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Vacancy multiplication following Ni L-shell photoionization
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The mechanisms that lead to states with three and four 3d vacancies following L-shell photoion-
ization of metallic Ni have been investigated with synchrotron radiation. Vacancies were created
in all three L subshells, in the Lz 3 subshells, and in the L3 subshell alone, and the resultant L3-
M& 5M& 5 Auger spectrum with its satellite structure was measured and analyzed. Auger diagram
and satellite energies were computed in terms of a quasiatomic screening model, semiempirical
shakeup and shakeout' cross sections were employed, and branching ratios were calculated from
Auger transition theory with Hartree-Fock wave functions. Four channels leading to the
four-3d-hole final state and three channels leading to the three-hole state, including Auger cas-
cades and shake processes, were clearly identi6ed and their respective roles established, convinc-

ingly verifying a model proposed by MA. rtensson et al.

I. IrnmaOUCnOX

Atomic inner-shell vacancies are predominantly Slled
by fast radiationless transitions through which additional
vacancies are created before x-ray emission takes place.
The multiplication of inner-shell vacancies through
Auger cascades, resulting in an e8'ective population in-
version, ' is a complex process which takes place through
a multiplicity of channels. ' In addition to Auger and
Coster-Kronig branches, these channels include
significant shakeup and shakeoff processes that arise
from electron-electron Coulomb correlation. '

In recent work, Mkrtensson et a/. have pointed out
an interesting case of vacancy multiplication which ap-
pears to be indicated by the satellite structure of the
L3-M4 5M45 Auger line from metallic Ni that has been
photoionized by Al Ea radiation. One satellite feature
was hypothesized to be due to a three-hole final state
previously observed in Cu, which arises from the de-

cay of an L3 hole in the presence of a single 3d spectator
vacancy, i.e., an L, 3M45-M45M45M45 transition. A
second feature, not previously seen, was conjectured to
arise from the L3M4 5M4 5-M4 5M4 5M4 5M4 5 decay of
an Li hole in the presence of two 3d-shell spectator va-
cancies, leading to a 6nal state consisting of four 3d-she11
holes.

The four-hole 6nal state can be produced through four
difFerent channels if primary ionization is accomplished
with x-ray photons whose energy exceeds the L, binding
energy of metallic Ni, as in the experiment of Ref. 6.

(i) An L, primary vacancy decays by the Auger cas-
cade
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FIG. 1. Schematic representation of the four channels that
lead from Ni L-shell ionization to a state with four 3d holes.
Only active electrons and holes are shown, and direct processes
are indicated, exchange transitions being omitted. %'avy lines
indicate photons, real or virtual.
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(ii) Initial L, photoionization is accompanied by
M4 5-electron shakeup or shakeout; and the 3d spectator
vacancy is carried along through the Auger cascade:

J„)M4 5-L3M4 5M4 5-M4 5M4 5M4 5M4 5 .

(iii) The initial event ionizes the L2 shell and causes
M4 5 shakeup of shakeofF; the ensuing Auger cascade is

L~M4 5-L3M4 5M4 5-M4 5M4 5M4 5M4 5 .
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(iv) The initial event consists of Ls photoionization ac-
companied by double M4 5 shakeup or shakeoff; the en-

suing Auger transition leads to the four-hole final state:

L3M4 5M' 5-M4 ~M4 qM4 ~M4 5 .

These channels are illustrated schematically in Fig. 1.
The three-hole final state arises through the channels

L ] -L 3M4 5-M4 5M4 5M4 5,
L2-L3M4 5-M4 5M4 5M4 5,
L3M4 5-M4 5M4 5M4 5 .

The mechanism leading to the four-hole state, includ-
ing the relative strength of the four channels described
here, can be ideally investigated with tunable synchrot-
ron radiation. By choosing incident x rays of such ener-
gies that they can ionize all three L subshells, or only L2
and L3, or only L3, it is possible to keep all four chan-
nels open, or to cut them off selectively, and to compare
the resultant Auger satellite spectra. Here we describe
such an experiment and its interpretation.
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II. EXPERIMENT AND ANALYSIS l000—

A. Experimental details 51 PHOTUPEAK

The measurements were performed on the JUMBO
soft-x-ray line in the Stanford Synchrotron Radiation
Laboratory. A narrow energy band was selected from
the incident white radiation by means of a double-crystal
monochromator. The (1010) reflection from beryl crys-
tals was used to cover the energy range from 868-1450
eV. The surface of the Ni target foil was cleaned
by heating it with a current of 5 A at 2 V in Uacuo
(4&&10 Torr) through the sample.

Electron spectra were measured with a commercial

double-pass cylindrical mirror analyzer in the pulse-
counting mode. The electron spectrometer pass energy
was 100 eV. The experiment was controlled by a Digital
Equipment Corporation POP 11/34 computer.

8. Kinetic energies

Measured Auger electron spectra excited with incident
x rays of energies 1450, 910, and 868 eV are indicated
in Fig. 2. Quantitative analysis of the intensity and ki-
netic energy of the satellites can be performed by invok-
ing the screening model employed by Johansson and
Mkrtensson. ' '" This model allows one to treat certain
metal Auger spectra from an essentially atomic point of
view, as lang as the interaction energy U between holes
in the conduction band equals or exceeds the bandwidth
8'. %hen the condition U/8'& 1 is fulfilled, the solid-
state spectrum splits into two parts a residual self-
convoluted valence-band spectrum and a "quasiatomic"
part. The latter can be treated as in free atoms. %ith
V=3.65 eV and 8'=3.8 eV, nickel falls within the
range of applicability of this model. '

The screening model is best illustrated by means of an
example. %e consider prediction of the kinetic energy

5 855 865

ELECTRON ENERGY (eV)
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FIG. 2. Nickel L3-M45M4 & Auger electron spectra exci'ted
with synchrotron radiation of energies 1450, 910, and 868 eV,
respectively, ionizing all three L subshells (a), the L2 and L3
subshells (b), and only the L3 subshell. Decomposition of the
spectra into diagram and satellite peaks is indicated as dis-
cussed in the text.

of the 'G component of the diagram multiplet of the L&-

M&5M&5 Auger transition; this line is located at the
centroid of the Ni metal L3-M4 5M& 5 spectrum. ""'
The starting point is the ground-state configuration of a
Ni atom in the metal, (Ar)[3194s'I, where the curly
brackets indicate that the site in question is in a metallic
state. To find the energy of the initial state prior to
Auger decay we consider the following steps:

(Ar)[31 4s'I~(Ar)3d 4s ~(Ar)3d 4s'

~{Ar)[2@3/2]31 4s'

~(Ar)[2@i~~]3d' I4s'I .

(Here as in the following, square brackets indicate holes. )
The first step in Eq. (8) takes an atom from its ground
state in the metal to the ground state of a free atom; the
energy change here is thus simply the cohesive energy of
Ni. The second step leads to an excited state of the free
atom which resembles the ground state of an atom in the
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metal. The third step involves two processes: the remo-
val of a 2p3&z electron by photoionization and screening
of the 2@3&& hole by a 3d electron from the metal. The
final step places the screened Ni atom back into its me-
tallic state. Here the atom appears as if it were a Cu im-

purity atom imbedded in a Ni host, hence the energy
change is approximately the cohesive energy of Cu. "
The initial state being thus defined, its energy can be
readily calculated with a standard Hartree-Pock code"
and tabulated values of the cohesive energy. '

The final state is calculated through the series of steps

(«)[2p3 jg]3d "I4s '
j («)[2p3 ji]3d

~(Ar)3d 4s —+(Ar)3d 4s ('G)

(Ar)3d'I4s ('G) j .

As before, the first step involves the energy associated
with taking the atom out of the metal into a free atomic
state. The second step takes account of the Auger decay
and the simultaneous screening of the additional hole
that results from this process. It should be noted that
here the screening electron is a 4s electron because in the
presence of the 2p hole the 3d electrons are localized.
The third step represents the energy di8'erence between
the configuration average and the '6 multiplet state.
The last step again places the screened Ni atom back
into the metal. Here the configuration in curly brackets
is identical to that found in Zn, and thus the energy
change is approximately the cohesive energy of Zn.

The kinetic energy of the '6 multiplet component in
the Ni Auger spectrum is the di6'erence between the en-
ergies of the (Ar)[2p»2]3d' I4s'j initial state and the
(Ar)3d I4s ('G) j final state. The results from Hartree-
Fock calculations' with inclusion of the appropriate
cohesive energies' for Ni, Cu, and Zn are compared in
Table I with experimental values and the free-atom
Hartree-Fock transition energies. There is excellent
agreement with experiment, which appears to validate
the use of this screening model.

Based on this example, the following formula can be
used to calculate the kinetic energy E„of the Auger

TABLE I. Ni, Cu, and Zn 1.3-M45M45 Auger-electron en-
ergies (in eV).

electrons in the Ni L3-M4 5M4 5 spectrum:

E„=(E,' C—, +X;) (—Ef —Cf+Xf ) . (10)

Here, E,.' and Ef are the configuration-average energies
of the fully screened initial and final states, respectively;
C,. and Cf are the corresponding cohesive energies; and
L,- and Xf are the differences between the energies of the
initial- and final-state multiplet components, respective-
ly, and the corresponding configuration averages. Ac-
cording to this model, the initial and final configurations
for the three-hole state are (Ar)[2p3/2]3d I4s j and
(Ar)3d (4s 4p' j, while for the four-hole state we have
(Ar)[2p3r2]3d I4s 4p'j and (Ar)3d I4s 4p j.

The energies of the multiplet components of the main
line and the configuration averages of the three-hole and
four-hole satellites were calculated from Eq. (10), using
the Froese-Fischer Hartree-Fock code, ' the appropriate
cohesive energies, ' and Slater's tables of Coulomb split-
tings' for the multiplets. Results are listed in Table II.

C. Satellite intensities

Here, o (nlj, E„) is the cross section for producing the in-
itial vacancy characterized by quantum numbers nlj
with x rays of energy E, B is the pertinent Auger
branching ratio in the decay of the initial vacancy, and
S(E, ) is the spectrometer transmission function which
depends on the kinetic energy E, of the detected elec-
trons. The total number of photons of energy E„ that
impinge upon the sample in the course of the measure-
ment of duration T is denoted by X„(E„,T), and g is a
geometrical factor. For the present purposes, it is
sufficient to consider only the relative intensities of the
satellites and main line. %ithin a single spectrum, the
intensity ratio of two features 1 and 2 is

o &(nlj, E„)B
&

o i(n'l'j ', E„)B2
(12)

The intensity I of an Auger line in a measured spec-
trum is determined by several factors:

I cc o (nlj, E„)M(E, W, (E„,T)g .

Solid ('6)
Theory Expt.

Free atom
Theory Expt.

TABLE II. Calculated energies (in eV) of L, 3 ~45~45
Auger electrons and satellites in metallic Ni.

Ni
Cu
Zn

845.48'
917.76'
990.00'

846.2"
918.75'
992.00'

821.26"
900.85'
972.90'

822'
900.80

'Present work.
Reference 6.

'Configuration average.
K. Aksela, S. Aksela, T. Pekkala, and M. %allenius, Phys.

Rev. A 35, 1522 (1987).
'Reference 14.
f26
~S. Aksela and J. Sivonen, Phys. Rev. A 25, 1243 (1982).
"S. Aksela, J. Vayrynen, and H. Aksela, Phys. Rev. Lett. 33,
999 (1974).

Transition

L 3-~4,s~4, 5

L3-M4 5

Component Energy

3p
CA'

3p
16
lg

CA
CA

848.60
847.10
846.61
846.18
845.48
840.92
843.57
837.73

'CA stands for configuration average.
"The result of Ref. 6 is —2 eV.
'The result of Ref. 6 is —7 eV.

Separation from
I.3-M4 5M4, ('6}

3.12
1.62
1 ~ 13
0.70
0

—4.56
—1.91
—7.75'
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Iz cc cr'(2p i&2)B (L2M4 s-L3M4 5 )B(L3M4 5 M4 5 )

+o "(2ps~2)B (LsM4 s-M4 s ),
while the main-line intensity is proportional to

2 "«2psn)B «s-M4, sM4, s)

(13)

The cross section denoted by o'(2p, zz) in Eq. (13) per-
tains to photoionization of an 1.2 electron accompanied
by shakeup or shakeofF' of one M& 5 electron, and
cT (2p 3/i ) is the cross section for photoionization of an
1.3 electron accompanied by shakeup or shakeofF of two

M~s electrons. To evaluate the ratio of Eqs. (13) and
(14) we make the approximation that the presence of one
or two M4s spectator vacancies does not significantly
aft'ect the Auger branching ratios, i.e.,

B (L2M4 5 L3M4 5 )=—B(L2-L3M4 5 )

B(LsMgs M~ s)=B-(Ls-M4 sM—4s) .

%e then have

I4 o'(2p) rz» «t-LsM~, s)+&"(2psn)
I~ tT(2psy2 )

(15)

The cross sections a' for I.2 and L3 photoionization
accompanied by single 3d-electron shakeup or shakeout
were determined semiempirically by analyzing L, 2 and

L3 photoelectron spectra as shown in Fig. 3. Single
M~ - lse etr coshnakeup or shakeoff satellites are discerni-
ble some 6 eV below the main photoionization peaks.
The area under each photoionization peak plus single-
shakc satellite was determined by numerical integration.
The photoionization peaks alone exhibit a pure Voigt
profile; although there is multiplet splitting in the satel-
lites there is none in the photopeaks, due to 3d-electron
screening, since the 4s electron participates in the metal-
lic bonding and thus will not couple with the nonbond-
ing p electrons. Hence the photopeaks could be fitted
with Pearson-7 functions (solid curves in Fig. 3); these
four-parameter functions are continuously variable from
Lorcntzian to Gaussian and hence are ideally suited to
model Voigt shapes. The cross-section ratio a(2p. ) for
photoionization accompanied by single 3d shakeup or
shakcofF to pure photoionization was thus measured:

Cross sections o, (ntj, E„)for photoionization were taken
from the theoretical tables of Scofield for vacancy pro-
duction by shakeup and shakeoft these cross sections
werc determined with the aid of experimental photoelec-
tron spectra as described below. The Auger branching
ratios 8,. were calculated from theory, as described
below, with fully screened Hartree-Fock wave functions.

%e illustrate the calculation of relative intensities by
deriving the intensity ratio of the four-hole satellite to
the main Auger linc excited with photons of sUScient
energy to ionize the L2 and Ls subshells but not the L,
subshell (i.e., E„=910eV in this experiment). Only the
channels described by Eqs. (3) and (4) are then open, and
the intensity of the Auger satellite associated with the
four-hole Anal state is

6000—
E„=ll50 eV 2P3

lp

~P)
2000 sHA

2P3 StNGLE
3g~

SHAKEUP/OFF

I

280 290
ELECTRON ENERGY (eV)

300

FIG. 3. Nickel L2 3 photoelectron spectrum including
shakeup and shakeout satellites, excited with 1150-eV synchro-
tron radiation.

tr'(2p~ ) =a (2p~ )cr(2pj ), (17)

with o (2p, ) taken from Scofield's tables. '

The double shakeup-shakeout' satellites are not
sufliciently well resolved in our photoelectron spectra
(Fig. 3) to determine o". We draw upon the experimen-
tal result of Bosch et at. ' that the intensity of the Ni L2
double-shake satellite is -2% of the photoelectron line„
and assume that approximately the same ratio holds for
the Ls satelhte.

For the case in which all four channels indicated by
Eqs. (1)-(4) are open we also require the value of o'(2s).
The width of the I.

&
photopeak prevents an experimental

determination of a(2s), and we approximate the result by
taking a(2s) =a(2p, &2). All pertinent cross-section ratios
are summarized in Table III.

The relative intensities of the 6ve diagram Auger mul-
tiplet components and the 48 multiplet components
comprising the three-hole-state satellite were computed
in a conventional manner from Hartree-Fock wave
functions. %e consider the problem in the frozen-core
approximation. The relevant transitions are [2p]~[3d]
and [2p3d]~[3d] for the diagram line and the three-
hole-state satellite, respectively. The initial and final
states for these types of transitions are

~
i & =

~

t t (V S~L )t2(V„S„L„)SL&, (18)

~ j & =
~
t, +'(v' s.'L.')t," '(v„'s„'L„')s,L,-t„sL &.

(19)

o.'{2@3/2 ) lo (2@3&2 )
~"(2P»2) l~(2S 3r2)
o'(2S 1n ) lo (2p 1iz )

cr'(2s) /o (2s)

0.42+0.04
0.02+0.03'
0.49+0.05
0.49+0.05

'Reference 19.

TABLE III. Ratios (estimated at E„=1150eV) of cross sec-
tions for 2lj-subshell photoionization of Ni accompanied by
single and double 3d-electron shakeup or shakeoff' [cr'(2lj ) and
cr"(21j), respectively] to pure 2/, photoionization cross sections.

Ratio
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Here, /, is the orbital angular momentum of an electron
in the subshell that contains the initial vacancy, /z is the
angular momentum of an electron in the subshell from
which the initial vacancy is 6lled in a direct transition,
m is the occupation number corresponding to l1, n is the
occupation number corresponding to 12, and lz is the
orbital angular momentum of the Auger electron in its
final continuum state. The m electrons of orbital angu-
lar momentum l1 in the initial state couple to total spin
S and total orbital angular momentum L with senior-
ity number V . Similarly, the n electrons of angular
momentum lz couple to total spin S„and total orbital
angular momentum L„. These two subshells then couple
to yield total spin S and total orbital angular momentum
L. Analogous coupling applies for the Anal state. The

where the matrix element is

&f I
e'«i2

I
i ~ Q ~ R (/I/A/2/2) ~

k

(21)

The angular factors a k are determined from Racah alge-
bra and depend on the configurations of the initial and
final states and the coupling scheme. For the initial and
final states given by Eqs. (18) and (19), respectively, Ra-
cah algebra yields

transition intensity of a given multiplet Auger com-
ponent thus is

2~ (2$, +1)(2L,+1)
22/2 2/, +1

T

k
~"= ( —1) i (m+1)n(ri —1)[S„,L„,S',L', /, , /, , /„, /, ]' '(/, +'V' S' L'

I I /, V S L )

V„S„L„
(/zVnS Lnt I/z VnSnLn)(/z VnSnLnI I/2 V'SnLn)[Sn

'S1

X'S
I

S '

S„

S„' S~

S S„

L' L l1

L1 L l~ L„.
L„' L„ l2 l2

(22)

where a=n +L +L' +/2+S+ —,
' —S, . Square brackets as in [S,,L; ] have been used as abbreviation for

(2S, + 1)(2L, + 1), and the 12-j symbol is defined as follows:

J1 J2 J3

J5 J6 J7

J4

js .——( —1)13

J9 J10 J11 J12

J2+J5

i =
I J2 —J5 I

3
J'

(2/+1)( —)
' ' .

J9 J3 J1

J9

J4

J3 l

Js J11

J4 J8
X

J10 J7

T

J10

J5

J7 1
P

Jz J6

12

, /3=$J;.
i=1

(23)

The radial part of the matrix element is a Slater integral,

k

R "(ni/, n2/, , n3/3ll4/4) J J R„, (r, )R„ I (ri) &', R„ I (ri)R„ I (r2)rir2dridrz, (24)

where r and r are the lesser and the greater of r, and
r2, respectively. For the present work, the requisite
Auger rates were computed with codes for the radial ele-
ments and for the angular factors based on the above
formalism.

In Table IV, calculated satellite intensities are listed
and compared with computed results from Ref. 6. There
is satisfactory agreement, even though the authors of
Ref. 6 drew upon McGuire"s Auger rates which do not
account for screening as ours do, and used a Dirac-Fock
program for the energy calculations while we have used
a nonrelativistic Hartree-Pock code.

D. Comparison behveen calculations and experimental data

The contribution of low-energy scattered electrons
from the solid-state target was removed from the mea-
sured spectra by means of an iteration routine. It was
assumed that this background at any energy in a spec-
trum is proportional, by a constant factor, to the in-
tegrated intensity encountered above that energy. The
corrected data are shown in Fig. 2.

Included in Fig. 2 is the calculated decomposition of
the measured spectra, broadened consistently to attain a
best fit. The diagram multiplet is composed of 5ve com-
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TABLE IV. Intensities (relative to the n =2 diagram peak) of Ni L3-M45 Auger satellites from
n =3 and n =4 6nal states, excited with incident x rays of various energies. Contributions of various
channels to the formation of the n =4 satellite are indicated for the highest excitation energy.

X-lay
energy

(eV) Channel'
Present work

n =3 satellite n =4 satellite
Ref. 6

n =4 satellite

1486
1450 0.801%0.04

0.710+0.04
0.419+0.04

0.23820.024
0.027'
0.055+0.006
0.131+0.013
0.025%0.005
0.167+0.020
0

0.2-0.3

-0.025
-0.050
-0.125
-0.050

'Channels 1-4 are as described in Eqs. (1)-(4), respectively.
"All three L subshells are ionized.
'Derived from theory.
The L2 and L3 subshells are ionized.

'Only the L3 subshell is ionized.

ponents with separations ss indicated in Table II. These
components were modeled with Pearson-7 functions of
identical shape and width.

The positions relative to the con6guration average of
the 48 multiplet components of the three-hole-state satel-
lite (indicated in Table II) were calculated from Sister's'
tables of Coulomb sphttings. Relative intensities of
these components were calculated from Auger-transition
theory, ' as described above. Because of large over-
lap among many of the multiplet components, the
three-hole satellite feature could be modeled with a total
of only 20 peaks. The shape and width of these 20 peaks
were taken to be the same, snd identical to those of the
diagram-line components. The calculated energy separa-
tion between the three-hole satellite and the centroid of
the diagram peak, which coincides with the '6 multiplet
component, is 1.91 eV (Table II). The relative intensity
of the three-hole satellite with respect to the diagram
peak is as indicated in Table IV.

The four-hole satellite wss modeled by a single peak
because its multiplet components are too numerous to
consider independently. This satellite lies 7.75 eV below
the diagram-peak centroid (Table II); its relative intensi-
ties at the various incident x-rsy energies are as indicat-
ed in Table IV.

There is a sizable self-convoluted valence-band peak in
these spectra. The shape of this peak was taken to be
Gaussian, and its width and intensity were allowed to
float so at to attain a best fjt in the spectrum taken with
1450-eV x rays. The valence-band peak width, relative
intensity, snd position were then held constant for all
spectra. In 6tting the 27 peaks to the measured spectra,
four free parameters were thus employed: the energy of
the diagram-peak centroid, the intensity of the diagram

peak, the width of the diagram multiplet components,
and the Pearson-7 parameter that determines the shape
(from Lorentzian to Gaussian) of the individual hnes.
These four parameters were varied to attain s best St to
the data, and kept constant for all three spectra.

III. CONCLUSIONS

As can be seen from Fig. 2, agreement between theory
snd experiment is excellent, with satellite intensities de-
pending on the incident x-ray energies in complete ac-
cord with the model underlying Eqs. (1)—(4) and (5)-(7).
The mechanism proposed in Ref. 6 for the formation of
the multiplet satellites is thus convincingly verified.
Furthermore, the agreement between calculated and
measured spectra strongly supports the validity of the
screening model, ' '" indicating that these metallic
Auger spectra of Ni can be understood remarkably well
in terms of a quasistomic picture.
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