A(5-6)

P(5-6)
Z(4-6),A(5-6)
around I(u4-6)

L (4-7),L(3-8)
around A(3-8)
2(5-8)

A néar X(5-6)

A near T(3-7)

A near T(5-10)

X neab r'(4,5-10)
around Z(5-12)

-g2z-
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Table 2
Experimental13 ~ Calculated Calculated Ofigin
peaks (eV) . with pseudo - with OPW ' _ o
: matrix elements matrix elements
5.7 | . - 5.6 5.65 p valence states
9.7 o 9.5 - _ 9.6 s lead valence states
PbTe _ 15 - : 113.8 _ - 15.5 | : all valence states

Sd5/2

20.7 . 20.5 ~20.5 lead states

22.7 o 22.6 - 22.6 5d lead states

7.0 ; | 6.1 6.2 ~ p valence states

cgz-

11.0 e | - s lead valence states
PbSe  15.8 o 7~'*['14.0v ' o 15.m .‘-f_ . ‘all valence states
o 5d$/2

20,5 .. 2006 - 2006 lead states

3 22.8 . - . 23.0 L  23.0 H.j B - 5d lead states

e
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v Table 3
PbSe ~ PbTe
Transition  Theory - exp | Transition Theory  exp
2 s5) o o [&2sze 0 0
5/2° 4 e 5/2 _(E(7)  0.70 -
a’’ ‘> A7) | 10.70  0.68 ‘d *{z'(7)> 1.9 092
a®/? +{§EZ;) “1.20 1.2 [a¥?% s a(7,8) 1.55 1.8
Ca¥? 5 ey 1.75 185 [d%/2 s Lee)  1.97 . 1.99
a2 5 560 2.5 2.60 [a%/? +'1¢e)  2.55 2.8
3/2 _ (A(B) 3.05 1,372 _a(8) N Lo
a’’f >{oe)  3ius. o 2.82 a7 T a{ped 3.15 2.85
3/2 L 3(8) o v 3/2 _(2'(6) . e :
a7 +{ycpy  3-95¢0.1 4.02 d >{iee) ~ 3.65  3.u6
a%2 4+ arv(e)  u.55 a%/2 5 Av(e) .05 - 3.98
5/2 - oy | | T
au > ran, o %87 a2 s ey w.so w36
3/2 4. : » ST -
d™ " > I(8) S a%/2 5 a"(6) 5.65 5.30%0.2.
| - --  5.82 ’ R
a%/2 > A"(7) 6.45£0.2 6.3320.1
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Figure Captlons
" Figure 1. Experimental modulated reflect1v1ty of (a) PbTe

and (b) PbSe as obtained from Ref. 6. The theoretical

curve is the calculated first derivative of reflectivity.

Figur'eVZo Band structure of PbTe as calculated in Ref. 1.

Figufe 30 Imaginary part of the dielectric function €, (w) -

for PbTe calculated w1th (full llne) and" w1thout pﬁfff"

(dashed llne) OPW matrlx element correCLlons.l Alscldc

- indicated is the calculated reflect1v1ty (with OPW
matrlx element corrections) (full 11ne) together with
" the experimental reflect1v1ty of Ref. 6 (dotted llne), Ll
Figure 4. Imaginary part of the dielectric functlcn for -
"PbSe. See caption for fig; 3°.fl:)ﬁvl t” - ':i“;;. l

"Figure 5. Imaginary part of 1/e¢ for PbSe;calculated with

(full line) and without (dashed line)'OPWﬂmatri2~e1ement o

corrections. The core- to conduction band transitions

above about 18 eV are always calculated with OPW matrix -

element corrections.
Figure 6. ' Imaginary part of 1/e¢ for PbTe.l’Seé caption for

Fig. 5.

Figure 7. Index of refraction for PbTe cbtained_experiméntally 1l

in Ref. 17 (dashed line) and in Ref. 18 (dotted line ).
For PbSe only one experiment17 is aVailable.. The

data are compared to calculated spectra using pseudo

wavefunctions and OPW's respectively; The calculations -

are done for 0°K while the experiments were done at .
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80°Kl7 and 25°K18 respectively with doped Samples.
This accounts for the shift in énergy of the experimenta1 
peaks with'reséect to theofy.A | s

Figure 8. Reflectivity (a) and second derivativé,spectrum..

for.measured reflectivity (b) for PbSe. _The-théorétical;"~

reflectivity curve is indicated by the broken liné.
- The assignments in part'(b)'are explained in Table 3.
Figure 9. Reflectivity and second deriVative spectrum for

- PbTe. See caption“fof Fig. 8.
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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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