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- RELATIVISTIC AND CORRELATION EFFECTS IN THE
21 2-eV PHOPOEMISSION SPECTRUM OF ATOMIC LEAD *

S. Suzer, M. S.;Banna,vand D. A. Shiriey
Department of Chemistry and

'Lawrence Berkeley Laboratory, University of Ca11forn1a
-Berkeley, Callfbrnla 94720

ABSTRACT PhotOelectron spectra were obtained for atomic lead in the
-'700 800°C range, u51ng Hel radiation (21. 2 eV) and a special,
high-temperature cell. Relat1v1st1c effects were obvious, most
: notably in the relative 1nten51ty of 1.000:0. 071 in ‘the peaks

Zp 2p

a consequence of the Pb(szpz,3 0) ground state being in fact

':arlslng from Pb' (s P; 3/2) states. This is

mostly s pl/zzw Correlatlon effects were also apparent. Sev-

2 2

eral final states inaccessible from an s“p” initial-state con-

figurations were reached; this was explained by‘admixtures of

‘the configurations sp2 and s2d?

into the initial state. All
transitions that would be allowed by the presence'of these
-peaks were.actually found.  These "direct" observations of
eonfiguration interaction give an operational'meaning to this
concept that is not atailable to most.spectroscopic methods .
'Energy loss peaks were observed at higher pressure and attrl-

buted to excitation of optical levels in neutral Pb by photo-

electrons.



1. INTRODUCTION

This is the second in a series of'papers reporting photoelectron

: spectroséopic’étudiés of atomic species in the gas phase, using samples
heated to high-temperatures. In thé first paperl; on étomic cadmium,‘we
'reported the observation of initial-state configﬁration interaction
(ISCI). This paper is addressed to atbmic 1ead

When an N- electron system absorbs a photon the process is
usually constrained to obey electric dipole selection rules This con-‘
straint is often.quite restrictive for Ordinary absorption spéctroscopic
ekberimehté in which the N elegtrons are all bound in the final state.

~ For photoelectronvspectrosCopic transitions, of the form

N-N-DTee @)
hbwever; any state of the N-1 electron system can iﬁ principle be reached .
if dipole selection rules can be‘satisfied for the overall system, with
the contlnuum state of the photoelectron included. This substantlally
- removes the . restrlctlons 1mposed by the dipole selection rule and the B
strongest remalnlng selection rule is that the tran51t;on must be acces-
51b1e via -one- electron operators | :

- Two 1mportant 1mp11cat10ns follow dlrectly First mbst or all
- of the electronlc states of the N-1 electron system thatareleached by’ one-
electron operators will appear in the photoelectron spectrum.‘ The elec-
“tron kinétic energies yield the 1e_ve1 energie.s‘ dirécfly. Thus a more |
: or léss'complete array of final states is obfained, with each at its

correct energy.

A



';fnomlnal ground state configuration (ns

ie:effects should be 1mportant as well.

Second, correlation effects, as manifested through configura-
tioﬁ interactioh, can be pbserved'direetly. This follows because those
eigenstates of the (final) N-1 electron system posseééinga g‘iveh symmetry are

described as admixtures of the nomlnal N 1 electron conflguratlons of

that symmetry Thus each e1genstate may consist in part of the nominal

lowest-energy N-1 electron configuration, and max be directly accessible

by photoemission from the ground state. In addition, the ground state

itself may be comprised of several admixed configurations, éllowing tran-

~sitions to'stétes that would_ndt be-reached if only the'dominent'config-
”_ uration were present. This latter effect is in fact the,important one
in the systems that have been studied to date In neutral cadmium1 and

‘_mercury ~ for example, admixtures of the conflguratlon (np ; S) into the

2 1S) allows the [np, 1/2] and

2

-»[np; P3/2] final states to be reachedf

Group IV elements, with a nominal szpz ground?state configura-

~tion, present an important series that has received considerable the-
“oretical attention. In carbon, the first member of the series, Bagus

et al.>™> have shown that explicit correlation effects must be intro-

3 1, 1

‘duced to account for the observed “P, D, S multiplet sepafationsﬂas

well as their ratios (3P - 1D)/(SP - 1 S). In lead, the lést member,

: ,these effects are expected to be similar magnitude, and relat1v1st1c

6

In this paper we report the observatlon of correlatlon and

Vlfﬂrelat1v1st1c effects on the Hel phot01onlzat10n spectrum of Pb vapor.

vExperlmental.detalls_are given in Section II and results 1n:Sect10n IIT.



Relativistic and correlation effects are discussed in Section IV,
Section V deals with the inelastic loss spectrum. Conclusions are

‘given in Section VI.

II. EXPERIMENTAL

The experiments were carrled out in a Perkln Elmer PS- 18
photOelectron spectrometer modified fer hlgh-temperature work. The mod- .
ifications included a boron‘nitride oveh surrounding the téntalum 1onf' |
"ization chamber and the sample compartment} Essential compehents are |
shown in Fig.yl. The oven is capable of reaching.temperatureé up to .
Cwe0c. | | | |
| The temperature was monltored on top of the sample compart-
ment outs1de the vacuum chamber by a thermocouple which reads approx—
,-1mate1y 15-25 C lower than the temperature in the ionization chamber.

The gas pressure was hotvmeasered directly,,but the optimmm operating
'temperatﬁre.wes determined for‘é ceunt rate of 2-4 X 10° counts/sec on

the most intenee'peak Then the same spectra were taken at temperatures

of + 30°C from the optlmum to differentiate between the 1ne1ast1c loss
'peaks_and the real photoionization peaks.-_Energy calibration was done

by intreducing-Ar and Xe togethervwith the sample in a seperaterrﬁn;
'Resoiutions ef less than 50 mV (FWHM) on the Ar peake have been achieved.
Althdﬁgh the instrument is capable of better'resolution, local non-uni form
micropotentials, due»to'charging on the surfaces of the,ienization chamber;
_invériably‘brOaden the lines A heating current of 1 5 amp necessary to.

“obtain 800 C, was not observed to g1ve any extra broadenlng
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'The_aforementioned charging was alsovobserved to affect the
' relatiVe'intensity of the peaks. ‘Relative intensities were found to de-
pend also on the degree of inelastic scatterlng of electrons due to a
finite sample pressure 7,8 The reported area rat1os were corrected for
' the change of the spectrometer transmission with electron kinetic energy
(AE/E constant). |

Data were collected and stored in a multi-channel analyzer
>(1024, 2048 or 4096 channels). The digitally controlled supply, which
provided voltages to the spectrometer analyzer plstes, also provided sig-
nals to the MCA. This setup enabled us to accumulete-the datu over many

scans. Typically 1007200 scans were taken forvforeachspectrwn,over244 hours

- III. RESULTS

'JThe HeI photoelectron spectrum of Pb at 715°C is shown in Fig.
2; A551gnments of the peaks were made by comparlson of their blndlng
"epergles with optical data.9 These a551gnments and derlved parameters are
' .shown in Table I. |
| ~ The spectra from atomic Pb(6526p2;3P0) is expected to'show,fourr’
peaks at binding energies 7.415 eV, 9.160 eV, 14.593 eV, and 18.353 eV,

2 ele 2p

: eriSihgi respectively'from transitions to the (6526p;

(6s6p2?4P1/2),_and (6$6p2;2P1/2) final states of Pb*, In addition to

these four lines, we have also observed four weaker peaks at 15.61 eV, 15.96

ev, 16.06 eV, and 16.58 €V binding energies, correSponding respectively'to
2.4 24.2 2,4.2 2.4 L

the (6s6p ’-PS/Z) (6s76d; DS/Z)’ (6s”6d; DS/Z) and (6s6p E PS/Z) final states.

Also, three more'peaks'show up in the spectrum.. The peaks designated in the



figure by Hi,and CI.are assigned to impurity linesf_i.e.,‘photoionizafion
 of>Pb to the Pb+(2P1/2) line at 7.4 eV through eicitation by the resonant
radiation from'the impurities HI and OI (atomic hydrogen and oxygen).
The peak at '9.85 eV can be identified neither with any known.transitiOn
nor as any Sample iﬁburity, and we tentatively éseigh it as arising from
sz molecular photeieniZatien | |
| The first unusual feature noticed in: the spectrum is the in-

rver51on of the 1nten51t1es of (s p,2 1/2) and (s p, 3/2), w1th the for—
‘mer domlnantf This is explalnedlln Section IVA. It is a consequence_ef
relativiStic.effects (j-j coupling). |

A second feature is the presence of the aforementloned four
bextra-peaks. These are attrlbuted to the correlatlon effects as dis-
'cﬁssed in Sectlon IVB | |

F1na11y, in going to h1gher temperatures, we see neﬁ peaks
._arlslng from 1ne1ast1c losses In Section V we present the spectrum and

dlscuss the nature of these tran51t10ns

IV. DISCUSSION

A. Relativistic Effects
' Spin-orbitAceuﬁling splits the 6p-she11_into pl)Z and ps/é Sﬁbf'
Shells,bwith the former beiﬁg 1ewer in energy. For the two-electron'cese_
we have three.configurations; (pl/zjz, (p1/2p3/2) and (p3/2)27' The groghd'
e sﬁate of p2 (J = 0) can, in'genetal, be written in terms of jej coupled
"states as | | | |

1 (1’1/.2)'2 ) (P3/2)2;
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In temms of L.S coupled éfétés this'édrrequhds to a mixfﬁfe-of 3P0 and
1S0 states. The relative weights.of fhe-two configurations w111 depend :
on: the strength of the spin- orblt coupllng, Rélativistic_Hartree—Fock
' (RHF) calculatlons6 predict the ratlo (cl/cz) . .081; Showing that j-j
coupling is a better approximation for Pb than is L-S coupiing, which givés
the‘raﬁio as 0.5. N | |

| PhotoioniZation froh the outer 6p subshélls yieldév?Pl/z and .
?pS/Z statestéf Pb* (6$z6p), corresponding to the rem&?al of an‘éleétfdn
frpm 6p1/.2>orv6p3/2 subshells,respectively. Hence'the-intenSities'of'the
- observed lines give a measure of the relative weights of these subshells
| in the ground state. From Table I, our experimental intensity ratio is
..071; in very good agreement with the RHF predictibﬁ. Howevér one would
" have to'cofrecf for any differences in the photoionizatidn cross sections
before a final comparison could bevhade._ The photoionization cross sec-
'tiohs may be considerably different for each individual subshell, because
'fhe radial functions are different (RHF célcUlationé for thé mean Valﬁes of
(ry give respectively 3 07 and 3. 52 atomic units for the 6p1/2 and 6p3/2
subshell,6 compared to the non- relat1v1st1c valueloofS 46) . _Also, the RHF
'calculétion did not include some correlation effects that we will show to be
- important, which agaih may affect the calculated iﬁtensity rétidﬁ o
Removal of an s'eiectron from (szpz; 3PO) gives 4P1/2_and12P1/2_'

2, 4

(spzj_lines. But for Pb* , (6s 6p~; 1/2) correspbnds'to 6s(6p1/2)2'and

25 e . . .
P1/2 corresponds to 6s(6p1/2 6p3/2) in j-j coupllng.. On this argumept

alone we would expect to see an intense 4P1/2 line and a-relatively weak

'ZP 11ne but from Table I the relative intensities are 075 and .110,

1/2



' respectively.~ While the cross sections may be somewhat different for -
these'tWO'processes, we:believe that the main reason for the ZPl/2 inten_
sity being so high is configuration interaction in the final state. A

discussion of correlation effects is given below.

B. - Correlation Effects

Final-state correlation effeéts have been reported in the photo-

11

emission spectra from noble gases molecules - and SolldS . Berkowitz,

et 31.8 reported that the quasi-degenerate 6p2 conflguratlon mlxed into
652 in the ground state of Hg, giving satellites in the He I photoemission
' spectrum of atomic Hg, and we reported a 51m11ar result for Cd
In open- shell atoms or molecules the qu351 degenerate conflg—
urations are known to mix strongly with the ground state.- This effect was
termed Vlnternal correlatlon" by McKoy and Slnanogln.14” For the 6526p2
".ground-etate'configuration of Pb, 6p4 is perhaps thehconventionallconfig*'_
uration‘to.be,admiXed,obut'Desclaux6,found this mixing.to'be very small, 3
'hecanee it'inVoives promotion of two 6s electrons into the energetiCally;un-
favorable 6p3/2.sﬁbsheli Bagus et al 3'S’reported configurations'of the |
type 252p 234 to mix substantlally into the ground state of carbon (Zs 2p ),
although the 3d-shell is not quasi- degenerate with 2p But in Pb the 6d -
i shell lies very close 1n energy. to 6p, and it is of course quasl-degenerate.
‘hence we eXpect 6d mixing to be important in the ground-state of Ph._ Be-‘
_ cauee'the spin—orbit coupling constant is small both the 6d3/2 and 6d5/-2

subshells are”expected to contribute.



| In Table II‘ we give the configuratidnsexpected to mix strongly
with 6sz6p2, ‘their final states upon phot01onlzat10n and their spectro—
scoplc de51gnat10ns We used the J-J coupling scheme and' coupled the two
p electrons (or two s- electrons) to the remaining two electrons to get the
J = 0 initial state. We have 1lsted only the final states which can be
. reached by (21.2 eV) He I radiatien (these states can all be all be re-

garded as resulting from the ionization of a 6d electron, in an approx—'

- imate descrlptlon)

_ ‘ From Tables I and II one can see that configuratlons I.A wonld
give 4P3/2, which is observed to be 0.024 the 1nten51ty of the main 11ne
LI B and I. C would give, 4P5/2, also observed in intensity 0.040; I.D and
:I.E would give ZDS/2 and ZD:,)/2 derived from the szd configuration, agaln
'ebserved, with intensities of 0.022 and 0.019. Conflguratlons II.F and

2p 3/2 derlved from the configuratlon sp2 These

-II.G wonld give'ZDS/'2 and
were not pbserved to be present. ' This is easily understood, because they'
ean mix directiy only with the (651 /2)2 (6p3 /2)2 pert _of the ground state (they_'
wonld'involve‘thfee-electron excitation from the (651/2)2(6p1‘/2)2 config_
.nration and would therefore be expected to mix negligibly into this con-
~ figuration). _ |

' MiXing of 6sz6d2 and’6s6p26d configurations into the gronnd:State .
of Pb can thus‘tetally aecount for the presence of the.satelliteS'ebserVed
5in this experiment. However it would be necessary to consider the mixingv
among final states»as well as variations in photoionization cross-Section
_befete definite mixing coefficients could be detivedAfrem these exper-
imental peak intensities. We are presently investigating techniques by

-which such quantitative comparisons with theory might feasibly be made.
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Another mechanism has been suggested to aCcpunt'for_the satel-
lite strueture namely\"conjugate shake;up"zv in which tﬁe angular'mo?
v mentum of the radiation field is transferred to one of the pa551ve elec-
trons (1 e. the electron makes a tran51t10n to an empty orb1tal with

o higher % quantum number). We can write this process for Pb as follows:'_
Main rocese" (6s )2(6 ')2 + hv + [(6s -)2 6' ]2P +¢ed or s
T process: 198yy2) Pyl 106sy,5) Opy L Fyyy +red or

ConJugate

shake up: N COPARICIPRLES & *'[(651/2)?'°d3/2]J=3/2 *
or | | ' ‘ ..
| (6517 (6p1/)° + b » [651/5) (6P1) (6P1/p) 151y * €

and

i(§51/2)2(6p1/2)2 * B > 165 7,) 69y /,) (6P3/)) ) 5s + P

_ ‘ Siﬁce AJ = 0, *1 selection rules are 0perat1ve only (sp ,4 3/2)
and (s d DS/Z) lines would be expected to be present in the spectrum

4 2
The (sp ; PS/Z) and (s d DS/Z) lines could only result from the (6p3/2)
_part of the ground state, and would be extremely weak 1f not absent.

Hence we be11eve this mechanism does not contribute ‘much to the observed

vintensity of the four satellite lines. The theoretical situation as to the

importance of the conjugate shake-up mechanism is unclear. Detailed cal-.

- culations have shown that this mechanism is very weak for Hels, although"
Berkowitz et ai 2 made estimates that suggested it could be as strong as

the CI mechanlsm in mercury
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V. INELASTIC LOSS SPECTRA

When the Pb spectrum is taken‘at 765JC severai strong inelastié
ioss_peeks'appear.' Figure 3 shows the spectrum and Table III summarizes
the results. All the observed five peeks are'interpreted to result from
- electron impact excitation of neutral Pb by photoeleetrons emitted in eXr :
- citing the ZPl/2 1ine,‘at a kinetic energy of 13.80(1)'eV.
_ Lines 1.and 2.correspond'to excitation of'a'6p1/2 electron:into
_the 6p3/2 subshell with final states 3P1 and 3P2 ~Intensities are in a
ratio of ~ 1: 4 -which clearly deviates from the statlstlcal ratio of 3: 5 |

- The final state 1

Dy, 2.66 eV away, correspondlng to a (6p3/2) configura-
- tion is not observed which agaln is a_consequence of strong j-] coupllng.
'L1nes 3 and 4 are the results of excitation from 6p to 7s and 6d shells
Line 5 cannot be identified by any known transition, and we tentatively
.»assign it to an excitation from the 6s to the 6p shell. The breadth of-

:j'thls line indicates more than one final state, or perhaps that the excita-

tion takes place in Pb

VI. cmmumums

Thls work has demonstrated the fea51b111ty of obta1n1ng photo—

‘:em1551on spectra of atomlc Pb at temperatures of 700-800 C, w1th good .
‘resolutlon and 51gnal/n01se ratlos The spectra showed in a very dlreet
way-—through dramatlc 1nten51ty ratios or the ex1stence of satelllte 11nes——

'bthat relat1V1st1c and correlatlon effects are indeed present in the 6526p2"

_ groundfstate conflguratlon of lead. This may be contrasted with the
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' relatively'ihdirect nature of most spectroscopic methods fdrvéfudying.
these effects. 'Further theoretical developments are necessary before a .
Vreélly quantitative interpretation of fhese peak_inténsities will be pos-
sible. With these developmenfs,.we beiievé'that'photoemission studies of B
this natuie will be able_té bring more operational meaning to the concept .

of configuration interaction.

<
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Table 1. States of Pb+ observed in photoemission from Pb,Vapdr.

‘ Binding .. Energy from
Final States. Relative intensity energy,eVb';,optical data, e

2 2

1.000 7.42(1) 7.415

65°6p Pl/é,f
P2/ 071 (5) 9.16(1) - 9.160
6s6p” Py, 075 (5) 14590 14,59
o __4P3}2 024 (5) ., 15.61(1) ".'15.61i:'
: 4p5/2' 040 (5) 'v16.$7(1) 16,57
656p% . 10 (5) 18.35(1?'QA3 RRRTREE
_6526d %g/, o2 e _15;963
i .019 (5) - 16.06(1) H : 16.059
P, () 3 o1 (5) 9.85(1) -

PRelative areas divided by their kinetic energies to correct for the spec-
trometer efficiency. ' ' '

- Prhis wbrk.'_Vélues given are averages of three runs.  Errors in last
. place are given parenthetically. The Xe lines at 12.130 eV and 13.436
eV and the Ar lines at 15.759 eV and 15.937 eV are used for calibration.

CRef. 9. .
dAssignment is tentative.

l\:’)



Table II.

J=2

Conflguration which can mix with the ground state of Pb and thelr flnal 1onic states of P6+
2 .
excluding the P1/2 and P3/2 states of s?p.
' ' + Spec. a a
Initial .state of Pb Final state of Pb . J desig. Binding Remarks
‘ : energy,eV
L 2 2 2 /2 4, N L
I (681/2 -0 (69} ) Jug 68172 (6P1/2) 129 o2 { Pyjp 14.3593 Main line
2 ' 2 2 ‘ :
II. (681/2)J =0 (®P3/2) =0 65175 (6P3/2) 520 1/2 51/2  20.343 Not observed
I.A (6p 6p ' ). (6s ) 6s (6p 6p ) 3/2 2 4P . 15.611 Observéd
1/27%3/273=1 1/2 3/2 J=1 1/2 1/2. 7%3/275=1 sp . 3/2 . )
; . , 1/2 2 : _ b
o : : P1/2 18.353 Observed
I.B (6p 6p2,,) (68, ,,6d, ) . . T
1/2 773/273=277"1/ 2773/ 27 3=2 .- 5/2 14 - 16.576 Observed
6s. . (6D, 6Py s) sp2 { F5/2 |
1/2 *7F1/2 “F3/273=2 3/2 4p ]
o : ' , h ' 3/2° 20.389 Not observed . q
1.C (6py)p 6P3/2) 5o (695 6d5/0) 5ap/ L
I.D (6s,,)2  (6d,, )2 6s, )% 6d,, . 3/2) . (% 16.059 Observed
2 W8y1275=0 *%93/275=0 1/273=0 °93/2 B 5 3/2- °P07 Ubserve
| : ' Srstd ) ,
1.E (6s )2 ( )2 ' (6sy,.02  6d, si2) - \p_ 15.963 Observed
. 1/2’ 320 5/2 J=0 , 172’ 3=0 %95/2 el Ts/2 -963 d
I1.F (6p3/2) (6s / 3/2)J =9 v ,
' 6s (6p )2_ 5/2.'sp2 Ds /5 17.713 'Not observed
) 1/2 °P3/273=2 3/2 2,
I1.G (6p3/2)J 2 (6s / 5/2) ‘ 3/2 18.443 Not observed

a.

Ref. 9. . b.

Also borrows intensity from the main line at 14.59 eV.

0 (j;

0

cenEr0

rANs)
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Table III. Inelastic loss peaks observed in neutral Pb.

Transition Relativea Excitatio Energy from
Peak from the ground state intensity energy,eV optical data,eV
. d _
0 6sz6p2' % . — — -
1 oesPep” e 1 097D 0.969
2 6s%6p> 3P2' 4+ 0.5 1.32 (1) 1.320
’ 2 2 3 o s .‘
3 65 6p( P1/2)7s P1 4 £ 0.5 4.37 (1) - 4.374
: _ 3, v | | o v
. 2, 2 D : . o 5.709
4  6s°6p( P1/2)6d%3 20 4+ 0.5 5.71 (1) |
, D1 : 5.710
2¢ '
5 6s6p : 16 £ 1 -10.52 (2) : ——
a. Areas divided by their kineticAepergies, felative to peak 1.
~b. Values given are aVerages of two runs. The Pb+ lines from Table I
A are used for energy calibrationm. - : :
.c. Ref. 9 _
‘d. ‘Zero loss line (i.e., the main peak).
e. Aésignment is tentative as explained in'the text.
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FIGURE CAPTIONS

'Fig.'1. Schematics of the oven and the ionization chamber used in the-

present work.

B

 Fig. 2. Photoemission spectrum of Pb vapor at 715°C using 21.21 eV Hel
radiation. -Lines marked HI and OI arise respectively from HI 10.199 eV
- and OI 9.493 eV radiation. .

. Fig; 3. Photoemissioh spectrum of Pb Vapdr>at 765°C using 21.21 eV Hel

radiation.
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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 Energy Research and Development Administration, 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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