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Multiplet effects on the shape of the $ photoelectron spectrum of atomic Ni
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The 3p photoelectron spectrum and the correspondihg Auger spectrum of atomic Ni have been mea-
sured with the use of monochromatized synchrotron radiation and atomic beam technique. The thresholds of
the direct 3 photoionization have been determined. In order to interpret the complek Bwltiplet structure
calculations were performed taking into account the initial states of both configurati8as®3and 3°4s and
the LS-term dependence of the Nip3core-hole lifetimes. The strong influence of both the-3d exchange
interaction and the term dependent lifetime broadening by super-Coster-Kronig decays on the shape of the 3
photoelectron spectrum is demonstrate?il050-29479)03810-X]

PACS numbg(s): 32.80.Fb, 32.80.Hd

[. INTRODUCTION As a consequence, the Ni spectra are more complicated than
the spectra of Cr, Mn, Fe, and Co due to the fact that both
Core-level photoionization studies od &ansition metals initial-state configurations &4s? and 3%4s are thermally
in the vacuum ultravioletvuv) region are of great interest in populated. In order to analyze the complex multiplet struc-
both the atomic and solid state communitis®e[1] and ture, we performed Hartree-Fo€KF) calculations using the
references thereinWith regard to the atomic side, the analy- Cowan codd11]. The strong influence of both thep33d
sis of the complex B photoelectron spectra offers the pos- electrostatic interaction and the term dependent lifetime
sibility for critical tests of modern many-electron theories. broadening by super-Coster-Kroni@&CK) decays on the
The comparison of the atomic spectra with the correspondinghape of the B photoelectron spectrum is demonstrated.
solid-state spectra of metals, metal alloys, or metal com-
pounds, on the other hand, yields essential information about
the interplay of inter-atomic and intra-atomic interactions.
Ferromagnetic materials are of great practical importance Our studies were carried out at the high-flux undulator
and, thus, advanced experimental techniques like spirbeamline TGM5 at the electron storage ring BESSY 1 in
polarized photoemission and linear and circular magnetic diBerlin (Germany. The synchrotron radiation was dispersed
chroism have been applied to investigate the solid-state 3by a toroidal-grating monochromator and focused onto a
spectra in Fe, Co, and Né.g.,[2,3] and references thergin  beam of free atoms. For the production of the atomic beam
In the case of the atomic spectra these elements were studieg used an effusive oven heated by electron impb2L A
by photoion- and photoelectron spectroscdpyb] with spe-  temperature of about 1800 K was necessary for a sufficient
cial emphasis on the region of thep3d resonances be- particle density £10' cm™2) in the interaction region of
tween 50 and 80 eV. Due to the relatively weak cross secthe atomic and the photon beam. At this elevated tempera-
tions, investigations on the directp3photoionization of ture Ni becomes an aggressive melt which alloys with refrac-
atomic 3 transition metals, i.e., d6], Mn [6-8], Fe[6,9],  tory metals and, thus, Ni was contained in,®} ceramics to
and Co[6], have only been made quite recently. Thp 3 avoid direct contact with the molybdenum crucible. Further-
photoelectron spectra exhibit a large multiplet splitting of more, initial states of both configurations®ts? and 3%4s
about 20 e\[6,7], as a consequence of the strong coupling ofare thermally populated. The relative thermal population of
the 3p core hole with the open@shell, and a small spin- these 284s?3F; and 31°4s°D; states is summarized in
orbit splitting of the 3 core hole[9]. Furthermore, the Table I.
atomic character of the dichroism in th@ ®hotoionization The kinetic energy of the photoelectrons emerging from
of Cr has successfully been proven with laser-oriented Cthe interaction region was measured with a SCIENTA SES
atoms[10]. Thus, a proper description of thgp3®pectra of 200 electron analyzer. All spectra were recorded at a fixed
3d transition metals requires the consideration of many{photon energyhv by scanning the acceleratingetarding
electron correlations. lens voltage of the analyzer. The chosen analyzer pass en
This work reports on the (8 photoelectron spectrum of ergy of 75 eV resulted in a bandwidth oAE=120
atomic Ni and, additionally, the correspondiiy, 3 Auger =20 meV constant over the whole spectrum. Only electrons
spectrum. For the production of a beam of free Ni atoms avith an angle of emission close to the magic angle of 54.7°
high evaporation temperature of about 1800 K is requiredrelative to the polarization axis of the synchrotron radiation
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TABLE I. Relative thermal population of the lowest Nttates TABLE II. Initial and final state configurations included in the
(notation of Ref[18]) at an evaporation temperature of 1800 K. HF calculation of the p photoelectron spectrum.

Config. LSy Energy(eV) Rel. pop.(%) Initial-state configurations Final-state configurations

3dP4s? *, 0 42 Discrete Continuum
F, 0.165 11 3p®3d84s? 3p®3di%s 3p®3d!® es,d
SF, 0.275 4 3p®3d%s 3p®3d®4s? 3p®3d% s es,d

3d%s %D, 0.025 28 3pb3d*° 3p53d%p?  3p°3d®4s? es,d
D, 0.109 11 3p®3d®4p? 3p®3d®4p? es,d
D, 0.212 4 3p®3d®4s4d es,d

3p®3d°4d es,d

were accepted. All spectra were corrected for the analyzer

transmission. Ni 3p~ ! final ionic states were taken into account by cal-
For intensity reasons a high photon flux was required andulating the transition rates of the subsequent Auger decays.
as a consequence a moderate experimental bandwidfiye found out that these lifetimes show a stron§-term
(monochromator and electron analyzef 750 meV for the  dependence, which has a major effect on the spectral shape
3p photoelectron spectrum was achieved, while in the casgf the 3p photoelectron spectrum. Thep3photoelectron
of the Auger spectrum only the electron analyzer bandwidthspectra calculated for the different thermally populated initial
of 120 meV accounted for the resolution. For the calibrationfine-structure statesee Table)l are depicted in panels)—
of the monochromator and the energy scale of the electroft) of Fig. 2. In addition to the term dependent lifetime, the
analyzer we used well-known photoelectron and Auger linesnstrumental broadening originating from the finite experi-
of noble gases. mental resolution was taken into account by convoluting the
spectra with a Gaussian profil@.75 eV FWHM. The spec-
I1l. EXPERIMENTAL AND THEORETICAL RESULTS

A. 3p photoelectron spectrum Calculation (hv =150 eV) @
Figure 1 shows the 8 photoelectron spectrum of atomic
Ni taken at a photon energy of 158.5 eV. The spectrum ex-
hibits two prominent peaks at binding energies of approxi-
mately 73.0 eMA) and 76.9 eV B), a less intense structure
between 79 and 86 elC) and a broad and suppressed struc- s (b)
ture D in the high binding energy part of the spectrum. —  F
For a more detailed analysis of the spectrum we per-
formed HF calculations for an excitation energy of 150 eV &
using the Cowan codgl1]. The HF values of the Slater EE
integralsF* andG* were scaled down to 85%. The oscillator &
strengths of the transitions from the initial states into E
Ni3p les,d final states were calculated; the different 5
initial- and final-state configurations which were considered &E
are summarized in Table Il. The natural lifetimes of the —
| Nisp’ B
I hv=158.5¢eV 4
% - .
E i A 7 N 1 N | ! 1 N 1 ! 1 !
g1 ] 100 95 90 85 80 75 70
E .—C—| | Binding Energy [eV]
L D | FIG. 2. (a)—(c) Calculated photoelectron spectra of the different
L WN i fine-structure states. The energy scale of the contribution offfhe
L 1 states(solid line) was shifted by—0.8 eV. The energy scale of the
- '-'“""I' . . . . - contribution of the 3D, states (dotted lingé was shifted by
' 95 ' 90 ' 85 ' S0 ' 75 ' 70 —2.4 eV. (d) Sum of different fine-structure states weighted ac-
Binding Energy [eV] cording to their thermal populatiofsee Table)l Term-dependent

lifetime broadening was taken into account and all spectra were
FIG. 1. 3p photoelectron spectrum of atomic Ni taken at a pho- convoluted with a Gaussian profile corresponding to the experimen-
ton energy of 158.5 eV. tal resolution(0.75 eV FWHM.
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o FIG. 4. M, 3 Auger spectrum of atomic Ni taken at a photon
Binding Energy [eV] energy of 99.6 eV.

FIG. 3. Theoretical and experimentap $hotoelectron spectra
of atomic Ni; (a) superposition of the spectra calculated for differ-
ent thermally populated initial stat¢panel(d) of Fig. 2J; (b) ex-
perimental spectrum as shown in Fig. 1.

the low-spin states is well reproduced by the calculation. We
assign the photoelectron lines observed experimentally to the
following terms: LineA at a binding energy of 73.0 eV can
be ascribed to thed®4s>D—3p°3d%4s*F* transition and

@453 i , corresponds to the lowestp3ionization threshold. The ex-
tra calculated for the @4s°D stateqdotted line$ are quite perimental binding energy of 76.9 eV for the center of Bje

i 842 3 i i
similar to those _of Fhe 8°4s . F states(solid I|ne§) but lo- which is primarily assigned to the Ni3p®3d84s? “D state,
cated at lower binding energies. In order to obtain the best fil; i reasonable agreement with the value of TB® eV

to the experimental photoelectron spectrum the energy scalesimated fromM , 5 Auger spectrd14] excited by electron
for the contributions of théF and °D states were shifted by impact. Although the shape of the struct@es not repro-

—0.8 and —2.4 eV, respectively. This shifting is justified 4 ,ceq very well, we give a tentative assignment to e
because the mismatch of energy positions of the states fro, 4 4¢ fina| Ni 11 states according to the calculation. Corre-
different configurations is a common problem in HF calcu-g54nqingly we assign the shoulder of liBeo the transition
lations. . 3d%4s°3D—3p°3d%4s*D*. The calculated B photoelec-
Figure 2d) shows the superposition of the calculatedy, spectrum predicts transitions from thd®3s? °F to the

spectra weighted according to the thermal population of th%dg4sz 2G, 2F, 2D low-spin states in the range of 90 to 97
initial states. The prominent peaks are assigned to final ioni% P

. JEdrs df "8V, Therefore, w ribe the br r he 2L
Ni 1 states, where the asterisks indicate those states whi erefore, we ascribe the broad structlveo the

» B~ ates.
res_ult from_ tra_nsmons from th_egi?4s D, initial St?‘es- The The spectral shape of the correspondiqmhotoelectron
main contribution of theséD initial states to the final spec-

. . . i spectrum of NiCJ [15,16 differs from that of atomic Ni due
t“.”“ IS th? pr_ommen{‘F peak, which represents the lowest to the hybridization between Nid3and CI 3 orbitals. Nev-
Ni 3p ionization threshold.

o : . 23 ertheless, the same strong influence of both the3d@ ex-
E rog“ the_ two |n|t|aITs_,tate configurationsd$4s? °F and change interaction and theS-term dependence of thep3
3d%4s3D dipole transitions are allowed tL low-spin

. . S core-hole lifetime on the spectral shape was found. The
Sftalltis aquL hlgth—sgln states with. = P,D,F,G.f'lz'ge \r}"éil tstrong coupling of the B core-hole with the opendshell
tiplet splitting ex ends over an energy range o eV dU€ 19a5ds to a large multiplet splitting of the order of 20 eV. The
the large Slater integrals between the &d 3 electrons.

-hol i | i K
The 3p photoelectron spectrum, thus, can be divided into 3p core-hole states predominantly decay via3d3d SC

L . L O ransitions; the lifetimes of theBcore hole states strongly
low binding energy and a high binding energy part. The hlghdepend on thd S terms. ThisLS-term dependence of the
binding energy part, ranging from 90 to 97 eV, mainly con-

. : . . lifetime gives rise to the strong broadening of the low-spin
sists of Nill 3p®3d®4s? 2L low-spin states, which are con- : :

. L ._states. TheM, ;3 Auger spectrum of the high-spin states of
siderably smeared out due to the strong lifetime broadenin 2.3 AUTST SP gn-sp

by intense SCK B-3d3d decays. The important role of the %‘;gg{ngl will be discussed in more detail in the following
term dependence of the core-hole lifetimes was already '
pointed out by McGuirg13]. The more pronounced high-
spin states are localized at binding energies between 72 and
87 eV. The spin-orbit splitting, being much smaller than the Figure 4 shows the main Ni Auger lines, resulting from
exchange splitting, was not resolved in our experiment.  the decay of the 8 multiplet, excited at a photon energy of
The final curve of the calculation is depicted in Fig. 399.6 eV. The spectrum displays four prominent Auger lines
together with the experimental spectrum. The comparisoiil—4) in the range of 28 to 43 eV and two weak lingsand
shows that the spectral shape with the two main photoeled®) centred at kinetic energies &,=43.6 and 48.1 eV, re-
tron lines A andB) in the low binding energy region of the spectively. Neglecting the small shoulder of line 1, we have
spectrum, the large multiplet splitting, and the broadening ofitted one Lorentzian profile to this Auger line. Taking into

B. M, 3 Auger spectrum
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TABLE Ill. Experimentally observed Ni Auger lines and their assignment together with the binding
energiesE,, of the final Niin states. The binding energies from Rgf8] and the binding energies calculated
are the weighted averages of variolisomponents of the Nil final states. The uncertainty of the kinetic
energiesE, of the Auger lines amounts 0.2 eV.

Auger Initial states Final states
Line Ey (eV) Ni 1l LS Ni m LS E, calculatedeV) E, from[18] (eV)
1 29.1  P°3d84s® ‘G 3p®3df4s? 3H 22.07
3p®3d®4s? p 22.45
3p®3d®4s? °F 22.51
3p®3df4s? 3G 22.91
3p®3df4s? 4 23.60
3p®3db4s? G 23.87
3p®3db4s? D 23.97
2 32.3 P°3d¥4s® ‘G 3p®3d°®4s? D 19.10 19.10
3p®3d°s “F 3pf3d’(b ?D)4s °D 15.23 15.07
3p®3d’(b ?D)4s D 15.67 15.55
3 37.3 P°3d%s  4F  3p®3d'(“P)4s P 9.01 8.84
3p®3d’(’G)4s  °G 9.26 9.37
3p®3d’(’G)4s  1G 9.70 9.82
3p®3d’(“P)4s %P 9.85 9.72
3p®3d’(®?P)4s  °P 10.02 9.86
3p®3d’(®H)4s  °H 10.03 10.19
3pb3d’(a 2D)4s °D 10.28 10.23
3p®3d’(®F)4s  °F 12.24 12.16
3p®3d’(°F)4s  'F 12.68 12.64
4 41.1 P°3d%s  4F  3pf3d'(*F)4s °F 6.80 6.80
3p®3d’(*F)4s  °F 7.67 7.72

account the analyzer bandwidth of 120 meV a natural linggers of 31 eV. Unlike Ref[14], we find that the subsequent
width of 0.41) eV is obtained. Due to the quite similar en- 3p-3d3d SCK decay of both Nil 3p°3d®4s? G and Ni

ergy spacing of the initial and final states, the different Auger3p®3d®4s*F states contribute to the second Auger line.
decay channels overlap considerably and could not be ra-ines 3 and 4 can be related to predominant SCK processes
solved. For the assignment of the prominent Auger lifles  of the 3p°3d%4s*F hole states. In contrast to lines 1 and 2
4), given in Table Ill, we assume that the main contributionsyith their relatively low kinetic energies, lines 3 and 4 can
to these lines are due tg33d3d SCK transitions from the pe superimposed byB3d4s CK decays, which are ener-
3p°3d°4s® ‘G and 3°3d”4s*F ionic states, which are de- getically allowed, here, and beyond this, by SCK decay pro-
noted as linesA and B in Fig. 1. This assumption is well- cesses of the ®3d84s2 “D, “F and 3°3d%4s“D states. A
founded as earlier investigations on the Bansition metals  definite assignment for the lines 5 and 6 cannot be given due
Cr to Ni have shown: the Coster-Kroni@K) and SCK tran-  to the large number of energetically allowed transitions.
sitions clearly dominate the decay of th@ acancy and, However, these lines can be attributed to subsequent CK

furthermore, the ratio of SCK to CK transition probability decay processes of the various Bole states denoted as line
increases with atomic numbérin the 3d transition metal A andB and structureC in Fig. 1.

series[14,17.
Because of the missing tabulated data of the energies of
the 3:d64$2 Ni 11 levels, we performed HF calculations tak- V. SUMMARY
ing into account interaction between the configurations
3d’4s, 3d®, and 31°4p?. The calculated energy levels of the ~ We have presented the diregd photoelectron spectrum
different configurations are shifted separately to give the bestf atomic Ni and the corresponding , ;3 Auger spectrum.
fit to the lowest tabulated value for each configuration. Due to the fact that both initial state configurationd®as?
According to the calculated Nii 3d%4s? energy levels and 31%4s are thermally populated at the evaporation tem-
we ascribe line 1 to the Nin 3p°3d®4s??G  perature of 1800 K, the 8 photoelectron spectrum exhibits
—Ni 11 3d%4s?el SCK decays. Earlier measurements of thean elaborate multiplet structure. In order to interpret this
M, 3 Auger electrons of atomic Ni using electron beam ex-complex 3 spectrum and to disentangle the contributions
citation have detected only one Auger line with a kineticfrom both initial state configurations, we performed HF cal-
energy of 342) eV [14], which is in reasonable agreement culations taking into account the subsequent Auger decay of
with the kinetic energy of line 2 in Fig. 4 at 323 eV. the Ni Il 3p~! multiplet states. The lifetimes of the Ni
Correspondingly, Yinet al. [17] calculated the center of 3p~! multiplet states were found to be strongly term depen-
gravity for the kinetic energies of the M, ;M ,sM,5 Au-  dent. The $-3d electrostatic interaction and thHeS-term
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