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ABSTRACT

The reflection spvectra of PbS, PbSe and PbTe have been
measured in the 14-26eV region usinc as a source the DESY-syn-
chrotron. Three peaks are chserved for PbSe and PbTe and two
for PbS, corresponding to transitions from the outermost d-
levels of the Pb core to the conduction bands. In order to find
out the relationship between these peaks and the spin-orbit split-
ting of the d core levels, X-rays photoemission measurements
(ESCA) have been performed. It is concluded that this spin-
orbit splitting of the d core levels does not appear directly
in the optical spectra. A simple model is given to interpret

these spectra.
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The valence band, and other core levels of binding
energies in the range of the Ka line (1486,6 eV) Aluminium-X-ray
source have also been studied. The binding energies, split-
tings, and chemical shifts obtained are discussed and com-
pared with theoretical calculations. The most intense ESCA
lines exhibit satellites which can he associated with lines
produced by the excitation of valence plasmons. The effects

of adsorbed oxygen on the ESCA spectra are also discussed.

INTRODUCTION

The lead chalcogenides (PbS, PbSe, and PbTe) crystallize
in the rock salt structure. Because of the simplicity of this
structure and of the considerable technological interest of
these materials,l their electronic pronerties have been the
object of a large number of experimental and theoretical
studies.2_4 Thelr intrinsic optical properties from 1 to 22 eV
were measured by Cardona and Greenaway5 and the photoemission
by Spicer and Lapeyre.6 An assignment of the observed opti-
cal structure in terms of transitions between valence and con-
duction hands at critical points was made by Lin and Kleinman.7
Beside the transitions originating at the valence bands, some
indication of core transitions (oriainatinag at the outermost
d-levels of the Ph core) was seen in Ref. 5 between 18 and
22 eV, However, the discrete oas discharce source used in
these measurements did not allow a detailedfstudy of this core
structure. Characteristic electron energy loss measurements
(CEL) have indicated the existence of more than one peak Adue

to transitions from these core & electrons.



- 3 -

. The inadequacies of conventional vacuum uv spectroscopic
sources are fully overcome by the use of synchrotron radiation.9
Transmission measurements on Pbs,inSe, PbTe, using as a source
the radiation of the DESY electron synchrotron in the region
from 36-150 eV, have recently appeared.lO Unfortunately, in
this region only broad Fano-Cooper maxima,ll associated with the
delayed transitions from the d core states to the conduction
band continua, are observed. These absorption measurements were
not extended to lower energies because of absorption in the
carbon substrates onto which the films were deposited. It was
not possible to prepare unsupported thin films of these easily
cleaved materials,

In this work we present the reflection spectra of PbS, PbSe,
and PbTe in the region from 14 to 26 eV, as obtained with syn-
chrotron radiation. In this eneray region, structure related
to the d-electrons of the lead core is seen: three peaks in PbSe
and PbTe and two in PbS. 1In similar recent work on the III-V
compounds12 it was possible to extract from the d-electron
structure doublets associated with the spin-orbit splitting of the
core & levels. In view of large discrepancies in the avail-
able theoretical calculations of the spin-orbit splittings
of the Pb 5d (Opy_y) levels of the lead chalcogenideéd'lB
have measured the x~ray photoemiésion spectra (ESCA) of these
materials. The spin-orbit splitting of the 5d electrons of Pb
obtained with this technique permits us to conclude that no
doublet directly related to this splitting avpears in the ré—
flection spectra. This fact, in contrast to the situation for
the III-V compounds, is related to the strong spin-orbit effects

present in the conduction bhands of the lead chalcogenides (6p

electrons of Pb). Under these conditions, a quantitative inter-
pretation of the optical spectra from 14 to 26 eV requires a

detailed computer calculation of the optical constants, using



the band structure with spin-orbit interactions and the

correct optical matrix elements. Such calculation has yet to
be performed. 1In its stead, we propose a simple qualitative
model to interpret the observed structure on the basis of 5d*6p
excitations within the Pb ions and the spin-orbit and crystal
field splittings of these levels.

The ESCA measurements, performed with the Al Ka radiation,
yield also information about other core levels with binding
energies lower than 1486.6 eV and about the density of states
of the valence bands. The core energies so obtained are dis-
cussed in terms of the chemical shifts with respect to the pure
elements. Comparison is also made with band structure calcula-
tions of the energy of these core levels, The observed peaks
in the density of valence states agree with estimates from
existing band structure calculations.

The stronger ESCA lines of both consituents exhibit sate-
lites which can be related to the creation of valence electron
plasmons., Additional shifted Pb and Te lines, due to the absorp-
tion of oxygen at the sample surface, have also been observed.

These lines disappear after bombardment with argon ions.

MEASUREMENTS

The details of the optical and ESCA experiments have been
12

discussed elsewhere,

The samples for reflection measurements were epitaxial
layers, wvacuum deposited on KCl and also a natural single crys-—
tal of PbS.

The ESCA measurements were yerformed on volycrystalline

samples prepared by vacuum devcosition on a metal substrate heated

o
to 200 C. A cleaved p-~tyve natural crvstal of PbS was also



measured, with results essentially identical to those obtained
with the evaporated sample. The PbS and PbTe samples were found
to have p-type thermoelectric power while the PbSe sample showed
the opposite behaviour. The 283.8 eV line of carbon:M was used
as a reference. Measurements were always performed before and

after bombarding the sample with argon ions.

RESULTS
a) Optical Measurements.

Tigure 1 shows the reflectivity spectra of PbS (natural
crystal), PbSe, and PbTe (epitaxial films) at room temperature
for photon energies between 14 and 26 eV, in arbitrary units.
The solid arrows indicate the position of the peaks observed
in the CEL spectrum by Lahaye et al? The dashed arrows represent
the CEL peaks observed by Leder. 15 The optical measurements
show more structure than either of the CEL measurements which were
made with relatively low resolution (1 eV in Ref. 8, > 1 eV in
Ref. 15). The agreement between the optical and the CEL
measurements and also that of the CEL measurements of Refs. 8
and 15 with each other, is not totally satisfactory. However,
one must point out that reflectivity peaks are often shifted by
as much as a line width with respect to peaks in Im(l /€¢) measured
with CEL. Because of the small enerqgy range available, no
direct comparison was made through a Kramers—Kronig analysis of
the data. The energies of the peaks in Figure 1, and of the.
CEL peaks of Refs. 8 and 15, are given in Table I.
b) ESCA Measurements

The x-rays photoemission spectra of the 5d levels of Pb,l

and those of the 3d levels of Se and the 44 levels of Te in




argon-ion bombarded PbS, PbSe, and PbTe are shown in Fig. 2.
It is clear in view of these results that, the spin-orbit
splitting of the 5d levels of Pb( 2.6 eV) does not correspond
systematically to any of the splittings of Fig. 1. (The fact
that the A-C splitting in PbSe is 2.6 eV should be regarded as
fortuitous). The binding energies of these and the other
ESCA peaks observed with the ¥ line of Al are listed in
Table II, together with the corresponding levels of the pure
elements.16 The measurements are, as usual, referred to the
Fermi level of the semiconductor.18 Except for uncertainties
in the position of the Fermi level with respect to the band
edges, the accuracy of the binding energies in Table II should
be that of the calibration line of carbon (0.3 eV)14 since
our retarding voltage measurements were accurate to better
than 0.05 eV. For the standard carrier densities present in
these materials the Fermi level of the bulk should be within
0.1 eV from the appropriate band edge (valence for the p-type
PbS and PbTe, conduction for the n-type PkSe). Some existing
work seems to indicate that no surface pinning of the Fermi
energy occurs for clean surfaces of these materialsl.9 We note
that we have resolved the Iprr-LIry spin-orbit splitting of 5,
the "~y ©f Se, and the XN;-Nyy, of Te. These splittings
appear unresolved in Ref. 16, The observed splittings agree
reasonably well with the atomic calculations of Ref. 17
(1,34 eV for LIII-LII in §, 0.98 eV for Moy in Se, 1.59 ev
for NV-NIV in Te.)

The chemical shifts between the pure element and the com-
pound are, within the experimental error, the same for all
levels of a given atom in a given compound, with the possible

exception of those which give weak and uncertain ESCA peaks



(all s-levels, O and Nqy of Pb, N of Te). The

TIT 1117 N11

averages of these chemical shifts ({excluding the anomalously
inaccurate ones just mentioned) are given in Table TII.

Figure 3 shows the x-ray photoemission spectra of PbS,
PbSe, and PbTe near the zero binding energy threshold. The
data extend to nominally negative binding energies, as a result
of the finite resolution of the system, These measurements
were taken with an electron analyzer voltage of 52 V (those in
Fig. 2 with 20 V). Consequently the total spectral width of Fig.
3, including source width and analyzer resolution, is somewhat
poorer than in Fig. 2. Spectral resolution is ccmnosed of two
terms, an instrumental linewidth proportional to analyzer volt-
age and the natural width of the exciting x-ray line. From the
failure to resolve the My=Myy, splitting of Se with a 50V ana-
lyzer, we estimate the spectral width of Fig. 3 at %1 eV: this
is just the width required to explain the negative energy
tail of Fig. 3.

The adsorption of oxygen at the surface of the materials
under consideration has received considerable attention.lg_zl
The presence of oxygen at the surface of our samples can be
easily detected in the ESCA spectra. All ESCA lines anpear
split (PbTe) or broadened asymmetrically towards higher hinding
energies (PbS, PbSe) after exposure to air. Beside the
lines characteristic of the 1ead chalcogenide, satelites with
hicher h»inding energies appear. These satelites disappear after
bombarding with argon ions. At the same tiwe, the always pre-
sent K line of oxygen (532.0 eV) decreases in strength,

Typical examples of the splitting of ESCA lines in FbTe due to
oxygen contamination are shown in Fia. 4, The average shift

of the oxide lines of Pb with respect to those of T'bTe is



1.95 eV. 'We list these lines in Table II under the label "PbO".

In spite of the unknown structure of this oxide, the "Pbn" lines fit
well into the PbTe+PbSe*PbS+Ph0 systematics of Table II. The
corresponding average shift observed for the oxide lines of

Te is 4.0 eV,

It has heen reported19 that the Fermi energy is not pinned
at a clean surface of a lead chalcogenide, However, oxydgen
adsorption introduces surface states and makes the surfaces
strongly m-type. As a result, the lines of PbTe, PbSe, and PbS
exposed to air shift to slightly higher binding energies after
cleaning by argon bomhardment. The average shift observed is
0.15 eV for PnS and PhTe and 0.4 eV for PbSe.

The presence of plasmon satelites is a common occurrence in

.18 We have observed plasmom sate-

the ESCA spectra of metals
lites associated with a number of strong ESCA lines of the
lead chalcogenides. As shown in Fig. 5 these lines correspond
to nominally larger binding emxrgies. They are shifted from the
narent line by the energy of the bhulk plasmon (note some resi-
dﬁal Te-0 lines in the Te “y,1v  spectra of Fig. 5). The
nlasmon energies determined from these shifts are listed in
{able IV together with the plasmon energies determined by the

8,15
CEL method.

DISCUSSION

As already mentioned, the original purpose of this combined
synchrotron radiation and ESCA work was the interpretation of
the spectra of Fig. 1., Figure 2 and Table II shows no obvious
replica of the spin-orbit snlittinag of the Orv,v levels of Pb.
Such reolicas are standard in the corresponding spectra of

. . 12
zincblende-type semiconductors. In order to exvlain the dif-



ference between these two classes of materials we look for
differences in the structure of the final states for the transi-
tions of Fig. 1, i.e., the conduction bands.

The lowest conduction bands of a zincblende-type material,
e.g., InAs are nybridized 4s and 4p states of the In with a
weak admixture of 3s and 3p states of As. These states have
very small spin-orbit splittings ( 0.4 eV) and within the re-
solution of observed optical structure we need only treat orbi-
tal bands (i.e., we can neglect the svin). Under these condi-
tions we wouldiexpect to find for the absorpticn originating at

the & core levels (e.qg., of In) two similar bands,

A\CV , v

originating at NV and NTV resvectively, and with relative

weights 3 and 2 corresnonding to the degeneracy of the I and

7

NIV states. “©This type ©of spectrum has indeed been ohserved
in the III-V compounds.
The lowest conduction bands of the lead chalcogenicdes,

however, are formed of 6n wave functions of lead, with a large

spin-orbit splitting (PG— - ra- splitting A=2 eV, see Fig. 6).
In order to calculate the optical swectra of transitions from the
core states it is therefore not sufficient to know the density
of conduction states but we must have the spin compmosition of
the conduction bands. The absorotion neaks for transitions from
the lead DV and OIV levels can thus occur ot different enercies.
A calculation of thie optical constants including matrix
elements for the spin eigenfunctions of the lead chalcogenides
nas vet to be verformed., However, it is possible to give a
qualitative model which exovlains the behaviour of Fig. 1. “he
initial states Ov and OIv have total angular momentum j = %

3 . . .
and j = 3, respectively. The final states are o-like and have,
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in the absence of crystal field, J =3 (PB ) and j =3 (Te )
Allowed transitions regquire a change in total j equal to O or

+1. Hence only the following transitions are allowed

: Oy (J =f§_' ) T'8 g = % )
. 3 - 1
OIV(] 5 ) - r6 (] =3 ) (1)
. 3 - 3
[OIV(] 35) = rg (3 =3 1

A simple calculation using for OIV' Ov pure d and for Te - Tg
pure o wave functions yields for the Op,(J = %) + FB_(j = %)
transitions oscillator strengths 10 times smaller than those
for the other two transitions of Eq. 1. (See Appendix A) We
therefore neglect these transitiens, as symbolized by the
brackets in Eqg. 1. Because of the large FS—- T6_ splitting
it is clear from Eq. (1) that no remlica of the Opy - OV solit-
ting should appear in the optical spectra once the Opy * Fg—
transitions are neglected. The crystal field should split
the F8- state bhut notl%_ . Thus it is prossibhle to explain the
triplets of Fig, 1 in the manner sketched in Fig. 7. The cry-
stal field solitting, D, and any shift of the ?8- conduction
state have to be understood as either the average over the
Brillouin zone or that in the region of maximum contribution to
the density of states. The energies D and Y needed to fit with
this model the spectra of Fig. 1 are listed in Table T.

The chemical shifts of Table III are all negative, in
contrast to the shifts measured in zinchlende-type semiconductors

s . . - . 12
which are negative for the anion and positive for the cation, r22

e show in Table ¥V a comparison of the binding energies of the

measured outermost core d levels with those cbtained from band

structure calculations. (Agreement is better with calculations

of Pof, 13 than with those of Ref. 4). Because of nossible un-



certainties in the Fermi energies at the surface we have measured the
calculated binding energies from the center of the gap: these un-
certainties should not be very important for these small band
gap materials, (E‘ is 0.32 eV for PbTe, 0.28 eV for PbSe, and 0.41
eV for PbS at room temperature). The calculated anion energies

are higher than observed while those of lead are consistently

lower, a fact which is easy to attribute in part to the
neutral (not ionic) potentials used in the calculations. A
negative (positive) charge in the anion (cation) would de-
crease (increase) the calculated binding energies, as required
by the experimental results. Evidence for an ionic charge
positive on the Pb atom has been obtained in recent calcula-
tions.23

Qualitatively, one might expect § =6Pb “6anion (from

Table III) to be simply related to the ionicity of the com-
pound, but the Pauling ionicity of th

nearly negligible.24 The effective charges derived from infra-

(D

lead chalcogenides is

red data are large but practically the same for all three
25
compounds.
We also notice in Table III a rapid decrease of the anion
shifts with increasing atomic number. Similar results, inclu-
ding a nearly vanishing chemical shift for Te and Sb, have also

been reported for the III-V and the II-VI compounds.12'22

It
is also interesting to note that the observed spin-orbit

splitting of the Pb(0,, - O.) levels 1s cvoneiderably

v
larger than that calculated in Ref. 4., However, it agrees
quite well with the calculations of Ref., 13,

We would like to thankW. Gudat, M, Skibowski and B. Sonntag
for valuable help with the optical experiments and for dis-

cussions. The assistence of G. Krutina with the ESCA measure-

ments is also gratefully acknowledged.



FPbS Pbse PbTe
A 19.9 20.2 19.7
B 22.1 21.9 21.7
C not resoclved 22.8 22.9
22.5
a 20.5 20.7
CEL 22.8 22.7
b
CEL ~ 21.8 22.0 21.7
D=C~-A ~r 2.6 2.6 3.2
Y ~ 0.4 0.9 0.6
p (€ 2.1 2.2 2.3
TABLE T Energies ({in e¥) of the peaks 3, and C observed
in Fig. 1. Also, peaks observed in the characteristic
energy loss spectrum (CEL) in the same region and
parameters cf the model of Fig. The OIv v
4
orbit splitting is 2.6 eV, as obtained from the ESCA
nmeasurements,
a) From Ref, 8
b) From Ref. 15
) From Ref, 13




()

Pb "pho" PbhS PhSe PbTe
Ov 19,2 18.6 18.25 18.15 17. 80 TABLE TT
Binding energies
Q 21.8 21.3 20,85 20,75 20.4 .
v (in ev) of core
levels found with
OIIT 86.0 83 83.5 82.3 x-ray vhotoelec-
tron snectros-
6. 6.
OII 104.8 106.6 106.2 copy for the lead
chalcocgenides, as
“1 147.3 compared with the
values revorted
IN . f . 9 r .
J”II 138.1 137.5 137.1 1345 5 136.5 for the nure
elements in Ref.
N . .4 41,9 141, 141,
T 142.9 142 141.95 83 41,35 16. The Pb lines
N, 412.9 412.15 | 412.15 |411.8 lapeled ThO are
' those obtained
NIV 435,2 134,35 434,35 433,85 : fraom the "oxido®
spectrum of PhTae,
MIII £44.5 £43.55 43,7 ~43.35
AT q 3 g
"T1 763.9 762 761.5
II 893.5 891.5 892.3 301.,7
5 (@) PhG e () Ph3e Te (7) Phre
L1y 160, 29, 52.65 | N, 13,9
164.8 56.7 39,R
LII 161.5 ”T” 53.5 YTU 175,25
LI 229,2 222.4 MTTT 161.9 159.1 ﬂTIT
110.2
MIT 168.2 164 .65 NTT
Moo 23105 | 227.92| g 1682.3 167.25
(a}y From Ref,l6 )
) Do A - w‘xv p . . 5
TIII 1435,8 { 1431.,7 572.1 571.2
Yroo [582.5 581,65
MTTT £12,7 818,"7
r 369,77 38,93
TI




2HCA ﬂ

14 -

PbS PbSe PbhTe
pr -0.9 -1.0 -~1.45
8 . -4,7 =-2.4 -0.85

aniocn
5Pb - 5anion 3.8 1.4 =0.6

TABLE IIT

Average chemical shifts of Pb(dIV) and S, Se, Te(6VI)

in the lead chalcogenides.

Also,

8

pp ~Sanién--ne

shifts are given with respect to the binding energies

of the elements as reported in Ref,

PhS PbSe PbTe
Db (O 1)) 15.3+0.3 15,040, 4

Db (1, ) 14.6+0.2
Pb (11,) 14.6+0.2
Pb (1) 15.6+0.4 15.2+0.4

Te (M) 14.6+0.2
cer '@ 15.8 15.0
cer P) 14.5 15.1 14,4
veflectivity () 15 12.5 12

(a) From Ref, 8

() From Ref. 15

(c) From Ref., 6

TABLE TV

mons as

obtained

Energy of the valence plas-

and other techniques,.

with ESCA



PLS PhSe PhTe
18,25 (@ 18.15'®) 17.8 (&
h
Pb (Q, ) 13,1 ) 13.4 ®) 13.0 M
17.8 ¢ 15.9 (¢ 13.85(%)
20.85 ) 20.75(@) 20.4 (@)
Pb (0y) 15.6 P 15.5 (P) 15.0 (™
20.4 (¢} 18.5 (©) 16.6 ()
Se (M) 52.65' %)
=Ty 54,8 {c)
(a)
Se (Mry) 5?35(@
55, 7¢
38.9 (&)
Te(NV) 5 5 (c)
(&)
TQ(MIV) 40.23(r)
41.3 '€

(a}) This work
(b) Calculated, Ref. 4

(c) Calculated, Ref. 13

TABLE V

Observed spin-orbit snlittings of the outermost d
levels of the cores of the lead chalcogenides,
compared with the results of han” structure calcula-—-

tions.
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FIGURE CAPTIONS
1. Reflection spectra of PbS, PbSe, and PbTe observed with
synchrotron radiation at room temperature. The solid

and broken arrows indicate the peaks reported in the CEL
spectra of Refs., 8 and 15, respectively.

2, X-rays photoemission spectra (ESCAR} of the outermost core
d levels of PbS, PbSe and PbTe taken with the Ka line of Al.

3. ESCA spectra of the valence bands of PbS, PbSe and PbTe
taken at room temperature with the Ka 1line of Al. The
signal level in this Figure is an order of magnitude
weaker than that of Fig, 2. The arrows indicate the peaks
in the density of valence states expected on the basis of
the calculations of Ref., 13, The dashed curves indicate
raw data before correction for the Al(Ku3’4) - produced
precursor of the Ov level of Pb. Because of uncertainties,

in this correction, the data stop at 8.5 eVv.

4. FSCA lines due to the ocutermost core d electrons of Pb and
Te in oxvgen contaminated PhTe. The high energy components
(Pb-0Q, Te—-0) disavpear after bombardment with argon iens
The vertical scale is that of Fig. 2 expanded by a factor
of 2.

5. Some L[SCA lines of PbTe showing the plasmon replicas and
residual Te-0 lines. The vertical scale is the same as
that of Fig. 2. The plasmon replicas have been enlarged
by a factor of 10.

6. Band structure of PbTe calculated by Herman et al. (Ref. 13).

7. Model proposed to explain the Triplet structure of Fig. 1.
The energies A,B,C,A,D, and y are given in Table I.



APPENDIX A

We want to calculate the relative intensities of all transi-

tions from the Ov(j = %) and Oyq, (] = %) states to the j = 2

2
and j = % conduction states (Fig. 7). If we assume that only
5
one set of orbital states (¢ = 2) form the J = 35 core states
and only one set of ¢ = 1 states form the final conduction states, the

various oscillator strengths are determined by only one parameter,

We write the core states as:

3, - @ 2,v) +{z .
ERRES = \E (1,4) + \Em,n
3 -3 - 2+ 2
(—g- ,-%) - \J% (=1,+) + % (=2, 4)
3 -2 - (-2,4)
(1=3.n=2 - 2 (2,4 —Ug(l,m
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The wave functions of the final states are:

33, _ 3 3y - (-

("2_ ’ '2_) - (lr'*) (2 7 2) - ( l;*)

31 _\(1 1]2' 31, | Uz

(7 5} =\3 (1,+) + 3 (O, 4) 5 2) 3 (-1,4+) + 3 (", )
1L |2 AT 1. 2. AR

(j ? ‘2') = _3“ (lo+) \J3 ((\,f) (2 ’ 2) = 3 ( lr+) V; ((\'¢,)

The transition probabilities are obtained by calculating the

matrix elements of:

. - 1

between initial and final states. The only orbital matrix elements



of pt, p~, and p which do not vanish are obtained from the
Z

table of coupling coefficients in Ref. 26
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A simple calculation of matrix elements of p , » , D, between
(n2) and (Al) yields, using (A3) the following relative oscil-

lator strengths

. _ 2 3,1 10
X =3) > (5: ti)
.3 1 1 10
Ordd =3 > G t3) 3
. _ 5§ 3 3
) . _ 3 3 43 1
Ol =30 > &G ~3) 3
.3 3 1 1
rdd =30 G AT 3
. , 3 . 3 oy .
J2 therefore see that the J =5 * 3 =3 transitions (corresponding

to the minus sicon in the linear combinations of equation (A1) and

the nluo sian in (A2) } are neglihle.
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