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Synchrotron Radiation Measurements and Calculation of

Core - to anduction Level Transitions in Lead Chalcogenides® -

G;.Martinez+, M. Schlﬁter* and Maryin L.‘Cohen 
Depéftment of Physics, University_of.Califbfniavand-
- Inorgahié Materials Research Division,-v
Lawrencé-Benkeley Laboratory, Berkeley, California 9u720‘
_ | | and | o :
R. Pinchaux, P. Thiry, D; Dagneaﬁx.andVYQ'Pétroff§'jv
Laboratoire de Phyéique des'Solideé - ‘ 

‘Universityvof Paris VI ahd L.U.R.E. (Orsay)

~ Abstract
" NeQ high resolution reflectivity meésuremehts '
on PbSe and PbTe usingvsynchfotron radiation (18->:”.
26 _eV) are studied using.impﬁoved EPM bandustfucturé$
models to determine thenangular'moméntum charécter -
‘of the final conduction band stétes. Defaiied
analysis reveals that the reflectivity fhreshold v
is shifted to lower energieslby 0.8 eV épmpared .
td-results'derived from photéemission and low énergy
refléctivity data. Electron-hole interéctions are

~ suggested as a possible explanation’for_this shift.

" New reflectivity measurements on PbSe and PbTe, using

synchrotron radiation give, for the first time,'very detailed -



information about transitions in the 18-26 eV energy ranée.
In this range we primarily ekpect tdlsee transitiens”from ,
the cation core d-levels into cenduction states.’ lSince :
lthe core levels retain their atomic like character inlthev
solid, i.e. tney are essentially dispersionless, theee
transitions. add new important‘information aboutfthe nature
of'conductien'band'states. Dependlng upon the angular
momentum character of the core level the ‘core to conduction ;
.band tran51tlons "fllter out" specific angular momentum
states of the conductlon bands. In part;cular, if the 1n1t1a1
state is a d-like core state.and if the f-character Qf the
conduction band is small or non—existent ‘then we obtain
from reflectivity measurements the den81ty of p- states 1n.?
the conduction bands welghted by tran81tlon matrlx elements?:
vThese measurements therefore represent a very powerful tool
to investigatevthe conductionbband strueture,- In the present'
'paper only transitions from lead Sd-levels are dlscussed.

The reflect1v1ty measurements are made u51ng synchrotron B
radiation generated by the storage ORSAY ringf(536 MeVland
35 mA).  The monochromator has a resolution of 0.5 X withll
~a 1200 1/mm platinum gratinga The detector‘(an E.M.l°
electron multiplier) is cennected to a digital Voltmeter
and the information is sent to a small Varian computer.
The source stability allows us to take the derivatives dR/dx
and d2R/d)\2 with a.very high signal to noise ratio. The |

crystals of PbSe and PbTe'were cleaved in air and mounted
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in an ultra vacuum (10~ mm.Hg) reflectometer. Figures 1

and 2 contain the room temperature reflectivity (a) of\PbSe

and PbTe and the second derivative d?R/dJ\2

(b) between 18

and 26 eV.. 'The second_derivétive allows the detectioh of:
~weak structures in the.reflectivity with high précision;"f
(Shoﬁlders or‘peaks in R appear as dips»iﬁ:dzR/dAZ);,' '

To perform an_actuai calculation of thé fgflectivity
.'we.needvfd know the energies andIWavefunctioné ofrthé'lead ’
~ 5d core lévels in addition to the'condﬁction bahd structufes.
We'assumed the iead_Sd core states to be atomic-like with -
wavefunctions well represenfed by noﬁ—interactiﬁg 6rbitals2
and energies to‘be.determined empirically. The final state.
conduction band wavefunctions are taken from new improved-

v EPM”calculations which are in excellent égreeﬁent_with'optical

3 The pseudo wavefunctions are

‘experiments up to 15 eV;
orfhogonaiiied to the core states and normalizedf  This
procedure provéd neéeséary for the calculation of momentum
‘matrix elements which involve localized éorebstafés, ‘Thié 
' appfoa¢h incfeases the'transition matrix elemenﬁsby about a'.]'
facfor of 4 and éubseqﬁently increases the imaginafy part of 
the dieléctric function ez(w) és calculated in a uéual way,

by about one ordér 6f magnitﬁde. A detailed description,of:{
the orthogonalization procedure is givén in reference (3).
With the aforementioned approximations fdr the d levels,
matfix elements and condﬁction stateé, ez(w)_can be'caICulated

and these contributions are added to a weak and almost



' structureless background originating from valence_to conducticn-
~ band transitions. To determine the reflectivity it is first:"
.necessary to obtain the real part of the dlelectrlc functlon___v
vel(w).' ThlS was done usxng a Kramers-Kronig transformatlon -'i

including all interband contributions at lower energles. ,In-.T

R figUPeS 1(a) and’2(a) we compare the calculated reflectivity'{v“'h'

with the experlmental spectra taken on PbSe and PbTe. The
theoretlcal and experlmental spectra are allgned at the f.'yv:
transition threshold energleso The f0110w1ng dlscussion-of':_f"l
the spectra holds qualitatively for both lead salts..-fTo_-”j
facilitate this dlscu351on we present in flgure 3s the con=h‘
duction band structure of PbTe as obtalned in reference 3.
From Knight shift measurementsq and from pseudopotentlal

calculations3 we know that the bottom of the conductlon

1/2

band at L is dominated by Pb states having 6 P character;

5/2) are i»rxd

_Tran31t10ns from the hlghest core d levels (5d
therefore forbldden at thls band edge. The flPSt transxtlons.v”t
-whlch we expect to be allowed appear at sllghtly hlgher B
energy for transltlons into conductlon states near . This”;

5/2 transitions to the conductlon

shifts the onset of core 5d
' band to higher energies by about 0.8 eV (for PbTe) and 1. 0 eV
(for PbSe) at 300°K with respect to the mlnlmum energy at L.
The first prominant peak at 20 eV for PbSe and'lg.S eVdfor. '

5/2 level 1nto:,ﬁ

PbTe originates from transitions from the 5d
*several closely spaced energy bands above the crltlcal p01nt

at_Z;" The individual transitions can be 1dent1f1ed w1th¢ o
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structure in the measured second derivative reflectivity

- spectrum as summarized in Table 1.
which - -
This group of tran31tlonadls followed by a. gap results from_'

the existence of a finite energy 1nterval of about 2 eV w1dth :

in the conductlon bands at which tran31t10ns from the 5d5/2>'.-

core levels abe alloWed i.e. those with strong lead 6p3/2

‘character. . Transitions from the lower core d levels (5d3/2)

start at about 20.6 eV for PbTe and 20,8 eV for PbSe. Unlike:

5/2

-the 5d case these transitions involve states at the .

‘conduction band edge at L. Thus for transitions from thelj

3/2

" core 5d level the onset coincides with the band edge.

v Taking the spin orbit splitting for the lead core d-states
~to be 2.65 eV as determined by XPS and UPS measurementsSd o
~and considering the shifts of 0.8 eV (PbTe) and 1 eV (PbSe)

respectlvely for the onsets of the 5d5/2 transitions, we

obtain an energy separatlon of the two thresholds for transi-

tionsbfrom 5d5/2 and S_d3/’2 levels‘of about 1.85 eV and 1{65 er

nespectively in very good agreement with the‘reflectivity
data. This result eonfirms the assumption;ﬁwhich is based
on selection rules that the 5d5/2 transitions start at thei

. (where 6 refers to the 6th band) 3/2
- Z(6) band edge Transitions from the 5d

GP3/2

__levelsAlnto the_i e
conduction states are also allowed.v‘They'giVe riae

to the shoulder or peak in the feflectivity at 22.8 eV;forf
'PbSe and 22.6 eV for PbTe. These structufes however, are""
5/2 |

also due to transitions from 5d to higher conduction

bands around P;.‘



" The relative heights of the two main peaks in the
‘reflectivity can be explained by the different number of

allowed transitions from the. spin orbit split core d-levels:

5/2 into 6p°/? and 16

and Spl/z. This'relatiVe ‘

'there ex1st 12 tran31t10ns from 5d

tran31tlons from 5::13/2 3/2

into 6p
strength is not reproducedrin our. calculationbwhich is
probably due to the approx1matlon made in u51ng the atom1c>~
'wavefunct;ons. We flnally note that the total denSLty of |
conduction states is nearly constant3 thus,lndlcatlng that .

the observed’peak structures are dominatedvby matrix elements

, effects, i.e. the structure represents the strongly varylng o
~atom1c character of conduction states. ' | |

Very interesting problems arise when attemptlng to

- locate the core d-=levels on an absolute energy scale u51ng
X-ray (XPS)or ultraviolet (UPS) photoemlss1on spectroscopy
results.s; The reference energy in these measurements 1s elther
_taken to be the Fermi level or some 51gn1f1cant structure,i

- in the valence bands. The comblnatlon of these data w1th.

low energy optical measurements allows independent determi-f;;;n"
nation (compared to synchrotron radiation measurements) of
-the energy separation between core- levels and known structure
in the conduction bandsg' In partlcular we can use the 2(5).,
to I(6) transition which has been observed at 300°K in the
near infrared region at 1.24 eV for PbTe and 1.54 eV for

6

_PbSe, The energy at 300°K of the I(5) critical point falls

at most 50 meV for PbTe7 and 200 meV for PbSe8 below thev
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valence band edge. The lead 5d5/2 levels have beeh_found-
~ from recent high resolution UPS measurements or previous
XPS measurements® at 18.25 + 0.1 eV below the valence ‘band

edge for both lead salts. We thus obtaln for ‘the SdS/2 >

Z(6) threshold energles.

AE (PbTe) 18 26 + 1. 24 - 0. 05

;9.45'(i0.1)ev

19.70 (iO.l)eV'

18.25 + 1,54._,0,201

,AE‘(PbSe)_
Comparing these energles to the threshold energles (AE(PbTe) =
18.65 eV and AE(PbSe) = 18 8 eV) measured 1n our. experlment .
we flnd a characteristic shift in the_reflect1v1ty data of t
_ about 0.8 eV toward lower energies. - o _..‘ . _ |

This shift 1s too large to be attrlbuted to flnlte o
resolutlon effects or experlmental errors. It therefore must
arise from the difference in the nature of synchrotron _‘
'radlatlon reflectivity measurements and - photoemission :
spectroscopy. One possible expianation might‘invoke‘excitouic‘
’ effects.: Electron-hole interaction may playva role'in »
’synchrotron radiation reflectivity measurements but not in N

photoemission measurements.- Bxc1ton1c ‘effects w1th
characteristic energles of the order of the observed shift
(0. 8 eV) would necessarily involve a large number of conductlon
bands, so that individual assignments to crltlcal p01nts and
an interpretation in terms of classical excitons, would not -
be justified Moreover, the comparlson of the exoerlmental
and the calculated reflect1v1ty seems to 1nd1cate that the

electron—hole 1nteract10n results in a rather unlform shift



of all struetures with some deformations but without the

appearance of new exciton-like peaks af:lower energy. Though

electron-hole correlation effects seem to be a very-appealing

explanation of the observed energy shift, quantitative calCuf1_v

"lations afe needed for a better understandihg Finally we

. shall notice that other p0831b1e effectss 11ke e. g.'relaxatlon '

effects or final state interactions in the photoem1551on‘e

processvshould be considered before flnal_conclu51ons can be -

drawn.
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_Téble Capfion

3 Assignment of minimai?the experimental secbndfderiva-f
tive of the reflectivity to individual ¢ore-conduction band
btransitions{ The energy zeros are taken at the respeétive
reflectivity thresholds at i(S) correspohdiné to 18.65 eVb
for PbTe and 18.8 eV for PbSe. z,' and A’ stand for
regions in K-space around £ and A respecfively,v P'is the
_éritical point with 'coérdinates (0.625;16{46,‘0)lwhich.ff
aiso.gives rise to the highéét peak in e, (sée Ref;13). |

A" ié a region around the point (1.00, 0.2, O.2).lj
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Table 1
PbSe = ~ PbTe
Transition  Theory  exp Transition Theory .exp
@2z o 0 @ sze 0 0
5/2 o §/2 _(E(7) . 0.70 .
d - A(7)€ 0.70 0168  d *{z'(7) 120 _0,92
RS YN 1.20 1.2 |a¥% 4 A7,8) 1.55  1.58
Ca¥? s 175 1.8 |a¥? s ey 1.97 1,99
a¥2 .56y 2.5 2.80 [a%/% > z(e)  2.55 2.8
3/2 _[A(6)  3.05 0o 14372 _(A(8) L
ey 3ns 2.82 1a°"% {5 29 3.15 2.85
3/2 . (£'(6) 3/2  (I'(6) o Ao |
“ > {y(gy 3-95:0.1 4.02 Id ‘f{A(s) 3,65 1346
/2, pv(e)  4.85 a%/2 5 ar(6) u.05 3.98
5/2 . | R S
> r(10)} ' as 4.57 14%/2 4 r(6) - w.50  u.36
3/2 . o e
> T(6). | a®/2 &> Av(6) 5.65 5.3020.2
- -- 5.62 | o o
a3/2 & am(7) 6.4520.2 6.33£0.1
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Figure Captions

Figure 1. Reflectivity (é) and second deriQative séeétrum (b)
fbf the measufed réflectivity for'PbSe.” Tﬂé'
theoretical reflectivity curve is indicated By_the
broken line. The assignments in paff»(b5>are.explained
in Table 1. | | . |

Figure 2, Réflecfivity'(a) and-sedond éérivafiVe:spectrum (b) ' '
for the_ﬁeasured‘refléctiyity - fcf“PbTe; The
théoreticai reflectiQity curvé is indiéatéd by the4
‘broken'liné. The assignments in part (b) érééiplginedvu
in Tabie 1. | o o |

Figﬁre 3. E P M conduction band étructdre ofvPbTevas

obtained from Reference 3.
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